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§European Synchrotron Radiation Facility (ESRF), Grenoble Cedex 9 38053, France
∥Institute for Integrated Cell-Material Sciences (iCeMS), Kyoto University, 606-8501 Kyoto, Japan

*S Supporting Information

ABSTRACT: The influence of phospholipid oxidization of floating monolayers on the
structure perpendicular to the global plane and on the density profiles of ions near the lipid
monolayer has been investigated by a combination of grazing incidence X-ray fluorescence
(GIXF) and specular X-ray reflectivity (XRR). Systematic variation of the composition of the
floating monolayers unravels changes in the thickness, roughness and electron density of the
lipid monolayers as a function of molar fraction of oxidized phospholipids. Simultaneous GIXF
measurements enable one to qualitatively determine the element-specific density profiles of
monovalent (K+ or Cs+) and divalent ions (Ca2+) in the vicinity of the interface in the presence
and absence of two types of oxidized phospholipids (PazePC and PoxnoPC) with high spatial
accuracy (±5 Å). We found the condensation of Ca2+ near carboxylated PazePC was more
pronounced compared to PoxnoPC with an aldehyde group. In contrast, the condensation of
monovalent ions could hardly be detected even for pure oxidized phospholipid monolayers.
Moreover, pure phospholipid monolayers exhibited almost no ion specific condensation near
the interface. The quantitative studies with well-defined floating monolayers revealed how the elevation of lipid oxidization level
alters the structures and functions of cell membranes.

I. INTRODUCTION

Mammalian phospholipids form lipid bilayersthe structural
core of all biomembranes which are described in the mosaic
model as a diffusion barrier and a structural matrix which
embeds active molecules, peripheral and integral membrane
proteins as well as covalently linked complex carbohydrates.1

Phospholipids have mostly unsaturated acyl chains that are
prone to oxidative damage at the location of the carbon−
carbon double bonds. Phospholipids oxidization is initialized by
lipid peroxidation which can be enzyme mediated or formed
through reaction of lipids with reactive oxygen species including
free radicals that are present in various tissues.2 During the
oxidation of lipids, carbonyl groups such as aldehydes, ketones,
or carboxyl groups are formed through their structures and the
oxidized alkyl chains become shorter and more polar.2 As a
consequence, such chemical modifications are very likely to
change the physical properties of biological membranes such as
the decrease in lipid order,3 the decrease in the PL melting
temperature,4 the increase in the lipid mobility,5 and the
alteration in the lateral phase organization.6 Thus, such
products may alter the biological function of cell membrane
as well its interaction with the surrounding environments
including ions and proteins and may be the cause of several
inflammatory7,8 and neurodegenerative diseases.9−11

Among these oxidized phospholipids, PazePC and PoxnoPC
are two stable lipid oxidation products originated from POPC
oxidization. PazePC and PoxnoPC bear carboxyl and carbonyl
groups respectively at the end of their truncated sn-2 chains.
PoxnoPC is one of the key products of ozone mediated
oxidation of lung surfactant extract12 and promotes apoptosis
and necrosis. PazePC has been detected in LDL particles and
has been implicated in the genesis of atherosclerosis.13 At
neutral pH, the carbonyl and carboxyl groups are zwitterionic
and anionic, respectively. In addition, recent molecular
dynamics simulation study14 suggests that a large free energy
penalty of embedding a charged carboxyl group of PazePC in
the hydrophobic core of a lipid bilayer induces the reversal of
the oxidized chain into the aqueous phase. Although several
studies have demonstrated the presence of oxidized phospho-
lipids in many pathological states, there is no systematic study
that unravels how lipid oxidation would influence the structures
and electrostatics of cell membranes. Electrostatical information
of membranes will lead to a better understanding of OxPl and
their biological activity in apoptosis and necrosis in an ion
specific environment.
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In the present work we investigate the impact of two oxidized
phospholipids (PazePC and PoxnoPC) on the structures and
electrostatics perpendicular to the global plane of phospholipids
monolayers at the air/water interface using XRR and GIXF
respectively in combination with compression isotherm
measurements. XRR is widely used to reveal structures
perpendicular to the surfaces for both hard and soft matters
by measuring the momentum transfer normal to the sample
plane. In addition to XRR, we performed GIXF by illuminating
the samples across the critical angle of total reflection. GIXF
has mostly been used to resolve the weak depletion of ions at
the air/water interface15 and depth profile of Al impurities in Si
wafers.16 Recently, GIXF has been used to reconstruct ion
concentration profiles in the vicinity of lipopolysaccharide
membrane surfaces.17 Therefore, the combination of XRR and
GIXF would provide a comprehensive view of the electron
density profiles perpendicular to the plane of floating
monolayers, structure and form factor, and lateral concentration
of ions penetrating into the monolayer surface.

II. MATERIALS AND METHODS
A. Materials and Sample Preparation. 1-(9Z-octadece-

noyl)-2-hexadecanoyl-sn-glycero-3-phosphocholine (OPPC)
was a generous gift from Lipoid (Ludwigshafen, Germany),
and 1-palmitoyl-2-(9′-oxo-nonanoyl)-sn-glycero-3-phosphocho-
line (PoxnoPC) and 1-palmitoyl-2-azelaoyl-sn-glycero-3-phos-
phocholine (PazePC) were purchased from Avanti Polar Lipids
(Alabaster, USA) (Figure 1). The stock solutions of lipid

mixtures at the final concentration of 1 mg/mL were prepared
in chloroform and stored at -20 °C. The purity of the above
lipids was verified by thin layer chromatography on silica gel
coated plates from Machery-Nagel (Düren, Germany), using
chloroform/methanol/water/ammonia (65:20:2:2, v/v) as the
eluent. No impurities were detected upon examination of the
plates after potassium permanganate staining. Double deionized
water (Milli-Q, Molsheim) with a specific resistance of R > 18
MΩcm was used throughout this study. Monolayers were
prepared by spreading the lipid solution onto the subphase.
Prior to compression, 20 min was allowed for the complete
evaporation of the solvent. The film was compressed to the
surface pressure of π = 20 mN/m which coincides with an area
per lipid molecule in the range of A ≈ 65−110 Å2, depending
on the lipid mixture used.
In the present study, we studied the following systems; (i)

pure OPPC (control), (ii) PazePC/OPPC (0.1), (iii)
PoxnoPC/OPPC (0.1), (iv) pure PazePC, and (v) pure

PoxnoPC at the air/water interface. To investigate the influence
of ion species on the structures and electrostatics of the
interface, the monolayers were spread on (a) K+-buffer (150
mM KCl, 10 mM Hepes and 0.1 mM EDTA), (b) Ca2+-buffer
(75 mM CaCl2 and 10 mM Hepes), and (c) Cs+-buffer (150
mM CsCl and 10 mM Hepes), and the pH was adjusted to 7.4
in all cases. XRR and GIXF measurements were carried out
after each monolayer was compressed to the surface pressure of
π = 20 mN/m.

B. XRR and GIXF Experiments. XRR and GIXF
experiments were carried out at the beamline ID10B of the
European Synchrotron Radiation Facility (ESRF, Grenoble,
France). The samples were irradiated with a monochromatic
synchrotron beam either with an energy of 8 keV (λ = 1.55 Å),
9 keV (λ = 1.37 Å), or 14 keV (λ = 0.89 Å). The film balance
was kept in a He atmosphere to minimize the scattering of the
fluorescence emission by air as well as to minimize the radiation
damage. Figure 2 represents a schematic drawing of the
experimental setup and scattering geometry for XRR and GIXF
experiments.

XRR was measured with a linear detector (Vantec-1, Bruker
AXS, USA). After subtraction of the diffuse intensity back-
ground (at αf ≠ αi), the specular reflectivity was analyzed using
the Parratt formalism18 with a genetic minimization algorithm
implemented in the MOTOFIT software package.19

GIXF measurements were carried out at incident angles αi
below and above the critical angle of total reflection αc. Here,
the penetration depth of the evanescent field depends on the
angle of incidence:20

α λ
π

α α β α αΛ = − + − − −( )
8

[ ( ) 4 ( )]i i c i c
2 2 2 2 2 2 1/2

(1)

where β is the imaginary part of the refractive index n = 1 − δ +
iβ.
X-ray fluorescence signals from the chemical elements in the

illuminated volume were recorded with an energy sensitive
detector (Vortex, SII NanoTechnology, USA) and normalized
by the detector counting efficiency. The emissions from K Kα,
Ca Kα, or Cs Lα lines were extracted using a multiple-
Gaussian peak fitting routine in a self-written code (Igor Pro,
WaveMetrics, Portland, USA). To compensate systematic
differences between the experiments, the recorded fluorescence
intensities were normalized by the elastically scattered beam

Figure 1. Chemical structures of PazePC (A), PoxnoPC (B), and
OPPC (C).

Figure 2. Experimental setup and the scattering geometry used for
XRR and GIXF at the air/water interface.
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intensity. The fluorescence signals in the presence of
monolayers were normalized by the signals from the
corresponding blank buffer, and are plotted as a function of
momentum transfer perpendicular to the interface, qz = 4π/λ
sin αi. This procedure eliminates artifacts arising from the
experimental geometry such as the size of beam footprint and
the fluorescence detector aperture.17

C. Fluorescence Intensities for Stratified Interfaces.
Fluorescence intensity Ii

f(α) from a chemical element i at a
distance z from the air/water interface at an incidence angle α
can be written as

∫α α= −
∞

I S I z c z z L z( ) ( , ) ( ) exp( / ) di
f ill

i i
0 (2)

S is a constant that is scaled out in our experimental system by
the normalization to the fluorescence signal from the
corresponding blank buffer, ci(z) is the concentration of
element i at a depth z, and Li is the attenuation length of
water at the characteristic fluorescence line, e.g. LK−Kα = 68.14
μm, LCa−Kα = 93.71 μm, and LCs‑Lα = 146.69 μm. The
illumination profile Iill (z,α), which is the most crucial part for
the quantitative GIXF analysis, can be determined by the matrix
propagation technique21 using slabs model, yielding the
electron density and the thicknesses of each slab.22

The concentration profile of the ion species condensed at the
phosphocholine headgroup of the lipid monolayer can be
parametrized using an asymmetric Gaussian profile17
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where c0 is the bulk concentration, zHC the hydrocarbon chain/
phosphocholine head interface, cmax the maximum ion
concentration, and zmax its peak position. It should be noted
that cmax and zmax are the only two fitting parameters in the fit.
The analysis was refined with the Levenberg−Marquardt
nonlinear least-squares optimization,23 yielding the ion
concentration profile along the z-axis. It should be noted that
the XRR measurements are essential for the quantitative GIXF
analysis, since the illumination profile Iill (and thus the
electromagnetic waves reflected/refracted in ultrathin films)
strongly depends on their electronic structures.

III. RESULTS AND DISCUSSION
A. Impact of OxPl on OPPC Monolayers in the

Presence of Monovalent K+ Ions. Parts a−c of Figure 3
show the XRR curves of pure OPPC monolayer (black), OPPC
monolayers doped with 10 mol % of PazePC/PoxnoPC
(green), and pure PazePC/PoxnoPC monolayers (blue) on
K+-buffer. The solid red line in each panel represents the best
matching fits to the experimental data. The reconstructed
electron density (ρ) profiles along the z-axis are also shown in
Figure 3b−d. The thickness d, electron density ρ, and root-
mean-square (rms) roughness σ of each interface are
summarized in Table 1.
The hydrocarbon chain of pure OPPC has a thickness of dA

= 11.7 Å with ρA = 0.262 e Å−3. The ρA value is lower than
those of saturated hydrocarbon chains ρA = 0.32−0.33 e
Å−3,24,25 while the total thickness of the monolayer (19.6 Å)
seems fully consistent with one-half of the values reported for
the corresponding bilayers, 19.5 Å.26 Indeed, the average
number of electrons per one phospholipid molecule calculated
from the fit (440 e−) is in good agreement with the one

calculated from the chemical formula of OPPC (420 e−), which
validates the quality of the fit.
It is notable that the hydrocarbon chains of both PazePC and

PoxnoPC monolayers are about 4 Å thinner compared to that
of OPPC monolayer recorded at the same surface pressure. The
smaller values found for the hydrocarbon chain layer thickness
can be interpreted in terms of conformational change of the
oxidized chains toward the aqueous phase,27 followed by an
increase in the mean molecular area. In fact, we observed the
increase in molecular area with increasing molar fractions of
OxPl (see Supporting Information, section S1). This results in
the increase in the electron density of hydrocarbon chain (Δρ =

Figure 3. (a) XRR curves for OPPC (black), OPPC with 10 mol %
PazePC (green) and pure PazePC (blue) on K+-buffer together with
the best fits to the experimental results (solid red line) and a sketch of
the sn-2 acyl chain reorientation of PazePC and PoxnoPC as an inlet,
and (b) the reconstructed electron density profiles along the z-axis
(perpendicular to the interface). The corresponding XRR and the
electron density profiles from PoxnoPC systems are presented in parts
c and d, respectively.

Table 1. Thickness d, Electron Density ρ, and Roughness σ
Corresponding to Best Fits of the XRR of OPPC/OxPl
Monolayers on K+ Buffer at 20 mN/m

d (Å) ρ (e × Å−3) σ (Å)

OPPC
hydrocarbon chain 11.7 0.262 4.0
choline head 7.9 0.465 3.4
buffer ∞ 0.335 3.3

OPPC + 10 mol % PazePCa

hydrocarbon chain 11.4 0.263 4.1
choline head 7.4 0.460 3.6
buffer ∞ 0.335 3.2

PazePCa

hydrocarbon chain 7.7 0.322 4.5
choline head 6.6 0.454 3.5
buffer ∞ 0.335 3.3

OPPC + 10 mol % PoxnoPC
hydrocarbon chain 11.7 0.263 4.0
choline head 7.5 0.465 3.5
buffer ∞ 0.335 3.3

PoxnoPC
hydrocarbon chain 7.4 0.295 4.1
choline head 6.6 0.460 3.6
buffer ∞ 0.335 3.2

aThe membranes containing PazePC were less stable than those
containing PoxnoPC.
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10−20%) as well as the interface roughness. Such disturbance
to the chain orders we observed seems consistent with the
previous MD simulations of DOPC and POPC mixed with
mono-oxidized acyl chain bearing an aldehyde group28 as well
as in MD simulations with PLPC mixed with an aldehyde
group29 where the tendency of the oxidized modified acyl chain
to reorientate toward the water interface (Figure 3a−c, inlet)
leads to an increase in the average area per lipid and a decrease
in bilayer thickness with higher content of OxPl. In addition,
the experimental finding from the fluorescence film balance
(Sabbatini) shows film expansion of monolayers with increasing
content of OxPl and a solubilization of the OxPl into the
aqueous phase at high film compression.27 However, when
PazePC/PoxnoPC were incorporated into OPPC with 10 mol
% (Figure 3a−c, green), the thickness, the roughness of each
interface and the electron density of hydrocarbon chain layers
showed no remarkable difference of the corresponding values
from pure OPPC, suggesting that the incorporation of OxPl at
10 mol % leads to no remarkable change in the vertical
structures of phospholipid monolayers.
B. Density Profiles of K+ Ions in the Presence/Absence

of OxPl. Figure 4 represents the normalized K Kα fluorescence

intensities for (a) OPPC/PazePC monolayers and (b) OPPC/
PoxnoPC monolayers on K+-buffer. The red lines coincide with
the best fit results. The fluorescence signals of K Kα are close to
unity, indicating that K+ ions are not enriched at the interface
and K+ ions are weakly interacting with all phospholipids that
are subjected in this study. Although the slightly lower
fluorescence signals at qz < qc compared to unity seem to
suggest a depletion of K+ ions near the interface, the
reconstructed ion concentration profiles in this case were
equal to the bulk values by taking the modulation of electron
densities at the air/water interface.
C. Impact of OxPl on OPPC Monolayer in the Presence

of Divalent Ca2+ Ions. Figure 5 shows the XRR curves of
OPPC/OxPl monolayers on Ca2+-buffer together with the best
fits to the reflectivity curves (red lines). The parameters
corresponding to the best fit results are summarized in Table 2.
The OPPC monolayer on Ca2+-buffer shows similar

structural parameters to those on K+-buffer, suggesting that
Ca2+ ions do not alter the structure of OPPC membranes. As
presented in Figure 3, parts a and b, the incorporation of 10
mol % PazePC did not result in any remarkable change in
thickness, electron density, and roughness of each interface.
The same tendency was observed for the membrane
incorporating 10 mol % of PoxnoPC, indicating that the
structural integrity of OPPC membranes was not disturbed by
the oxidization of hydrocarbon chains up to 10 mol %.

We also found that the monolayers of pure PazePC and pure
PoxnoPC (blue) were thinner than OPPC monolayers; ΔdA ∼
−4.6 Å for hydrocarbon chains and ΔdH = −1.8 Å for head
groups. This finding follows the same tendency we found on
K+-buffer for the monolayer thickness. But on the other hand,
the PazePC and PoxnoPC monolayers on Ca2+-buffer possess
much larger electron densities for headgroup and hydrocarbon
chain regions compared to that on K+-buffer. This suggests one
of the following two scenarios: either lipid molecules are
laterally compacted on Ca2+-buffer, or Ca2+ ions are enriched at
the interface. The former scenario is less dominant, since the
difference in area per lipid molecule at π = 20 mN/m between
K+-buffer and Ca2+-buffer is below 7% and the lateral
compressibility is almost identical in the presence and absence
of Ca2+ ions (see Supporting Information, sections S1, S2, and
S3). In contrast, a remarkable increase in the electron density in

Figure 4. (a) Fluorescence intensities of K Kα as a function of qz for
OPPC (black), OPPC with 10 mol % PazePC (green) and pure
PazePC (blue) on K+-buffer together with the best fits (solid red line).
The corresponding fluorescence intensities from OPPC/PoxnoPC
systems are presented in part b.

Figure 5. (a) XRR curves OPPC (black), OPPC with 10 mol %
PazePC (green) and pure PazePC (blue) on Ca2+-buffer together with
the best fits to the experimental results (solid red line) and (b) the
reconstructed electron density profiles along the z-axis (perpendicular
to the interface). The corresponding XRR and the electron density
profiles from OPPC/PoxnoPC systems are presented in parts c and d,
respectively.

Table 2. Thickness d, Electron Density ρ, and Roughness σ
Corresponding to Best Fits of the XRR of OPPC/OxPl
Monolayers on Ca2+-Buffer Measured at 20 mN/m

d (Å) ρ (e × Å−3) σ (Å)

OPPC
hydrocarbon chain 12.4 0.317 4.1
choline head 8.0 0.510 3.3
buffer ∞ 0.335 3.2

OPPC + 10 mol % PazePC
hydrocarbon chain 12.0 0.318 4.3
choline head 7.6 0.496 3.4
buffer ∞ 0.335 3.2

PazePC
hydrocarbon chain 7.6 0.352 4.3
choline head 6.3 0.478 4.2
buffer ∞ 0.335 3.2

OPPC + 10 mol % PoxnoPC
hydrocarbon chain 12.0 0.319 4.3
choline head 7.8 0.502 3.5
buffer ∞ 0.335 3.2

PoxnoPC
hydrocarbon chain 7.9 0.333 4.3
choline head 6.2 0.473 3.6
buffer ∞ 0.335 3.2
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the slab of PazePC head groups was identified from XRR,
which gives supporting evidence to the second scenario. The
average number of electrons per one PazePC molecule
calculated from the fit on Ca2+-buffer (Ne = 625 e−) was
much larger than the value calculated from the chemical
formula (Ne = 364 e−), suggesting the cross-linking of lipids by
Ca2+ ions (See Supporting Information S10). The enhanced
lateral cooperativity in lipid monolayers in the presence of Ca2+

seems to be qualitatively in good agreement with the previous
studies using 2H NMR,30 grazing incidence X-ray diffraction
and Monte Carlo simulations,31 dilational rheology,32 and
atomistic MD simulations.33,34,30

D. GIXF-Impact of Divalent Ca2+ Ions on the Electro-
statics of OPPC/OxPl Monolayers. To verify the con-
densation of Ca2+ ions at interfaces, we measured the density
profiles of Ca2+ ions using GIXF. Figure 6a represents the

normalized Ca Kα fluorescence intensities for OPPC (black),
OPPC with 10 mol % PazePC (green) and pure PazePC (blue)
on Ca2+-buffer. The red lines coincide with the best fit results.
The reconstructed ion concentration profiles normal to the
monolayer surfaces are presented in Figure 6b. The
corresponding results for OPPC/PoxnoPC monolayers are
presented in Figure 6, parts c and d, respectively. The
parameters obtained from the best fit are summarized in
Table 3.
The fluorescence signals at qz < qc for all OPPC/PoxnoPC

and OPPC/PazePC monolayers is higher than the bulk level (at
qz > qc). This indicates that Ca

2+ ions accumulate on the surface

of phospholipid monolayers, which is consistent with the
modification in electron densities suggested by XRR results.
In the absence of OxPl (black), the positions of the

maximum concentration is located at zmax = 15.3 Å for OPPC,
suggesting that Ca2+ ions are concentrated at the headgroup
region. It should be noted that z = 0 is defined at the interface
between air and hydrocarbon chains and thus the peak position
is 15.3−12.8 = 2.5 Å from the water surface. The obtained
surface concentration (4.1 × 1013 ions/cm2) implies that N =
0.26 × Ca2+ ion is coupled to one OPPC molecule, i.e., 1 ×
Ca2+ ion is coupled to ∼4 × OPPC molecules. The
incorporation of 10 mol % of PazePC/PoxnoPC (green)
does not cause any remarkable change in the density profiles of
Ca2+ near the interface; zmax = 14.8−15.3 Å and N = 0.20−0.25.
In contrast, a remarkable enhancement of Ca Kα signals below
qc in a pure PazePC monolayer indicates a significant
condensation of Ca2+ ions in the vicinity of interface, where
the lateral Ca2+ ion concentration cL = 19 × 1013 ions/cm2

yields the 10 times larger number of Ca2+ ions per lipid
molecule, N = 2.1. The founding that Ca2+ can bind to around
four lipid headgroups or form lipid/ion clusters,35 indicates that
the enrichment of Ca2+ ions at the headgroup region can be
explained by the high attractive interaction of the Ca2+ ions
with the negatively charged carboxyl group of PazePC, which
shows an acyl chain reversal into the aqueous phase as reported
from MD simulations by Khandelia et al. 14 On the other hand,
a pure PoxnoPC monolayer (Figure 4, parts c and d, blue)
showed a low Ca2+ ion condensation near the interface, where
the number of Ca2+ ions coupled to one lipid N = 0.20 is
comparable to those from the other conditions.

E. Impact of OxPl on OPPC Monolayers in the
Presence of Monovalent Cs+ Ions. The influence of size
monovalent cations was further investigated by depositing
monolayers on Cs+-buffer. Figure 7a,b represents the XRR

curves of OPPC/OxPl monolayers together with the best fits to
the reflectivity curves (red lines) for OPPC (black), OPPC with
10 mol % PazePC/PoxnoPC (green) and pure PazePC/
PoxnoPC (blue) on Cs+-buffer. The reconstructed electron
density profiles along the z-axis are presented in Figure 7c,d.
The obtained thickness d, electron density ρ, and root-mean-

Figure 6. (a) Fluorescence intensities of Ca Kα as a function of qz for
OPPC (black), OPPC with 10 mol % PazePC (green) and pure
PazePC (blue) on Ca2+-buffer together with the best fits (solid red
line) and the reconstructed ion concentration profiles (b). The
corresponding results for OPPC/PoxnoPC systems are presented in
parts c and d, respectively.

Table 3. Positions of the Maximum Concentration z, Ion
Lateral Concentration cL, and Number of Ions per Lipid N of
OPPC/OxPl Monolayers on Ca2+-Buffer

z (Å)
cL (ions/cm

2)
(1013) N (ions/lipid)

OPPC 15.3 4.1 0.26
OPPC + 10 mol % PazePC 15.3 2.9 0.24
PazePC 6.6 19.0 2.1
OPPC + 10 mol % PoxnoPC 14.8 2.8 0.20
PoxnoPC 10.7 2.1 0.20

Figure 7. (a) XRR curves OPPC (black), OPPC with 10 mol %
PazePC (green) and pure PazePC (blue) on Cs+-buffer together with
the best fits to the experimental results (solid red line) and (b) the
reconstructed electron density profiles along the z-axis (perpendicular
to the interface). The corresponding XRR and the electron density
profiles from PoxnoPC systems are presented in parts c and d,
respectively.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.5b04451
J. Phys. Chem. B XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/acs.jpcb.5b04451


square (rms) roughness σ of each interface are summarized in
Table 4.

The thickness and electron density values obtained for
OPPC monolayers on Cs+-buffer in the presence and absence
of OxPl are slightly but distinctly smaller than the
corresponding values collected on K+-buffer. However, pure
PoxnoPC monolayers on Cs+-buffer exhibited no distinguish-
able difference from that on K+-buffer. This finding suggests
that the packing of negatively charged PazePC molecules
becomes weaker by replacing K+-ions by the bulkier Cs+ ions,
but uncharged PoxnoPC molecules are not influenced. It is
notable that we could not detect any distinguishable difference
in the lateral compressibility modulus (see Supporting
Information, section S1). This seems to be in qualitative
agreement with MD simulations of Jurkiewicz et al. on lipid
bilayers, suggesting that the thickness of a bilayer in 1 M CsCl
is distinctly thinner than those in 1 M KCl and NaCl, especially
for membranes incorporating negatively charged phosphatidyl-
serine (PS). Therefore, the difference in the structures of
floating monolayers perpendicular to the global plane in the
presence of Cs+ and K+ detected by XRR suggests that
electrostatics of charged PazePC monolayers is influenced not
only by valence numbers but also species of ions.
It should be noted that due to the weaker lateral packing, the

pure PazePC monolayer was much more unstable than the
other systems. The best matching fit to the XRR results could
be achieved only by using a 4 slab model assuming the
formation of aggregates of PazePC underneath the PazePC
monolayer, as reported previously by Sabatini et al.36

F. GIXF-Impact of Monovalent Cs+ Ions on the
Electrostatics of OPPC/OxPl Monolayers. Figure 8a
shows the normalized Cs Lα fluorescence intensities OPPC
(black), OPPC with 10 mol % PazePC (green) and pure
PazePC (blue) on Cs+-buffer together with the best fit results

(red lines). The corresponding results for OPPC/PoxnoPC
monolayers are presented in Figure 8b.
Like the case of monolayers on K+-buffer, the fluorescence

intensities from OPPC (Figure 8, black) and OPPC doped with
10 mol % PazePC (Figure 8a, green) exhibit no sign of ion
condensation near the interface. On the other hand, the signal
from pure PazePC monolayer (Figure 8a, blue) is 1.5 times
larger than the bulk signal. The reconstructed concentration
profile presented as an inset in Figure 8a suggests the
concentration maximum is located at z = 7.0 Å. Integrating
the area under the curve yields the lateral concentration of Cs+

ions to be cL = 1.09 × 1014 ions/cm2. Considering the area per
molecule corresponding to the experimental condition A = 105
Å2 (SI), one can calculate the number of Cs+ ions per one
PazePC molecule to be N = 1.2, suggesting that the binding
stoichiometry of Cs+ and PazePC is almost 1:1, i.e. Cs+ does
not cross-link PazePC molecules. This value is one-half of
PazePC on Ca2+-buffer (N = 2.1). Namely, if one considers the
valency, the binding affinity of PazePC to Cs+ is 4 times weaker
than the binding to Ca2+. Remarkably, the number of Cs+ ions
per PazePC molecule is about 5−6 times larger than the
corresponding value for OPPC on Ca2+-buffer (N = 0.20−
0.25). In contrast, the fluorescence signals from PoxnoPC-
containing monolayers are close to unity (Figure 8b), indicating
that ions are not concentrated near the interface. Although the
sequence of binding affinity suggested by our GIXF results
(Ca2+ > Cs+ > K+) is slightly different from what one expects
from the Hofmeister series (Ca2+ > K+ > Cs+),37,35 this finding
seems qualitatively consistent with XRR results where PazePC
monolayer on Cs+-buffer was thinner than that on K+-buffer.

IV. SUMMARY AND CONCLUSION
In this work, we investigated the influence of oxidized
phospholipids (PoxnoPC and PazePC) on the structures
perpendicular to the global plane and density profiles ions
(K+, Ca2+, Cs+) by the combination of XRR and GIXF at the
air/water interface. Our XRR results on different buffers clearly
indicated that both oxidized phospholipids form thinner
monolayers than that of pure OPPC monolayer. Moreover,
the doping of OxPls (10 mol %) into OPPC already resulted in
the thinning of floating monolayers, which was more
pronounced for PazePC. Concerning the interaction with
ions (monovalent and divalent ions), we observed strong
specific effects of cations on mixed OPPC/OxPl monolayers.
The reconstruction of ion-specific density profiles enables one
to identify differences between different ions. For example, the
thickness and stability of PazePC monolayers on Cs+-buffer
were distinctly less than those on K+-buffer. Moreover, we
found a clear enrichment of Cs+ in the vicinity of PazePC

Table 4. Thickness d, Electron Density ρ, and Roughness σ
Corresponding to Best Fits of the XRR of OPPC/OxPl
Monolayers on Cs+-Buffer Measured at 20 mN/m

d (Å) ρ (e × Å−3) σ (Å)

OPPC
hydrocarbon chain 11.3 0.253 4.4
choline head 7.3 0.437 3.4
buffer ∞ 0.335 3.2

OPPC + 10 mol % PazePC
hydrocarbon chain 10.7 0.260 4.4
choline head 7.1 0.436 3.4
buffer ∞ 0.335 3.2

PazePCa

hydrocarbon chain 6.6 0.302 3.9
choline head 5.8 0.384 4.1
buffer ∞ 0.335 3.3

OPPC + 10 mol % PoxnoPC
hydrocarbon chain 10.9 0.253 4.4
choline head 7.2 0.437 3.4
buffer ∞ 0.335 3.2

PoxnoPC
hydrocarbon chain 7.0 0.287 4.4
choline head 6.5 0.451 3.3
buffer ∞ 0.335 3.2

aValues for the PazePC monolayer from a 4-slab model.

Figure 8. (a) Fluorescence intensities of Cs Lα as a function of qz for
OPPC (black), OPPC with 10 mol % PazePC (green) and pure
PazePC (blue) on Cs+-buffer together with the best fits (solid red
line). The corresponding results for OPPC/PoxnoPC systems are
presented in part b.
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membranes, while K+ showed no sign of enrichment. The
presence of Ca2+ cations thus has a significant effect shown (1)
in an accumulation of Ca2+ ions near the head groups and (2)
in increased thicknesses and increased electron densities of
both hydrocarbon chains and choline heads of the monolayers.
It is shown here that the sn-2 chain of PazePC with its
carboxylic group is reversed into the subphase shows an
accumulation of Ca2+ ions in polar head regions. From the
experimental results, we calculated the number of N = 2.1 ± 0.1
Ca2+ ions per PazePC lipid. However, PoxnoPC with its polar
aldehyde group at the sn-2 chain, which is assumed to be
reorientated toward the interface, did show an enhanced
accumulation of Ca2+ ions in the head polar groups vicinity
which is as large as for the pure matrix lipid (OPPC)
monolayer, exhibiting much poorer ion specificity. The
combination of XRR and GIXF enables one to simultaneously
gain both structures and ion specific density profiles
perpendicular to the global plane of floating monolayers in
high spatial accuracy (±5 Å), which cannot be achieved by
other optical techniques.
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