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ABSTRACT: Lipid hydroperoxides are key mediators of diseases and cell
death. In this work, the structural and dynamic perturbations induced by the
hydroperoxidized POPC lipid (POPC-OOH) in fluid POPC membranes, at
both 23 and 37 °C, were addressed using advanced small-angle X-ray
scattering (SAXS) and fluorescence methodologies. Notably, SAXS reveals
that the hydroperoxide group decreases the lipid bilayer bending rigidity.
This alteration disfavors the bilayer stacking and increases the swelling in-
between stacked bilayers. We further investigated the changes in the apolar/
polar interface of hydroperoxide-containing membranes through time-
resolved fluorescence/anisotropy experiments of the probe TMA-DPH and
time-dependent fluorescence shifts of Laurdan. A shorter mean fluorescence lifetime for TMA-DPH was obtained in enriched
POPC-OOH membranes, revealing a higher degree of hydration near the membrane interface. Moreover, a higher microviscosity
near TMA-DPH and lower order are predicted for these oxidized membranes, at variance with the usual trend of variation of these
two parameters. Finally, the complex relaxation process of Laurdan in pure POPC-OOH membranes also indicates a higher
membrane hydration and viscosity in the close vicinity of the −OOH moiety. Altogether, our combined approach reveals that the
hydroperoxide group promotes alterations in the membrane structure organization, namely, at the level of membrane order,
viscosity, and bending rigidity.

■ INTRODUCTION

Lipid membranes are composed of a variety of lipids including
unsaturated and polyunsaturated fatty acids (PUFAs),
sphingolipids, and sterols, whose distribution in the inner
and outer leaflets defines important biophysical membrane
features as spontaneous curvature, bending rigidity, fluidity,
and permeability, among others. Furthermore, temperature-
dependent packing of different lipid species in the membrane
may favor lipid demixing into domains, which harbor key
proteins associated with signaling mechanisms and cell
homeostasis. In spite of their importance, unsaturated lipids,
PUFAs, and sterols are vulnerable to peroxidation either by
enzymatic or non-enzymatic mechanisms.1−3 As a conse-
quence, chemical structure modifications imposed by lipid
peroxidation can alter membrane biophysical properties,4,5

leading to cell homeostasis loss and eventually to cell death
depending on the oxidative damage level.6

Notably, lipid hydroperoxides have been recently recognized
as key mediators of diseases and cell death.7,8 To date, many
theoretical and experimental studies provided information on
membrane properties and structural organization of lipid
hydroperoxide-containing bilayers. Since the hydroperoxide
has a more hydrophilic character in respect to the lipid acyl
chain, the oxidized tail bends toward the bilayer surface,
exposing the OOH group to the polar milieu,9,10 promoting an

increase in the lipid molecular area. Herein, we investigate lipid
bilayer properties containing an increasing amount of 1-
palmitoyl 2-oleoyl-phosphatidylcholine hydroperoxide
(POPC-OOH) (Figure 1). In particular, previous micropipette
experiments on POPC-OOH giant unilamellar vesicles
(GUVs) determined an increase of 15% in the area excess in
respect to non-oxidized 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) membranes.11 This effect was later
confirmed by small-angle X-ray scattering (SAXS) data
analysis12 and found to be accompanied by membrane
thickness reduction.12,13 Interestingly, accumulation of
POPC-OOH in the membrane does not change its
permeability,11 although the hydroperoxidized lipid bilayer
becomes more susceptible to electroporation.14−16 Further,
liquid disordered (Ld)/liquid ordered (Lo) phase separation
has also been observed in a 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC)/POPC-OOH/cholesterol system,
showing that POPC-OOH can modulate lipid domains.5
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Concerning the excess of membrane area promoted by the
hydroperoxide lipid, micropipette assays on POPC-OOH
GUVs also revealed a significant decrease in the stretching
modulus that reduced from 200 mN m−1 for POPC
membranes to 50 mN m−1 for POPC-OOH lipid bilayers
without compromising membrane integrity.11 Enhanced
membrane undulations have also been detected upon the
influence of POPC-OOH,17 but no bending modulus
evaluation has been made so far.
In this regard, the current work aims to gather new

information about the membrane surface properties of POPC
vesicles with increasing amounts of POPC-OOH. Membrane
bending rigidity, surface hydration properties, and order
parameters are intensively examined by SAXS and advanced
time-resolved fluorescence techniques to better understand the
impact of the hydroperoxidized lipid on the membrane
structure at the molecular level.

■ EXPERIMENTAL SECTION
Materials. POPC was purchased from Avanti Polar Lipids

(Alabaster, AL) and hydroperoxidized POPC (herein termed as
POPC-OOH) was produced as described elsewhere.11 Figure 1 shows
the chemical structures of POPC and POPC-OOH. The fluorescent
probes, 1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene
p-toluenesulfonate (TMA-DPH) and 6-dodecanoyl-2-dimethylamino-
naphthalene (Laurdan), were obtained from Invitrogen Thermo
Fisher (Leiden, The Netherlands). All organic solvents were of
UVASOL grade from Merck (Darmstadt, Germany). Other chemicals
were of analytical or spectroscopic grade and were used without
further purification. Buffers were prepared using Milli-Q water
(Millipore, USA).
Preparation of Lipid Vesicles. Multilamellar vesicles (MLVs)

and large extruded vesicles of POPC with increasing molar ratios of
POPC-OOH (POPC-OOHχ, 0−100%) were prepared as previously
described.18,19 Briefly, chloroform stock solutions of both lipids were
combined in appropriate amounts to yield a final concentration of 0.1,
0.5, or 10 mM for TMA-DPH, Laurdan, and SAXS experiments,
respectively. The fluorescent probes (also in chloroform) were
cosolubilized prior to solvent evaporation at a probe:lipid ratios of
1:200 (for TMA-DPH) and 1:100 (for Laurdan). The organic solvent
was then first evaporated under a stream of nitrogen and further under
vacuum for at least 4 h. The dry lipid films were hydrated in 10 mM
HEPES, 150 mM NaCl (pH 7.0), and 0.2 mM EDTA buffer for 30
min and then re-equilibrated by 10 freeze−thaw cycles to obtain
MLVs. The resulting lipid suspensions were further extruded through

100 nm pore diameter polycarbonate membranes in an Avanti Mini-
Extruder system, repeated 31 times. It is usually assumed that such a
procedure produces large unilamellar vesicles (LUVs). However, as it
will be concluded from the SAXS results presented ahead in the text,
extruded POPC/POPC-OOHχ vesicles with χ = 0, 10, 25, 30, 50, and
70 mol % display diffraction peaks characteristic of few bilayer
stacking. For this reason, here, we refer to these vesicles as extruded
vesicles.

The exact concentrations of POPC and POPC-OOH stock
solutions were confirmed by the phosphorus analysis.20 The
concentrations of the chloroform stock solutions of the fluorescent
probes were determined spectrophotometrically using molar
extinction coefficients of 52 × 103 M−1 cm−1 at 355 nm for TMA-
DPH21 and 19.5 × 103 M−1 cm−1 at 360 nm for Laurdan.22

SAXS. SAXS experiments were performed at the Brazilian
Synchrotron Light Laboratory (LNLS, Campinas, Brazil). The
scattering vector modulus q = 4πsin θSAXS/λ, with 2θSAXS being the
scattering angle and λ being the X-ray wavelength of 1.548 Å, ranged
from 0.013 to 0.50 Å−1. Samples were placed in a 1 mm path length
mica holder and the exposition time was 300 s.

The scattering intensity, I(q), from a large vesicle, where the lipid
bilayer thickness is much smaller than its size, can be described as a
product of a structure factor, S(q), and a form factor, P(q), such
as:23,24

π= =I q P q S q
A

q
P q S q( ) ( ) ( )

2
( ) ( )t2 (1)

with A being the area of the basal plane, and Pt(q) the form factor of
the lipid bilayer cross section perpendicular to the A plane.

Extruded Lipid Vesicles. Pt(q) contains information about the
lipid bilayer structure and it is here modeled as step functions with
three different electron densities (ρ) in respect to the electron density
of the buffer (ρbuf = 0.34(2) e/Å3).25,26 These regions are
characterized by their electron densities ρ and thicknesses R from
the center of the bilayer toward the aqueous solution as (i) a methyl
region (ρCH3, RCH3), (ii) a CH2 chains-containing inner lipid bilayer
medium (ρCH2, RCH2), and (iii) an outer membrane containing polar
headgroups and solvation molecules (ρpol, Rpol):

27
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ρ ρ ρ ρ ρ ρ ρ

ρ ρ

Δ = − Δ = − Δ

= −

, , andCH3 CH3 buf CH2 CH2 buf pol

pol buf (3)

S(q) in eq 1 is equal to 1 for non-interacting systems as in the case
of LUVs. For MLVs, S(q) takes into account the correlation between
stacked bilayers.

During the analysis, we noticed that the SAXS data are due to two
distinct contributions, namely, (i) scattering from LUVs and (ii)
scattering from a few stacked bilayers depending on the POPC-OOH
amount in the membrane. In this way, we use the following equation
to analyze the experimental data from extruded vesicles:

γ γ= + − ·I q P q P q S q( ) ( ) (1 )( ( ) ( )) (4)

with γ being the fraction of LUVs with the form factor P(q) and (1 −
γ) being the fraction of stacked lipid bilayers where each bilayer has
the same scattering density profile, and hence, P(q), as that of LUVs;
S(q) was calculated considering the modified Caille ́ theory (MCT)28

such as:27

Figure 1. Chemical structures of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and the two isomers of 1-palmitoyl-2-
oleoyl-phosphatidylcholine hydroperoxide (POPC-OOH).11 The
mixture of the isomers is referred to as POPC-OOH throughout
the paper.
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where N is the number of stacked bilayers, no is the order, Drep is the
repetition distance between two bilayers, which includes the bilayer
thickness plus hydration layer, and finally, ηCaille ́ is the Caille ́
parameter related to the bending fluctuations of the membrane.
A global fitting procedure was employed to fit concomitantly the

whole set of SAXS data (eq 4) from POPC/POPC-OOHχ extruded
vesicles (with χ varying from 0 to 100 mol %) using the GENFIT
software.29

The Pt(q) fitting parameters are constrained as a linear
combination of those associated with single vesicle compositions of
POPC and POPC-OOH as

χ χ= − + −R R R(POPC OOH) (1 ) (POPC)i i i (6)

ρ χρ χ ρ= − + −(POPC OOH) (1 ) (POPC)i i i (7)

with i corresponding to CH3, CH2, and polar head regions (eqs 2 and
3).
The electron density profiles were then determined for each

extruded vesicles prepared with varying POPC-OOH amounts, where
the transitions between the step levels were smoothed by error
functions.30

Non-extruded Lipid Vesicles. The study of MLVs allowed us to
quantify the bending modulus, Kc, for POPC and the whole set of
hydroperoxidized membranes from the analysis of diffraction peaks
via MCT (eq 5), where the Caille ́ parameter is defined as:28

η
π

=́
k T

D K B2Caille
B

rep
2

c (8)

with kB being the Boltzmann constant, T being the temperature, and B
being the compression modulus between two adjacent bilayers.28 Of
note, we noticed that the MLV diffraction peaks are split in three
major components with slight differences in Drep values due to the salt
effect from the buffer.31 Accordingly, the scattering intensity I(q)
modeling to the MLV experimental data were done, taking into
account MCT as:

= [ + + ]I q P q a S q a S q a S q( ) ( ) ( ) ( ) ( )1 1 2 2 3 3 (9)

with a1 + a2 + a3 = 1. Figure S1 shows an example of the S(q)
decomposition modeling to a POPC SAXS curve. In this approach,
we assume that the bilayer structure is not affected by the salt
distribution,31 and hence, P(q) form factors from non-extruded
vesicles with χ varying from 0 to 100 mol % POPC-OOH have the
same scattering density profiles as those retrieved from the fittings to
the SAXS data from experimental extruded vesicles. Furthermore,
according to eqs 5 and 9, three Drep values were obtained from the
fitted S(q) functions (eq 9) and the number of bilayers, N, and the
ηCaille ́ values were the same for each lipid composition. Averaged
values were considered to calculate the bending modulus Kc. Similar
to the extruded lipid vesicles, a global fitting procedure within the
GENFIT software29 was used to analyze concomitantly all data from
MLVs.
Steady-State Fluorescence Spectroscopy. Steady-state fluo-

rescence experiments were carried out with an SLM-AMINCO 8100
spectrofluorometer (SLM Instruments Inc., Urbana, IL) in a right-
angle geometry, equipped with double excitation/emission mono-
chromators and automated rotating Glan-Thompson polarizers. The
light source was a 450 W Xe arc lamp and the reference was a
rhodamine B quantum counter solution. All measurements were
performed in 5 × 5 mm quartz cuvettes (Hellma Analytics) under
constant magnetic stirring and a controlled temperature of 23 or 37
°C (± 0.2 °C) using a Julabo F25 circulating water bath.
The emission spectra of TMA-DPH and Laurdan were recorded

with excitation at 340 and 350 nm, respectively. For TMA-DPH
fluorescence anisotropy measurements, samples were excited at 340

nm and the polarized emission was detected at 430 nm. The steady-
state fluorescence anisotropy, ⟨r⟩, was calculated as:32

⟨ ⟩ =
− ·

+ · ·
r

I G I
I G I2

VV VH

VV VH (10)

where the intensities IVV and IVH are the vertical and horizontal
components of the polarized fluorescence emission, when the sample
is excited with vertically polarized light, respectively. The G factor (G
= IHV/IHH, components with horizontal excitation) accounts for the
transmission efficiency of the monochromator to the polarization of
light. Blank subtraction was always taken into account. Data are
presented as mean ± standard deviation of at least three independent
experiments (with 10 measurements for each sample).

Time-Resolved Fluorescence Spectroscopy. Time-resolved
fluorescence intensity and anisotropy measurements were performed
by the time-correlated single-photon timing technique at both 23 and
37 °C as previously described.18,33 Briefly, both TMA-DPH and
Laurdan probes were excited at 340 nm using a frequency doubled
secondary cavity-dumped dye laser of DCM (Coherent 701-2). The
fluorescence emission was recorded at 430 nm for TMA-DPH, and a
series of emission wavelengths from 400 up to 540 nm with a 10 nm
step was used for Laurdan. The fluorescence was detected using a
Jobin-Yvon HR320 monochromator with a cutoff filter to avoid
interference from Rayleigh-scattered light and using a Hamamatsu R-
2809U microchannel plate photomultiplier. The fluorescence
intensity decays, I(t), were acquired with the emission polarizer set
at 54.7° (the magic angle) relative to the vertically polarized excitation
beam. For TMA-DPH anisotropy decays, the parallel and
perpendicular polarized components of the fluorescence (IVV(t) and
IVH(t), respectively) to the plane of excitation light were alternatively
collected. The instrument response function (IRF) was obtained from
the excitation light scattered by a Ludox solution (silica, colloidal
water solution, Aldrich). The IRF and fluorescence intensity decays
were acquired in a multichannel analyzer with a time window of 1024
channels up to 50,000 and 20,000 counts in the peak channel,
respectively.

Fluorescence Decay Analysis. Fluorescence decay analysis was
performed using the TRFA Data Processing Package (version 1.4)
from the Scientific Software Technologies Center (Belarusian State
University). The goodness of fit was evaluated by the reduced χ2 value
(<1.3) and a random distribution of weighted residuals and
autocorrelation plots.

Fluorescence intensity decays were analyzed by a sum of discrete
exponential terms:32

∑ α τ= −
=

I t t( ) exp( / )
i

n

i i
1 (11)

where αi and τi are the pre-exponential term (amplitude) and the
lifetime of the ith decay component of fluorescence, respectively. The
mean or average fluorescence lifetime is given by:

τ
α τ
α τ

⟨ ⟩ =
∑
∑

i i i

i i i

2

(12)

The fluorescence anisotropy decays, r(t), were analyzed by a sum of
discrete exponential terms:32

∑ β ϕ= − +
=

∞r t t r( ) exp( / )
i

n

i i
1 (13)

where βi and ϕi represent the normalized amplitude and the rotational
correlation time of the ith anisotropy decay component, respectively.
r∞ corresponds to the residual or limiting anisotropy, comprising
information about the restriction of the depolarizing process.

The wobbling-in-cone model developed by Kinosita and co-
workers34,35 was employed to quantify the extent of restricted motion
experienced by TMA-DPH. Briefly, the rotational movement of this
fluorescent probe is assumed to be hindered inside a cone-shaped
volume with an angle θcone, which can be deduced from:
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θ θ= × × +∞
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r r/
1
2

cos (1 cos )0 cone cone

2

(14)

where r0 = 0.3936 is the fundamental anisotropy. The angle θcone may
vary between 0° (r∞ = r0; fully hindered motion, no rotation) and 90°
(r∞ = 0; unhindered motion, complete depolarization). Therefore, a
tighter lipid packing in the vicinity of the TMA-DPH probe (larger
movement restrictions) should account for a small-angle θcone.
The rotational diffusion coefficients of TMA-DPH, D⊥, were

further determined by:34,37,38

ϕ
=

− −
⟨ ⟩⊥
∞ ∞D

r r r r0.1674 0.1066( / ) 0.062( / )0 0
2

(15)

where ϕ βϕ⟨ ⟩ = ∑ =i
n

i i1 is the average correlation time obtained from
the area under the anisotropy decay curve. D⊥ was then converted
into an apparent “microviscosity”, η, assuming a Brownian diffusion in
the framework of the Stokes−Einstein−Debye equation:39

η =
⊥

k T
D V6

B

eff (16)

where Veff is the effective probe volume. A Veff =360 Å3 was used
considering a polar derivative of DPH,39 which is structurally similar
to the TMA-DPH probe used here.
Laurdan Fluorescence: Generalized Polarization (GP) and

Time-Dependent Fluorescence Shift (TDFS) Method. General-
ized polarization (GP) of Laurdan, GPLaurdan, was calculated from its
steady-state emission spectrum according to:40

≡
−
+

I I
I I

GPLaurdan
440 490

440 490 (17)

where I440 and I490 are the fluorescence intensities at 440 and 490 nm,
respectively. However, this empirical ratiometric parameter does not
allow one to discriminate two effects at the level of lipid interface: (i)
the amount of polar solvent molecules (usually water, reporting on
surface hydration) and (ii) the local lipid mobility.41−43

The time-dependent fluorescence shift (TDFS) method has proved
to decipher both effects. Briefly, the fluorescence emission spectra of
Laurdan are reconstructed at different times after its excitation,
providing insights into the dynamics/evolution toward the final
solvent relaxed state (dependent on the local lipid packing (rigidity)),
and the final relaxed excited-state energy (proportional to the amount
of solvent dipoles (water content)).32 A detailed theoretical
framework was established by Maroncelli and co-workers44,45 and
later applied to model lipid membranes by the group of Hof.41−43 The
primary data consist of the steady-state fluorescence emission
spectrum and a series of time-resolved fluorescence intensity decays
spanning the emission spectrum of Laurdan (collected between 400
and 540 nm with a 10 nm step). The time-resolved emission spectra,
TRES(t), were obtained by the spectral reconstruction method as:45

∑λ
α τ

α≡
∑ λ λ

λ
τ− λt

I
eTRES( )

( )

i i i i
i

tSS

, ,
,

/ i ,

(18)

where ISS is a normalization factor (from the steady-state emission
spectrum), and αi, λ and τi, λ represent the normalized amplitude and
the lifetime of the ith decay component of fluorescence for each
emission wavelength, respectively. Here, each fluorescence decay was
analyzed with four exponential components. TRES(t) values were
then expressed in wavenumber units (proportional to energy).32 Each
time point spectrum was fitted with a log-normal function to
determine the position of their maxima, νp, and the full width at half-
maximum, Γ.45 The overall shift in the emission spectra, Δv, was then
calculated as:

Δ = − ∞v v v(0) ( ) (19)

where the position of the TRES maximum at t = 0, v(0), was
considered as 23,800 cm−1,44 and v( ∞ ) is the maximum position of
TRES at the end of relaxation. This spectral shift reflects the degree of

solvation (local polarity) at the membrane location of Laurdan. On
the other hand, the kinetics of these spectral shifts (relaxation curves)
provides information on the reorientation (mobility) of the polar
solvent molecules in the immediate vicinity of the probe. Finally, the
maximum value of the Γ(t) plot (here termed as ΓRD) reports on the
heterogeneity of the dipolar relaxation process, i.e., it is informative on
the heterogeneity of the solvent shell surrounding each individual
fluorophore in the sample. Also, ΓRD is a good estimation of the
average time taken by the system to complete the dipolar relaxation
process.

■ RESULTS AND DISCUSSION
SAXS Data of POPC/POPC-OOH Binary Mixtures. The

impact of the oxidized lipid POPC-OOH on the structural
properties of POPC bilayers was first examined by SAXS.
Specifically, the POPC-OOH molar fractions were varied in
non-extruded and extruded samples at 23 and 37 °C. Due to
the similar features observed from SAXS data at 23 and 37 °C,
only data acquired at 23 °C are shown in Figure 2 for
simplicity. Data taken at 37 °C are presented in in the
Supporting Information (Figure S2).

A perusal of the SAXS experimental data from non-extruded
samples (Figure 2A at 23 °C and Figure S2 at 37 °C)
evidences diffraction peaks (first order and second order, see
below) due to the lipid bilayer stacking of MLVs in solution.
The positions of such diffraction peaks are practically the same
at both temperatures (Figure S2), evidencing that the
interbilayer distance did not change within this temperature
interval. An intensity decrease was thoroughly observed by

Figure 2. SAXS curves of POPC/POPC-OOHχ with χ = 0, 10, 25,
30, 50, 70, and 100 mol % from top to the bottom (arrow) obtained
for (A) non-extruded and (B) extruded samples. Measurements were
performed with a total of 10 mM lipid concentration suspended in 10
mM HEPES, 150 mM NaCl, and 0.2 mM EDTA at pH 7.0 measured
at 23 °C. The best fit for each experimental curve is depicted in a
continuous red line. The fitting parameters are displayed in Table 1.
The curves are shifted for better visualization.
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raising the temperature from 23 °C to 37 °C (Figure S2).
Noteworthily, the diffraction peak intensities were significantly
more affected by increasing the amount of POPC-OOH in the
membrane rather than by increasing the temperature (Figure
2A and Figure S2). Indeed, SAXS data for membranes with the
POPC-OOH content greater than 50 mol % are identical
independent of temperature (Figure S2). Such a finding points
out that the presence of this hydroperoxidized lipid in the
membrane destabilizes the bilayer stacking to a larger extent
than does the temperature variation from 23 to 37 °C. Upon
extrusion, a large number of the MLVs are disrupted and LUVs
are predominant as one can observe from less pronounced
diffraction peaks from SAXS data without any temperature
influence within the investigated interval (Figure 2B at 23 °C
and Figure S2 at 37 °C). MLVs practically disappear upon
increasing the POPC-OOH amount into the extruded vesicles.
To better describe the bilayer features upon increasing the

oxidized lipid molar fraction as well as how POPC-OOH
impacts the bilayer stacking, SAXS data were thus analyzed by
the modified Caille ́ theory (MCT). Figure 2 presents the best
fittings (solid lines) to the experimental data, whereas the
fitting parameters are presented in Table 1. As one can see,
there is very good agreement between the modeling and the
experimental SAXS curves for all POPC/POPC-OOH
mixtures for extruded and non-extruded samples. From the
fitting parameters related to the bilayer cross-sectional form
factor Pt(q) (eqs 2 and 3), the corresponding electron density
profiles were calculated and are depicted in Figure 3.
Interestingly, the lipid bilayer thickness decreases upon
increasing the POPC-OOH amount in the membrane, as
previously reported for POPC/POPC-OOH mixtures dis-
persed in Milli-Q water12 also analyzed by SAXS through the
scattering density profile modeling. Furthermore, the presence
of POPC-OOH increases the electron density around 10 Å
from the center of the lipid bilayer (Figure 3), which can be

attributed to the preferential position of the hydroperoxide
group in the apolar/polar membrane interface.11−13 According
to previous works, the presence of the OOH group in the
membrane interface promotes an increase in the membrane
surface area,11−13 with a higher hydration of the mem-
brane.12,13

The temperature increase from 23 °C to 37 °C did not
impact the structure of the membrane, P(q), for any lipid
composition. This is probably due to the fact that all POPC/
POPC-OOH mixtures are already in the fluid phase at 23 °C,
and thus, no significant alteration was observed by means of
SAXS. For example, between 20 and 40 °C, the POPC
membrane’s thickness and area per lipid decrease only by 1 Å
and 1.5 Å2, respectively.46

As mentioned above, SAXS curves obtained from non-
extruded and extruded POPC samples (Figure 2) display
diffraction peaks, implying lipid bilayer stacking. For MLVs
(Figure 2A), the observable peaks are split in three interference

Table 1. Parameters Obtained from the Fittings of Lipid Bilayer Cross-Sectional Pt(q) Form Factors (eqs 2−4) to the
Experimental SAXS Data of Extruded and Non-extruded Samples (Figure 2) at 23 °C, Both through a Global Fitting
Procedurea

POPC/POPC-OOH 100:0 90:10 75:25 70:30 50:50 30:70 0:100

Pt(q) modeling
Rpol (Å) 9.9(6) 9.9(4) 9.8(7) 9.9(6) 9.9(4) 10.0(3) 10.0(4)
RCH2 (Å) 10.7(5) 10.3(5) 9.7(6) 9.5(5) 8.7(5) 7.9(4) 6.7(6)
RCH3 (Å) 2.7(5) 2.7(5) 2.7(6) 2.7(5) 2.7(4) 2.7(4) 2.7(5)
ρpol (e Å−3) 0.451(8) 0.451(6) 0.454(8) 0.455(7) 0.458(4) 0.460(6) 0.465(9)
ρCH2 (e Å−3) 0.329(8) 0.328(9) 0.327(8) 0.327(8) 0.324(6) 0.322(5) 0.320(8)
ρCH3 (e Å−3) 0.202(4) 0.202(4) 0.202(3) 0.202(3) 0.202(3) 0.202(3) 0.202(4)

S(q) extruded vesicles
γ 0.47(2) 0.42(2) 0.46(2) 0.57(2) 0.54(2) 0.83(2) 0.99(2)
N 6(2) 6(2) 5(2) 5(2) 5(2) 4(2) 2(2)
Drep (Å) 61(3) 62(2) 62(2) 62(2) 63(2) 63(2) 64(2)

S(q) MLVs
N 10(2) 9(2) 8(2) 8(2) 7(2) 5(2) 3(2)
⟨Drep⟩ (Å) 60(2) 61(3) 62(3) 62(3) 63(4) 64(4) 71(5)
ηCaille ́ 0.04(1) 0.05(1) 0.07(1) 0.08(1) 0.10(1) 0.12(1) 0.15(1)

aElectron density and thickness for the each region: polar headgroup (ρpol, Rpol), paraffinic chains (ρCH2, RCH2), and methyl group (ρCH3, RCH3); γ
(eq 4) means the fraction of LUVs in each sample of extruded vesicles. S(q) parameters, N (number of stacked bilayers), Drep (interbilayer
repetition distance), and ηCaille ́ (Caille ́ parameter) (eqs 5 and 8), were obtained via the modified Caille ́ theory; for MLVs, ⟨Drep⟩ values are averaged
values (see Experimental Section for details). The numbers in parentheses mean parameter uncertainties.

Figure 3. Electron density profile Δρ(r) = ρ(r) − ρbuf calculated using
the Pt(q) parameters obtained through the fittings to the experimental
SAXS curves for each POPC/POPC-OOHχ composition with χ = 0,
10, 25, 30, 50, 70, and 100 mol % (arrow direction).
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functions (S(q)) (see Figure S1) due to the influence in the
membrane of the saline-buffered solution as previously
reported for phosphatidylcholine membranes.31 Of note, for
extruded samples, there is a fraction of MLVs with a few
stacked bilayers (N = 4−6) with Drep = 62(1) Å coexisting with
LUVs (Figure 2B and Table 1). Such a contribution decreases
with the POPC-OOH percentage, amounting to circa 50% for
pure POPC membranes until the abolishment of bilayer
stacking for extruded vesicles composed of 100 mol % POPC-
OOH (Figure 2B and Table 1). Moreover, the number N of
stacked bilayers decreases for an increasing number of oxidized
lipids in POPC MLVs (Table 1) with concomitant swelling in-
between bilayers. Indeed, the hydration layer thickness, dw
(dw= Drep − (2 × (RCH3 + RCH2 + Rpol))), increases from 13.4
± 2.2 Å for POPC MLVs to 32 ± 5 Å for POPC-OOH MLVs
(Table 1 and Figure 4A). The values of POPC bilayer

thickness and hydration layer here evaluated are in very good
agreement with those previously reported for POPC MLVs in
the presence of 150 mM NaCl.47 On the other hand, to the
best of our knowledge, this is the first report demonstrating
significant swelling in-between hydroperoxidized bilayers in
respect to non-oxidized ones.

Therefore, the presence of POPC-OOH lipids in the
membrane seems to hinder bilayer stacking and is accom-
panied by a significant increase in the interbilayer water
thickness dw. To better understand such an effect, the values of
bending modulus Kc were also determined (eq 8), where the
Caille ́ parameters (Table 1) and Drep values were obtained
through S(q) fittings to the experimental curves (Table 1) and
the bulk modulus of compression was assumed as B = 15 ×
1012 erg cm−4.48 Values of ηCaille ́ and Kc at 23 °C upon
increasing the POPC-OOH molar fraction are presented in
Figure 4B,C, respectively.
Noteworthily, the averaged ηCaille ́ (Figure 4B) increased from

about 0.04(1) for POPC to 0.15(1) for POPC-OOH
membranes. The ηCaille ́ value obtained here for POPC at 23
°C is in good agreement with that previously reported for the
POPC MLVs at 25 °C.47 Further, such a rise in ηCaille ́ for
hydroperoxide-containing membranes implies an increase in
bending fluctuations, which decreases the positional correla-
tions. In turn, the lipid bilayer bending rigidity Kc decreases
circa 10-fold from pure POPC membranes to pure POPC-
OOH membranes. The Kc value of 25 kBT for the POPC
membrane here determined by X-ray diffraction is in good
agreement with the value reported by Bouvrais et al.,49 who
evaluated membrane fluctuations of POPC GUVs dispersed in
a similar buffer solution. To date, this is the first report on
membrane bending rigidity Kc values for membranes
containing binary mixtures of POPC/POPC-OOH as well as
pure hydroperoxide POPC lipid. A decrease in bending
modulus has already been predicted from MD simulations
for oxidized truncated lipids.50 Enhanced membrane undu-
lations were previously observed in POPC-OOH GUVs.4,17

Here, our experimental approach allowed us to quantify
changes in Kc values for partially and fully hydroperoxidized
lipid bilayers, which account for the observed swelling in-
between the oxidized bilayers. It should be remarked that
anomalous swelling has been previously observed for
dimyristoylphosphatidylcholine (DMPC) stacked bilayers
near its phase transition associated with the decrease in
membrane bending rigidity, with no changes in van der Waals
or hydration forces.48 Of note, Kc values for hydroperoxidized
lipid membranes are on the same order of those previously
reported for surfactant microemulsion51 and surfactant
monolayers,52 also indicating the high flexibility of such an
oxidized membrane.
Last, upon comparing the results obtained at 23 and 37 °C,

the most significant difference is the less intense second-order
peak of the interference function for the non-extruded samples
at 37 °C (Figure S2). Moreover, the difference of the
intensities of the diffraction peaks decreases with the increase
in POPC-OOH molar fraction, and for 70 and 100% POPC-
OOH, no distinction is observed for both temperatures
(Figure S2). These results are compatible with the following:
(i) the increase in temperature promotes membrane
fluctuations (increasing the ηCaille)́, thus decreasing the peak
intensity, and (ii) the fluctuation in the membrane rises with
the increase in POPC-OOH molar fraction, and for 70 and
100% oxidized lipid, the level of fluctuations is already at such
a high level that the increase in temperature does not impact
this parameter any further.
To better understand why the hydroperoxide lipid imparts a

decrease in the bending rigidity, further steady-state and time-
resolved fluorescence experiments were performed using two
fluorescent extrinsic probes, TMA-DPH and Laurdan, as

Figure 4. (A) Hydration layer thickness, dw = (Drep − 2 × (RCH3 +
RCH2 + Rpol)) as a function of the increase in the molar percentage of
POPC-OOH in POPC MLVs, (B) ηCaille ́ parameter values obtained
from S(q) functions fitting to SAXS data at 23 °C, and (C)
corresponding values of the bending modulus, Kc, calculated by using
eq 8. Averaged values of Drep are shown in Table 1. Dotted lines are
drawn just as a guide to the eye.
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follows to obtain information on the membrane interfacial
properties (including order, microviscosity, and hydration).
Interfacial Membrane Characterization of POPC/

POPC-OOH Binary Mixtures from Fluorescence Spec-
troscopy. We next sought to investigate the effects of the
oxidized lipid POPC-OOH on fluid POPC bilayers at the level
of the lipid/water interface. Steady-state and time-resolved
fluorescence measurements of TMA-DPH were carried out for
various MLV POPC/POPC-OOH binary mixtures again at 23
and 37 °C. This well-established fluorescent probe is anchored
at the membrane interface by its polar trimethylammonium
group. Therefore, it is expected to be a good reporter of the
interfacial perturbations induced by the hydroperoxide group
of POPC-OOH, which is preferentially localized at this
membrane region as indicated by SAXS (Figure 3).
Specifically, the center of mass of TMA-DPH is around 10 Å
in POPC membranes,53 in close vicinity to the position of the
−OOH moiety, about 7−10 Å from the center of the
membrane (Figure 3).12 The precise location of TMA-DPH in
POPC-OOH membranes may be slightly changed. However, a
similar localization can still be expected, since the polar
trimethylammonium group should always anchor the TMA-
DPH probe at the interface.
Figure 5A shows the variation of the mean fluorescence

lifetime of TMA-DPH, ⟨τ⟩TMA − DPH, in POPC membranes

prepared with increasing amounts of POPC-OOH (ranging
from χ = 0 to 100%). We note that in case that phase
separation happens in this lipid binary system, the close-to-
linear variation of ⟨τ⟩TMA − DPH with the POPC-OOH molar
fraction points out to a partition coefficient of the TMA-DPH
probe between these putative phases close to unity, which is

expected considering that both phases are fluid. In this case,
the probe would report global information about the whole
membrane alteration. The ⟨τ⟩TMA − DPH values obtained for
pure POPC membranes again are in agreement with earlier
studies (⟨τ⟩= 4.2 ns at 23 °C21,54,55 and 3.0 ns at 37 °C56).
Remarkably, ⟨τ⟩TMA − DPH strongly decreases with the POPC-
OOH molar fraction in the membrane, particularly at 23 °C
(4.2 to 3.4 ns from 0 to 100 mol % POPC-OOH) (Figure 5A).
These results reveal that TMA-DPH senses a higher water
content in its vicinity in the presence of the oxidized lipid
POPC-OOH, i.e., the membrane interface becomes pro-
gressively more hydrated upon increasing the mol % of the
oxidized lipid. In addition, the OOH groups might be also
quenching the fluorescence emitted by TMA-DPH. Consider-
ing that the water molecules are the major collisional
quenchers of TMA-DPH,57 the variation of ⟨τ⟩TMA − DPH can
be used to estimate a majorant of the increase in membrane
surface hydration. Considering a ratio of Stern−Volmer
relationships in the transient state (no static quenching)57

and the fluorescence lifetime of DPH (as a reference), in the
absence of a quencher (in an apolar viscous isotropic solvent,
here used 13.2 ns in dodecane at 23 °C58), an increase in water
content up to 54% is predicted for pure POPC-OOH as
compared to pure POPC membranes at 23 °C. It should be
stressed that the concomitant changes in membrane viscosity
revealed by the time-resolved anisotropy measurements
(discussed later in the text (Figure 6C)) have been taken
into account in these calculations via Smoluchowski32 and
Stokes−Einstein equations (eq 16). Previous SAXS data
analysis pointed out an increase from about 23 to 35 water
molecules in the lipid bilayer when POPC is replaced by
POPC-OOH, which represents an ∼52% increase in water
content,12 showing good agreement between the values
obtained using two independent methodologies. The small
difference can eventually be attributed to the participation of
the OOH group in the fluorescence quenching process of
TMA-DPH as mentioned above. In addition, applying a similar
approach to the lifetime data obtained at 37 °C (Figure 5A), a
very similar increase in water content of 59% is obtained,
revealing the steric perturbation introduced by the OOH
group at the membrane interface.
To gain further information about the influence of POPC-

OOH on the interfacial lipid packing, steady-state fluorescence
anisotropy measurements were also performed for TMA-DPH,
⟨r⟩TMA − DPH, at the two temperatures. ⟨r⟩TMA − DPH values
obtained here for pure POPC at both temperatures are
identical to the ones previously reported (0.21 and 0.19 at 23
and 37 °C, respectively).21 This parameter displays a slight
increase with the mol % of POPC-OOH, particularly at 23 °C
(Figure 5B). However, these changes in ⟨r⟩TMA − DPH do not
directly imply that the membrane is becoming more rigid/
ordered in the presence of POPC-OOH, since an increase in
this parameter can be produced by a concomitant shortening
of ⟨τ⟩TMA − DPH (from the Perrin equation32), as shown in
Figure 5A. To distinguish both effects, i.e., an increase in water
content (shorter ⟨τ⟩TMA − DPH) and/or in the rigidity/order at
the membrane interface, time-resolved fluorescence anisotropy
experiments were also performed for TMA-DPH in POPC/
POPC-OOH binary mixtures.
Fluorescence anisotropy decays of TMA-DPH for different

POPC/POPC-OOH binary mixtures at 23 and 37 °C are
shown in Figure S3, displaying in all cases a limiting
anisotropy. These decays were adequately fitted by a sum of

Figure 5. Variation of (A) the average fluorescence lifetime ⟨τ⟩ and
(B) the steady-state fluorescence anisotropy ⟨r⟩ of TMA-DPH with
the POPC-OOH molar fraction at 23 °C (blue circles) and 37 °C
(red triangles). TMA-DPH was incorporated in 0.1 mM POPC:-
POPC-OOH MLVs at a 1:200 probe:lipid ratio. Lines are drawn as
guides to the eye. Values are the averages (±SD) of at least three
independent experiments.
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two exponential terms plus a limiting anisotropy at both
temperatures (eq 13) (Table S1). The variations of the
limiting anisotropy, r∞TMA − DPH, and the average rotational
correlation time of TMA-DPH, ⟨ϕ⟩TMA − DPH , at 23 and 37 °C
are plotted as a function of POPC-OOH content (mol %) in
POPC membranes in Figure 6A,B. The recovered parameters
are in general agreement with data obtained for TMA-DPH in
pure POPC membranes at similar temperatures.59

r∞TMA − DPH progressively decreases from 0.13 to 0.09 from
0 to 100% POPC-OOH at 23 °C, whereas a smaller variation is
observed at 37 °C (Figure 6A). Again, the intrinsic membrane
dynamics at 37 °C is already high, and r∞TMA − DPH is less
affected by the OOH group at this temperature. These results
reveal that POPC-OOH reduces the membrane order at 23
°C, i.e., the hydroperoxide group compromises the membrane
structure of POPC membranes at this temperature and so
enables slightly larger wobbling-in-cone fluctuations for TMA-
DPH. Considering the wobbling-in-cone model of Kinosita et
al.,34,35 this leads to angles of θcone = 47° and 54° for pure
POPC and POPC-OOH, respectively (eq 14).
Concomitantly, ⟨ϕ⟩TMA − DPH presents a moderate increas-

ing trend with the POPC-OOH content in fluid POPC
membranes at both temperatures (from 2.3 to 3.0 ns at 23 °C

and 1.4 to 2.2 ns at 37 °C, from 0 up to 100% POPC-OOH)
(Figure 6B). We further determined the rotational diffusion
coefficient perpendicular to the z-axis of TMA-DPH, D⊥ (eq
15), since this is the most relevant mechanism contributing to
the fluorescence depolarization of this membrane probe. The
microviscosity near TMA-DPH, ηTMA − DPH, was then obtained
from eq 16. Figure 6C shows that this fluorescent probe is
sensing a slightly higher microviscosity at the lipid/water
interface for the oxidized POPC membranes compared to pure
POPC membranes. This result agrees with a recent
fluorescence-lifetime imaging microscopy (FLIM) study of
GUVs using a molecular rotor to determine changes in
viscosity upon oxidation of the lipid 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC).60 In the case of type II photo-
oxidation, where precisely the same type of oxidized lipid is
obtained (insertion of a −OOH group near the double bond
such as in our work), the authors also observed an increase in
viscosity, in this case, in a more hydrophobic region of the
membrane. It should be stressed that the simultaneous
decrease in membrane order and the local increase in
microviscosity are an unusual trend, as, e.g., in the membrane
phase transition from gel to fluid, both the membrane
microviscosity and lipid order decrease simultaneously.32

Therefore, our results indicate that the perturbation induced
by the oxidized moiety may turn the membrane simultaneously
less ordered and more viscous.
We further explored the perturbations introduced by the

hydroperoxide group in fluid POPC membranes at the level of
lipid carbonyls by Laurdan fluorescence. We initially addressed
it from the usual GP parameter (eq 17) for this solvatochromic
probe (Figure 7A), which globally evaluates the efficiency of
the probe excited-state relaxation process due to its environ-
ment. Our results show that GPLaurdan smoothly increases with
the POPC-OOH molar fraction at 23 °C to a higher plateau
value (GPLaurdan ≈ −0.12), whereas this effect is more
noticeable at 37 °C. Of note, the GPLaurdan values obtained
here for 100 mol % POPC at both 23 and 37 °C are in good
agreement with data previously reported in the literature.43

However, this steady-state approach cannot separate two
effects: changes in (i) local polarity (hydration level) and (ii)
the dynamics of solvent dipole reorientation upon probe
excitation, which is controlled by the local lipid packing. For
this purpose, we employed the TDFS method to Laurdan in
100 mol % POPC or POPC-OOH membranes (Figure 7B−
D). From the TRES analysis, the maximum wavenumber and
the full width at half-maximum (νp and Γ, respectively) for
each spectrum of Laurdan at several times after its excitation
were determined, and their time evolution is shown in Figure
7C,D.
Figure 7C shows both the dynamics of the relaxation process

and the limiting energy value of the red-shifted emission of
Laurdan, v( ∞ ). This last parameter allows one to estimate
the extent of energy stabilization, Δv (eq 19), which is
proportional to the number of solvent dipoles involved in the
relaxation process. For pure POPC, Δv is about 4080 cm−1 at
both temperatures, at variance with the observation for the
oxidized lipid POPC-OOH. In addition, the average relaxation
time of the probe was determined from the time where Γ(t)
reaches its maximum, ΓRD (Figure 7D). For POPC membranes
at 23 and 37 °C, the values are 1.08(6) and 0.39(6) ns,
respectively. These values are again in good agreement with
the published data.43

Figure 6. Dependence of (A) the residual anisotropy r∞, (B) the
average rotational correlation time ⟨ϕ⟩ of TMA-DPH, and (C) the
computed membrane viscosity η with the POPC-OOH molar fraction
at 23 °C (blue circles) and 37 °C (red triangles). The first two
parameters were determined from time-resolved anisotropy decays of
TMA-DPH and η was calculated using eq 16. The probe was loaded
in 0.1 mM POPC:POPC-OOH MLVs at a 1:200 probe:lipid ratio.
Lines are just a guide to the eye. Values are the averages (±SD) of at
least three independent measurements.
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For POPC-OOH membranes, although the relaxation
process appears to be not yet finalized within the operational
time window allowed for the experiment (16 ns, see Figure
7C,D), the relaxation kinetics is clearly slower for this oxidized
lipid compared to POPC membranes at both temperatures.
This supports the conclusion that the reorientation of the
water dipoles around the excited state of Laurdan is slowed
down in this membrane environment as the interface becomes
more packed due to the presence of the OOH groups (in
agreement with the time-resolved fluorescence anisotropy data,
Figure 6C). Particularly at 37 °C, the extent of the relaxation is
greater for POPC-OOH (lower v(∞ )) as compared to POPC
membranes, indicating that more solvent dipoles (water) are
present at the membrane interface (as expected from the
shorter ⟨τ⟩TMA − DPH in POPC-OOH membranes, Figure 5A).
In addition, Γ(t) displays a complex behavior for the POPC-

OOH lipid. First, ΓRD is attained at shorter times for POPC-
OOH compared with POPC at 23 °C, reporting that the
maximum heterogeneity of solvated states happens at the
beginning of the relaxation process. Interestingly, Γ increases
significantly at times longer than 10 ns, which means that a
complex relaxation process is dominant in this time window.
This effect is more noticeable at 37 °C. At variance for POPC,
the relaxation dynamics is almost completed by that time.
Altogether, TRES analysis reveals, for the oxidized lipid

POPC-OOH, (i) an increase in the dipolar relaxation time and
(ii) a concomitant increase in the number of dipoles
interacting with Laurdan (Δv), implying a higher hydration
of the membrane. Certainly, both physical properties should
account for distinct effects on GPLaurdan. Thus, the increase in
the dipolar relaxation time plays the largest impact on
GPLaurdan, leading globally to its increase. However, although

the incorporation of other oxidized truncated lipids (such as
PazePC and PoxnoPC) in POPC membranes also results in
the increase in hydration as here observed for the POPC-OOH
lipid, their mobility (smaller viscosity) also increases,61 at
variance with our observation for POPC-OOH with two long
aliphatic chains. A similar effect to the POPC-OOH lipid was
previously reported for POPC membranes in the presence of
oxeprenolol and propranolol,62 in which the increase in
GPLaurdan is given by (i) the increase in the dipolar relaxation
time (increases GP) and (ii) the increase in the hydration
(higher Δv decreases GP).
Finally, the complex relaxation process observed for Laurdan

in the presence of POPC-OOH may be explained by the
hydroperoxide group localized at the same membrane region of
the probe as indicated by SAXS (Figure 3).12 In fact, TRES
analysis for POPC membranes (at 37 °C) with different
oxidized cholesterols containing the OH group already
reported that νp(t) did not reach a plateau in the experiment
timescale (such as here observed in Figure 7D for the POPC-
OOH lipid). In addition, the appearance of more than one
peak in Γ(t) was reported.63 However, this complex dipolar
relaxation process for Laurdan was not observed in the
presence of other oxidized cholesterols without the OH
group.63 Therefore, this suggests that both the OH group of
water63 and the OOH group of the oxidized lipid (when
present in the same bilayer region of Laurdan) contribute to
the probe relaxation process. Expectedly, the OOH group can
interact with Laurdan, since it is located about 7−10 Å from
the center of the bilayer,12,13 near the fluorescent probe around
11.4 Å in DOPC membranes.64 Although the exact position of
Laurdan might change, this probe has a well-defined
membrane location in the bilayer at the carbonyl level.

Figure 7. Fluorescence solvent relaxation parameters for Laurdan in POPC-OOH membranes. (A) Changes in generalized polarization (GP) of
Laurdan as a function of the POPC-OOH molar fraction at 23 °C (blue circles) and 37 °C (red triangles). Lines are drawn just as a guide to the
eye. Values are the averages (±SD) of at least three independent experiments. (B) TRES of Laurdan in pure POPC-OOH LUVs. The figure shows
1390 spectra in steps of 0.015 ns between t = 0.015 ns and t = 20.85 ns. (C) Time dependence of the peak maximum position νp and (D) the full-
width at half-maximum Γ of TRES of Laurdan in pure POPC (black) or POPC-OOH (red) LUVs at 23 °C (solid line) and 37 °C (dashed line). In
all measurements, Laurdan was incorporated in 0.5 mM POPC:POPC-OOH LUVs at a 1:100 probe:lipid ratio.
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■ CONCLUSIONS

Our combined SAXS and time-resolved fluorescence method-
ologies provided a detailed understanding of the structural and
dynamic perturbations introduced by the oxidized lipid POPC-
OOH in fluid POPC lipid bilayers. Specifically, SAXS
experiments probed alterations at the macroscopic level of
the hydroperoxide-containing membranes, whereas fluores-
cence measurements of Laurdan/TMA-DPH mapped the local
changes at the lipid/water interface.
SAXS data show that the incorporation of the oxidized lipid

POPC-OOH decreases the lipid bilayer thickness, in which the
−OOH group preferentially localizes ∼10 Å from the center of
the lipid bilayer (at the apolar/polar membrane interface) in
agreement with a previous work.12 In addition, the data reveal
that the −OOH group disorganizes the membrane structure,
which results in the decrease in the membrane bending
modulus (here observed from SAXS) and the decrease in the
stretching modulus as reported by Weber et al.11 Such an in-
plane membrane order decrease must also hinder the
correlation between bilayers that, associated with enhanced
membrane fluctuations, disfavors bilayer stacking as shown by
the disappearance of Bragg peaks in SAXS data (Figure 2 and
Table 1) obtained for POPC-OOH extruded vesicles. A
concomitant significant swelling in-between POPC/POPC-
OOH stacked bilayers takes place as the oxidized lipid amount
increases in the lipid membrane.
The time-resolved fluorescence experiments of TMA-DPH

and the TDFS of Laurdan explored the membrane interfacial
properties of POPC-OOH-containing membranes, including
the order, viscosity, and hydration. Both Laurdan and TMA-
DPH report that the oxidized lipid moiety increases the
membrane hydration near the apolar/polar interface (lower
⟨τ⟩TMA − DPH and v( ∞ ) for POPC-OOH membranes)
(Figures 5A and 7C). Strikingly, Laurdan presents a complex
and slower relaxation process in the presence of the −OOH
group (Figure 7C,D), supporting a higher lipid packing at the
oxidized membrane interface. In addition, the microviscosity
near TMA-DPH also slightly increases for enriched POPC-
OOH membranes. This is likely due to the high molecular
density at the probe region as revealed by SAXS (Figure 3),
since the −OOH group localizes at a similar lipid bilayer
position as the one of Laurdan and TMA-DPH, and also to the
existence of an efficient hydrogen bond network, involving the
−OOH groups near the surface.65 Simultaneously, the
decrease in the limiting anisotropy of TMA-DPH with the
POPC-OOH amount indicates a decrease in membrane order.
This clearly shows that the membrane structure, at least near
the interface, is compromised, in line with SAXS data. In
addition, at variance with the usual observation for membrane
fluidization upon the introduction of membrane perturbations,
in this case, the membrane becomes more viscous.
SAXS data also reveal that the membrane perturbation for

high molar fractions of POPC-OOH is already so strong at 23
°C that an increase in temperature to 37 °C does not
significantly impact the retrieved parameters regarding
membrane fluctuations. Finally, the decrease in the elastic
moduli of the membranes due to hydroperoxide lipids leads to
membrane remodeling.4
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