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ABSTRACT

Lipid hydroperoxidation significantly changes membrane biophysical properties, yet its effect on the main phase transition of unsaturated
phospholipids remains unclear. Here, we investigate how hydroperoxidation of 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC)
influences its phase behavior. Bilayers composed of SOPC and increasing fractions of hydroperoxidized SOPC (SOPC-OOH) were analyzed
using differential scanning calorimetry, the band shift of the new solvatochromic probe A10, and Laurdan generalized polarization fluo-
rescence. The incorporation of hydroperoxidized acyl chains perturbed membrane thermodynamics, revealing a complex phase-transition
landscape governed by the interplay between acyl-chain ordering and the spatial distribution of ~-OOH groups. These results highlight the
sensitivity of lipid phase behavior to oxidative modifications at the molecular level and provide new insights into how lipid peroxidation

modulates membrane organization in cellular and biomimetic systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0323202

I. INTRODUCTION

Biological membranes are complex, dynamic assemblies of
lipids and other molecules whose physical properties are central
to cellular function."”” Among the various determinants of mem-
brane behavior, lipid composition plays a crucial role in modulating
membrane fluidity, permeability, and thermodynamic state. Phos-
phatidylcholines (PCs), as a major class of cellular phospholipids,
have been extensively studied to elucidate fundamental aspects of
membrane thermodynamics.” Membrane fluidity is vital for cellular
metabolism, underpinning key processes such as nutrient transport,
signal transduction, and enzymatic activity within lipid bilayers.
This essential fluidity is conferred by the presence of unsaturated
acyl chains, which introduce structural kinks that disrupt tight pack-
ing and lower the gel-to-fluid (Lg-to-Lq) crystalline phase transition
temperature. However, the same unsaturations that promote fluid-
ity also render lipids particularly susceptible to oxidative damage.

Reactive oxygen species readily abstract allylic hydrogens, initiating
peroxidation and leading to the formation of lipid hydroperoxides.*
Lipid peroxidation, particularly of membrane phospholipids, is
implicated under a wide range of pathological conditions, including
neurodegenerative diseases, inflammation, and aging.’

Oxidized phospholipids are known to alter bilayer packing
and hydration, but quantitative biophysical data on the effects
of well-defined oxidation products remain limited. In particular,
mixtures of native and oxidized lipids provide a more biologi-
cally relevant model for understanding membrane behavior under
oxidative stress. In this context, 1-stearoyl-2-oleoyl-sn-glycero-3-
phosphocholine (SOPC) offers an especially advantageous model
lipid for studying bilayer phase transitions. Structurally, SOPC
closely resembles the widely studied POPC, featuring a phospho-
choline head group with one saturated and one monounsaturated
acyl chain, similar to the most abundant phosphatidylcholine species
in mammalian membranes.® Unlike POPC, however, SOPC exhibits
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a main transition temperature (T, ) well above 0 °C, experimentally
determined around 279 K (~6 °C),” enabling thermotropic proper-
ties to be probed under convenient laboratory conditions without
the complications of freezing.

Here, we investigated the thermodynamic behavior of binary
mixtures of SOPC and its hydroperoxidized form SOPC-OOH,
shown in Fig. 1(a), to assess how oxidative modification affects
membrane phase transitions. Using differential scanning calorime-
try (DSC), we quantified changes in the main phase transition
temperature, transition enthalpy, and cooperativity as a function
of oxidized lipid content. These thermodynamic parameters pro-
vide insight into how peroxidation disrupts acyl chain ordering
and lipid-lipid interactions within the bilayer. To complement the
calorimetric analysis, we characterized the thickness of the mem-
branes by small angle neutron scattering (SANS) and employed
steady-state fluorescence spectroscopy using two environment-
sensitive probes: Laurdan [Fig. 1(b)], a well-established marker of
membrane phase and hydration,”” and A10 [Fig. 1(c)], a recently
developed solvatochromic probe applied here for the first time
to monitor membrane changes.!” Together, these complementary
techniques provide a detailed picture of how oxidation of a single
lipid species perturbs the structural and thermodynamic properties
of model membranes.

FIG. 1. Chemical structures of molecules
used in this study. (a) SOPC and
SOPC-OOH. Note the organic hydroper-
oxide group insertion at either the 9’ or
the 10’ position and the trans nature of
the unsaturated bond in the hydroperox-
idized tails. (b) Laurdan. (c) A10.

Il. MATERIALS AND METHODS
A. Materials

1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC, 18:0-
18:1 PC) and 1-(6-(dimethylamino)naphthalen-2-yl)dodecan-1-one
(Laurdan) were purchased from Avanti Polar Lipids. SOPC was
dissolved in chloroform to prepare a 50 mg/ml stock solu-
tion and stored at —20 °C. Deuterated methanol (MeOD, 99.8%)
was obtained from Eurisotop. Methylene blue hydrate (MB,
Ci6H1sCIN3S-xH,0) was purchased from Alfa Aesar and prepared
as a 50 mM stock solution in MeOD. The solvatochromic dye A10
was synthesized as previously described by Zheng et al."’

B. SOPC-OOH synthesis

Hydroperoxidation of SOPC was carried out using methylene
blue (MB) as a photosensitizer. SOPC (10 mg, 0.013 mmol) was dis-
solved in MeOD (5 ml), and MB (50 ul of a 50 mM stock solution)
was added to obtain a final MB concentration of 50 yM. The solu-
tion was irradiated with red light (A = 656 nm, P = 600 W - m™%)
for 10 min under continuous oxygen bubbling and magnetic stirring
to induce lipid hydroperoxidation. Removal of MB was achieved by
dialysis. In particular, 1 ml of the hydroperoxidized lipid solution

J. Chem. Phys. 164, 185101 (2026); doi: 10.1063/5.0323202
Published under an exclusive license by AIP Publishing

164, 185101-2

¥2 ¥ 190 9202 AaN 2T


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

was dried by rotary evaporation and the resulting film was rehy-
drated in distilled water (2 ml). The dispersion was sonicated for
5 min and transferred into a cellulose ester dialysis membrane
(molecular weight cutoff of 3.5-5 kDa), followed by dialysis against
distilled water. After dialysis, the sample was freeze-dried and
redissolved in MeOD. The lipids were characterized by 'H NMR
spectroscopy before and after hydroperoxidation, as well as after
freeze-drying. Samples were stored at —20 °C until further use.

C. Liposome preparation for DSC measurements

Liposomes were prepared from different fractions of oxi-
dized and non-oxidized lipids, corresponding to varying degrees
of hydroperoxidation, with molar ratio ranging from 0% to 100%
SOPC-OOH. Each lipid sample was prepared by drying 250 ul of
a 10 mg/ml solution in MeOD under reduced pressure to form a
thin lipid film. The dry film was rehydrated with 250 ul of Milli-Q
water. Gentle hydration was carried out at room temperature until
complete dispersion of the lipid film was achieved. The resulting
suspension was vortexed for 1 minute (Top Mix FB15024, Fisher Sci-
entific) and sonicated for 15 minutes in a water bath sonicator. This
process yielded liposomes of various sizes and degrees of lamellarity.

D. DSC measurements and analysis

Differential scanning calorimetry (DSC) was performed
using a y-DSC (MC DSC, TA Instruments) calibrated with a pure
sapphire standard. Each measurement cell was filled with 250
yl of the prepared liposome suspension. The reference cell was
filled with Milli-Q water, and sample and reference cell masses
were equilibrated by volume adjustment with water, reaching a
final concentration of 7 mg/ml. Cooling scans were performed,
from 20 to —12°C, at a constant scan rate of 0.25°C/min. Prior
to each scan, the temperature was held isothermally to ensure
thermal equilibrium. Thermograms were acquired using MCDSC-
run software. The baseline-subtracted, normalized DSC traces
(J/s/mol) were integrated over time to compute AH values. For
samples where a single transition was identified, a trace fit was
performed by considering the transition function g(T) = 1/AT
x exp {—=(T = Tn)/AT})/(1 + exp {~(T - Tx)/AT})** and the
corresponding convolution of ¢(T)x AH with an instrument
response R(T) = exp{—T/wr}/wr, providing the transition tem-
perature T, the width of the transition AT, and the response delay
of the calorimeter wr. When two transition processes were identi-
fied, the fit was performed with a weighted contribution of g*(T)
and g*(T) providing values for Ty, and T%, the widths of the two
transitions AT and AT, and the response delay of the calorimeter
wr. We have also performed heating DSC scans with comparable
results (data not reported). In addition, faster scans upon cooling
and heating were acquired for all samples as a preparatory step
before the final acquisition at the slowest practically feasible rate.

E. Liposome preparation for spectroscopic
and SANS measurements

Liposomes were prepared from 1 mg of total lipid, con-
sisting of mixtures of SOPC and its hydroperoxidized derivative
(SOPC-OOH) at defined molar ratios of 0%, 25%, 50%, 75%, and
100% SOPC-OOH. For fluorescent labeling, A10 was incorporated
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at a molar ratio of 1:200, relative to the total lipid, and Laurdan at
1:500. Lipids and probes were co-dissolved in chloroform, and the
solvent was removed under reduced pressure by rotary evaporation
to form thin lipid films. The films were hydrated with 3 ml of distilled
water and sonicated in a bath for 5 min. A10-labeled liposomes were
further processed by tip sonication at 10% amplitude with pulsed
cycles (10 s on, 10 s off) for a total on-time of 1 min. For small-angle
neutron scattering (SANS) measurements, liposomes were prepared
in D,0 instead of H>O. Samples were stored at 4 °C until use.

F. A10 measurements and analysis

Liposomes labeled with the A10 solvatochromic dye were
diluted fivefold in Milli-Q water and placed in a quartz cuvette for
fluorescence measurements. Emission spectra were recorded using
an AvaSpec-ULS2048 x 64 spectrometer (Avantes), coupled with a
TC1 temperature controller and probe (Quantum Northwest) for
precise thermal regulation. Excitation was set at 455 nm, with an
integration time of 1 s, and each spectrum was averaged over 10
accumulations. Spectra were acquired at 1°C intervals while the
sample temperature was decreased from 15°C to the frozen state
and subsequently increased back to 15°C. During measurements,
the sample was continuously stirred with a magnetic stirrer, and
a gentle argon flow was applied to the sample chamber to prevent
condensation on the cuvette. The emission peak was refined by fit-
ting a Gaussian function to the spectral region +£20 nm around the
detected maximum. Temperature-dependent data were analyzed to
determine the fluid fraction a(T) = ffoo g(T")dT’, also providing
the transition temperature T, and the width of the transition AT as
probed by the solvatochromic sensitivity of A10.

G. Laurdan measurements and analysis

Fluorescence measurements of Laurdan-labeled liposomes
were performed as described for A10-labeled liposomes, except that
Laurdan-labeled liposomes were diluted threefold and excited at
365 nm. Spectra were corrected for sample scattering using the form
A + (B/L)*. Generalized polarization (GP) was calculated in a stan-
dard manner from GP = (Is40 — I490)/(1a40 + Ls00), where T4 and
I490 are the emission intensities at 440 and 490 nm, respectively.
Temperature-dependent values of GP from Laurdan-labeled lipo-
somes were fitted using the same method as for the probe Al0,
providing another independent measurement of the transition tem-
perature T, and the width of the transition AT as probed by
Laurdan.

H. SANS measurements

Liposomes with a concentration of 1 mg/ml were prepared for
three samples: (i) pure SOPC, (ii) a mixture of 50% SOPC and 50%
hydroperoxidized SOPC, and (iii) a fully hydroperoxidized SOPC.
The samples were measured using small-angle neutron scattering
(SANS) at the instrument SAM,'! operated by the Laboratoire Léon
Brillouin at ILL-Institute Laue Langevin (Grenoble, France). The
samples were filled into flat quartz cells with a 1 mm optical path
length and measured at six temperatures ranging between T = 4°C
and T = 14.8 °C using a refrigerated bath circulator.

A range of scattering vectors q = 5 x 107°-0.5 A™" was covered
using neutrons at A = 6 A, selected using a helical velocity selector
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with wavelength resolution AA/)A = 0.1, and three different sample-
to-detector distances (0.9, 2.25, and 6.7 m). The incoming beam was
collimated through a square source (30 x 30 mm?) and a rectangular
aperture of 7 x 10 mm? over collimation lengths of 2.5, 5 and 9 m,
respectively. Two-dimensional raw patterns were recorded using a
64 x 64 cm **He position-sensitive detector (256 x 128 pixels). They
were then corrected for electronic and ambient background, empty
cell scattering, detector uniformity, and beam transmissions, before
being scaled to absolute cross sections, via the attenuated direct
beam intensity, measured for each instrument configuration, and
radially averaged using GRASP software.'?

A measure of the membrane bilayer thickness was determined
from the data by analyzing the linear region of the In[q*I(g)] vs ¢*
plot. In this g— region, one extracts the radius of gyration r, of the
membrane thickness, which is the second moment of the scattering
length density (SLD) measured vertically to the membrane.'* Note
that this is a model-independent determination, contrary to more
complex fitting procedures that assume a spherical liposome shape
and some liposome size-distribution. To follow the conventions
often used in the literature, we give the thickness of the membrane
as h = r,7\/12, which would be the thickness of a membrane with a
step-function SLD. An example of this procedure is given in Fig. S1
of the supplementary material.

lll. RESULTS

To investigate the effects of lipid oxidation on membrane
properties and main phase transition, we employed three comple-
mentary experimental techniques: differential scanning calorimetry
(DSC) as well as Laurdan and A10 fluorescence spectroscopy. Each
method provides insight into distinct aspects of membrane behav-
ior, including phase transition temperature, enthalpy, lipid packing,
and bilayer polarity. As a preliminary investigation of the hydroper-
oxidized membrane, small-angle neutron scattering (SANS) was
used to obtain direct structural information, providing comple-
mentary data on bilayer thickness and its variation with increasing
hydroperoxidation.

A. SANS

Figure 2 shows the membrane bilayer thickness as a function
of hydroperoxidation fraction for a temperature range above the
main transition from the acquired SANS data. No significant data
could be acquired for temperatures below T,, due to D,O freez-
ing. While the bilayer thickness is nearly independent of T in the
T range explored (also see Fig. S2 in the supplementary material),
a clear decreasing trend is observed with increasing hydroperoxi-
dation, consistent with previous measurements using Cryo-TEM by
Lafarge and coworkers;'* a linear fit derived from their observations
is also shown in the figure. For SANS, the membrane bilayer thick-
ness in A follows h = 42.8 — 0.09x, while the Cryo-TEM reference
line also in A follows & = 39.8 — 0.10x, where x is the hydroperox-
idation percentage. Considering the percentage change from pure
SOPC to fully hydroperoxidized SOPC, the thickness measured by
SANS shows a decrease of ~21%, while Cryo-TEM shows a decrease
of ~26%. The 50:50 mixture falls between the extremes, confirm-
ing the approximately linear thinning of the bilayer with increasing
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FIG. 2. Membrane bilayer thickness as a function of hydroperoxidation degree.
Data points with the vertical error bars represent the SANS-derived thickness,
including composed uncertainties from the linear fits. The blue dashed-dotted line
is a linear fit through the SANS data points, while the gray dashed line shows the
corresponding Cryo-TEM reference line, as previously reported in Ref. 14.

hydroperoxide content. Complete SANS curves for all three samples
measured at different temperatures are provided in Figs. S3-S5 in
the supplementary material.

B. DSC

DSC was used to assess the thermodynamic behavior of lipo-
somes composed of SOPC and increasing molar fractions of its
hydroperoxidized form, SOPC-OOH. Representative cooling-scan
thermograms at different oxidation levels are shown in Fig. 3(a),
while the full set of DSC traces is provided in Figs. S6-S12 of the
supplementary material. During the fluid-to-gel phase transition
upon cooling, lipid acyl chains reorganize to form ordered struc-
tures. Pure SOPC exhibited a symmetric main transition peak ina T-
range between ~2-6 °C. As the SOPC-OOH content increased, the
position of the peak shifted to lower temperatures down to around
—4°C for liposomes of hydroperoxidized lipids. At higher oxidation
levels, the transition peak broadened and became asymmetric, pos-
sibly reflecting phase separation between SOPC and SOPC-OOH or
the presence of distinct lipid environments within the bilayer. The
thermogram of pure SOPC-OOH also displayed a distinct asym-
metry and could be deconvoluted into two components, suggesting
a two-step transition process. In addition to changes in transition
temperature and peak shape, the enthalpy of the transition (AH)
varied as a function of SOPC-OOH content [Fig. 3(b)]. At low
oxidation levels, AH decreased slightly by 15%, suggesting a mod-
est reduction in the number of lipid molecules participating in the
cooperative phase transition. Surprisingly, at higher oxidation lev-
els, the enthalpy increased, reaching ~1.5 times the value observed
for pure SOPC: AHsopc-oon ~ 1.5 AHsopc. This trend suggests that
highly oxidized membranes may undergo more complex phase tran-
sitions, potentially involving additional hydrogen bonding from
-OOH groups.

J. Chem. Phys. 164, 185101 (2026); doi: 10.1063/5.0323202
Published under an exclusive license by AIP Publishing

164, 185101-4

¥2 ¥ 190 9202 AaN 2T


https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.8431095
https://doi.org/10.60893/figshare.jcp.c.8431095
https://doi.org/10.60893/figshare.jcp.c.8431095
https://doi.org/10.60893/figshare.jcp.c.8431095

The Journal
of Chemical Physics

SOPCOOH

>

140 |
= 1201
g
z) 100 |
= 80
= )
(@]
= 60/
ki
T 40 |

20 |

0 O/O

Temperature (°C)

oy,

35
Data points
= 30 | & Average + SD § |
o L
S .
2 e
2 25 |
> $. -
2 . - E
S o | - E/
= 1 . ——-
c - %
g 7
15 | ‘
10 . ; . i i .
0 20 40 60 80 100

SOPCOOH (%)

FIG. 3. (a) Typical DSC traces under cooling at 0.25 °C/min of SOPC/SOPC-OO0H
mixtures. For clarity, trace baselines are vertically displaced proportionally to
SOPC-OOH content. Fits are also displayed for transitions where one or two tran-
sition processes can be identified. (b) Corresponding average phase transition
enthalpies of SOPC/SOPC-OOH mixtures with standard deviation (SD).

C. Al0

Peak wavelength (Amax) values were measured as a function of
temperature for liposomes containing increasing fractions of oxi-
dized SOPC (SOPC-OOH), as shown in Fig. 4. Fluorescence inten-
sity spectra at selected temperatures are provided in Figs. S13-S17 of
the supplementary material. The solvatochromic probe A10 exhibits
a temperature-dependent redshift of its emission maximum (Amax)
with increasing solvent polarity. Due to its size and hydrophobicity,
A10 is expected to be deeply embedded within the bilayer chains.
Across all samples, A initially decreased upon cooling with a sim-
ilar slope. At the main phase transition, Amax increased, reflecting
changes in bilayer polarity and/or viscosity. This increase took place
at 4-6 °C for pure SOPC. With higher SOPC-OOH fractions, the
transition shifted to lower temperatures.

D. Laurdan

Laurdan generalized polarization (GP) values were determined
as a function of temperature for liposomes containing increasing
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FIG. 4. A10 peak wavelength variation with temperature for lipid membranes
assembled from mixtures of SOPC and SOPC-OOH. The data are offset vertically
by 5 nm with pure SOPC unshifted and each subsequent sample shifted upward
incrementally for clarity.

fractions of oxidized SOPC (SOPC-OOH), as shown in Fig. 5.
Here also, fluorescence intensity spectra at different temperatures
are provided in Figs. S18-S22 of the supplementary material. Lau-
rdan localizes under the headgroup region of phospholipids, where
it is particularly sensitive to changes in polarity and interfacial
hydration.'” Across all samples, GP increased upon cooling, con-
sistent with a decrease in local polarity and hydration around the
probe. The sharper increase in GP indicates the gel-to-fluid main
phase transition. For pure SOPC, GP increased sharply around
5-6°C. Incorporation of SOPC-OOH shifted the transition to
lower temperatures for samples with 25% and 50% hydroperox-
idation, after which this temperature appeared to plateau. The
overall GP change during the transition decreased with increas-
ing oxidation level, suggesting that oxidation disrupts membrane
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° 0%
m 25%

0.2] A 50%
® 75%

01 Y 100%
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FIG. 5. Laurdan generalized polarization variation with temperature for lipid
membranes assembled from mixtures of SOPC and SOPC-OOH.
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cooperativity and reduces the extent of ordering achievable in the gel
phase.

IV. DISCUSSION AND CONCLUSIONS

Our results reveal how lipid hydroperoxidation affects SOPC
membrane structure and phase behavior, as evidenced by DSC,
Laurdan GP, and A10 fluorescence measurements.

A. Phase transition profiles

Figure 6 compares normalized phase transition functions (i.e.
g(T)/[=2 ¢(T)dT) of SOPC membranes with increasing lipid
hydroperoxidation (0%-100% -OOH), as determined from Laur-
dan, A10, and DSC measurements. The transition functions show
that increasing oxidation systematically shifts the main phase transi-
tion toward lower temperatures and broadens the transition profile.
At 70% and 100% SOPC-OOH, the DSC transitions could be fitted
with two components, suggesting either multiple structural states or
a two-stage transition process, in which ~-OOH group repositioning
and acyl-chain ordering occur as separate events.

B. Phase transition temperatures

As summarized in Fig. 7, the transition temperatures extracted
from A10, Laurdan, and DSC data agree closely for pure SOPC.
With increasing oxidation, all probes show a progressive decrease
in transition temperature. The shift for Laurdan levels off about 50%

0.5 — Al0 0% OOH
—— Laurdan
—— DSC
0.0 —
) /&&OOH
0.0 = =
0.5 50% OOH
=
o
0.0
0.5 75% OOH
0.0
0.5 100% OOH
M
0.0

-10.0 -75 =50 =25 0.0 2.5 5.0 7.5 10.0
Temperature (°C)

FIG. 6. Comparison of phase transition profiles of SOPC membranes with
increasing lipid hydroperoxidation (0%-100% —OOH) based on Laurdan and A10
fluorescence and DSC data. Each panel shows the derivative of sigmoid fits as
a function of temperature, normalized to area. Laurdan (blue), A10 (orange), and
DSC (green) curves provide insight into the phase transition temperatures (Tp)
and widths (AT).
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FIG. 7. Transition temperatures extracted from A10, Laurdan, and DSC data. Note
that the DSC data at 70% and 100% SOPCOOH was fitted with two components,
corresponding to two extracted transition temperatures.

SOPC-OOH, suggesting that the bilayer interfacial region reaches
a structurally saturated regime where additional oxidation produces
less incremental destabilization. Notably, the transition temperature
reported by A10 is consistently lower than that reported by Laurdan
in all membranes with a finite fraction of hydroperoxidized SOPC.
This difference likely arises because of a difference in location of the
probes in the bilayer, suggesting that the region of the hydropho-
bic core undergoes ordering changes at lower temperatures than the
interfacial region.

C. Bilayer properties in gel and fluid phases

The comparison of Laurdan GP and A10 Anax values at repre-
sentative gel (-3 °C) and fluid (15 °C) temperatures (Fig. 8) provides
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FIG. 8. Laurdan GP (blue, left axis) and A10 Amax (Orange, right axis) values in the
gel (=3 °C) and fluid (15 °C) phases of SOPC membranes containing increasing
fractions of oxidized lipid (SOPC—-OOH). The fluid-phase GP remains nearly con-
stant across oxidation levels, while the gel-phase GP decreases markedly beyond
25% —OO0H. The Amax Values show a clear red shift with increasing oxidation above
25%. For highly oxidized samples, the Amax values at —3 °C may partially overlap
with the phase transition, which could influence the apparent gel-phase Amax-
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additional insight into how lipid hydroperoxidation modifies bilayer
polarity and packing. The nearly constant GP values in the fluid
phase indicate that once the bilayer is fully fluid, oxidation no
longer significantly alters membrane interfacial hydration. In con-
trast, the pronounced decrease in gel-phase GP beyond roughly 25%
SOPC-OOH reflects a progressive loss of lipid order and enhanced
water or —-OOH group presence into the interfacial region.

The Amax values derived from the A10 probe show a comple-
mentary trend: they remain nearly unchanged in the gel phase up
to 25% oxidation but display a clear redshift in the fluid phase
above this level. This suggests that once a critical concentration of
hydroperoxide groups is reached, the polarity experienced by A10
within the bilayer interior increases substantially. Together, these
observations might imply that below about 25% oxidation, most
—OOH groups are oriented toward the membrane surface, where
they can interact with interfacial water (state 1 in Fig. 9), while
above 25% -OOH groups also populate the core of the bilayer.
This has been predicted in several studies using numerical simula-
tions. Pioneering studies have shown that hydroperoxide lipids have
higher propensity to form hydrogen bonds with water, suggesting
that ~-OOH groups reside in the proximity of the lipid headgroup
region.'”"” Such non-uniformity of the ~-OOH distribution along
the z-direction (the normal to the bilayer plane), for a given oxi-
dation level, also depends on the position of the ~-OOH group
along the unsaturated chain itself, a situation typical of partially oxi-
dized polyunsaturated chains.'® In the particular case of POPC, a
monounsaturated phospholipid similar to SOPC, a detailed study
of the -OOH group distribution along the membrane z-direction
has shown that only above 25% oxidation does a substantial fraction
of the ~-OOH populate the inner core of the bilayer'? (Fig. 9 shows
illustrations in very good agreement with the experimental results
presented here). Thus, results in Fig. 8 show that above 25% OOH,
steric hindrance or modification of chain stacking certainly causes

Gel Main Fluid

A transition

mT(’Id - zs,r?

- SOPC-O0H
State 1

K‘ - z}g SOPC-O0H
State 2

??sopc ©00H-group A10 Laurdan

FIG. 9. Schematic illustration of the possible orientation of the hydroperoxide
(~OOH) groups in hydroperoxidized SOPC membranes in gel and fluid phases.
The —OOH group can be oriented toward the membrane surface, interacting with
interfacial water molecules (state 1) or embedded within the bilayer (state 2).
The position of the —OOH group may change upon phase transition, reflecting
a two-stage transition process.
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some of the ~-OOH groups to position themselves toward the interior
of the bilayer (state 2 in Fig. 9).

D. A possible scenario for thermal changes
as a function of the bilayer composition

Previous theoretical work has noted the propensity of
hydroperoxide groups to migrate toward the lipid-water interface.
When present in low concentrations, -OOH groups are primarily
found there with the other chain inserted among the SOPC acyl
chains, a situation depicted as State 1 in the schematic of Fig. 9. As
the concentration of peroxides increases, competition for the area
limited interface becomes fierce and a more standard State 2 with
both chains lying in the hydrophobic core (Fig. 9) becomes com-
petitive, with a probability of occurrence on par with the exposed
state 1.'%"”

By analyzing sequences of lipids with similar chains but increas-
ingly hydrophilic headgroups, it was established that the main tran-
sition temperature T, decreases with the degree of hydrophilicity.”’
With two hydrophilic moieties and a single chain melting, the pres-
ence of state 1 SOPC-OOH is thus likely to drive both T,, and AH
down to lower values.

State 2 SOPC-OOH reverses the trend regarding the jump in
enthalpy, until reaching values as high as AHsopcoon = 30 kJ/mol
(fully peroxidized bilayer, states 1 and 2 combined). An enlarge-
ment or a duplication of the melting transition can be justified
remembering that fully peroxidized bilayers are mixtures of 2 trans
isomers (due to the dye sensitized peroxidation mechanism), as
already shown in Fig. 1. The packed gel phase of state 2 SOPC-
OOH is not well understood nor described yet, but seems to be more
cohesive than its unsaturated counterpart. As a result, a large AH is
seen, which could result from the combination of three factors: (i) a
tight cohesive packing favored by the trans C=C bonds, (ii) attrac-
tive —-OOH interactions leading to “transient dimer formation” deep
into the hydrophobic layers, and (iii) a more disordered fluid state
with higher concentration of gauche-gauche conformational iso-
mers correlated with a thinner membrane and a larger area per lipid
(as well as a smaller “deuterium Scp order parameter”). The large
change in enthalpy is paralleled by a corresponding large change in
entropy.

We thus advocate the following possible mechanism: As its
concentration increases from 0% to 25%, SOPC-OOH populates the
bilayer as state 1 and T, decreases sharply as would do a mixture of
SOPC with a low melting point (< -18 °C), low AH lipid. Peroxi-
dized lipids are somewhat acting as impurities reducing the strength
of the melting transition.

At some point, the fraction of ~-OOH exposed at the inter-
face saturates and does not increase further as x grows. In parallel,
the Laurdan GP signal levels off, suggesting that the bilayer inter-
facial region has reached a stable state, which decouples from the
melting processes occurring deeper into the hydrophobic region. In
the 25%-100% concentration range, the melting temperature gently
decreases to reach the value T, ~ [-5,-3] °C of a fully peroxidized
bilayer.

The structural changes upon heating of a fully peroxidized
bilayer, therefore, seem to happen as two consecutive transitions.
A first broad transition, reported by DSC and A10 fluorescence,
is likely to be associated with a melting of the chains forming the
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hydrophobic layer, from a strong cohesive to a highly disorganized
and anisotropic state, accompanied by a strong calorimetric signal.
A second transition affecting only the interfacial region is reported
by Laurdan. This second transition, with no or little calorimetric sig-
nature, seems entropy driven, involving interfacial water molecules.
One should bear in mind that a more complex interplay between
the bilayer structural changes and probes conformations could be at
work as well.”!

V. CONCLUSION

The peculiar molecular organization described above provides
an explanation for the asymmetric and two-component DSC transi-
tion for fully hydroperoxidized SOPC bilayers, as the repositioning
of -OOH groups and the cooperative freezing of acyl chains may
occur as partially distinct events. The schematic shown in Fig. 9 illus-
trates this concept: hydroperoxide groups can adopt either surface-
exposed or partially buried orientations, and their redistribution
upon cooling contributes to the complex, broadened transition
behavior observed experimentally.

The quantitative picture of hydroperoxidation-induced mem-
brane remodeling established here opens several avenues for
future investigation. Phase transitions and bilayer structural para-
meters, thickness, polarity, and chain ordering are known to
govern the activity and conformational stability of membrane-
associated proteins, ion channels, and enzymes. The well-defined
SOPC/SOPC-OOH system introduced here, with its experimen-
tally accessible transition temperatures and tunable oxidation levels,
provides a controlled platform for dissecting how oxidative lipid
damage modulates such protein functions under conditions directly
relevant to cellular oxidative stress. In particular, the sharp decrease
in transition temperature and the progressive loss of membrane
cooperativity observed at low oxidation levels suggest that even
modest degrees of hydroperoxidation may be sufficient to alter the
thermodynamic environment experienced by membrane proteins,
with potential consequences for their folding, lateral organization,
and activity. This system, therefore, offers a well-characterized start-
ing point for studies of lipid—protein interactions under oxidative
conditions, where the degree of membrane perturbation can be
precisely controlled and quantified. The two-state distribution of
—-OOH groups identified here, surface-exposed at low oxidation
levels, progressively populating the bilayer interior above roughly
25%, carries implications beyond the thermodynamic characteri-
zation presented. Bilayers in which a fraction of hydroperoxide
groups reside in the hydrophobic core represent compositionally
heterogeneous matrices with spatially distinct physicochemical envi-
ronments. Such structural heterogeneity may influence lateral lipid
organization and the potential formation of oxidation-enriched
domains, with consequences for membrane permeability and the
partitioning of membrane-active molecules. In the context of lipid-
based drug delivery, these findings suggest that the permeability
and structural integrity of lipid nanoparticles or liposomal carri-
ers under oxidative conditions will depend sensitively on the spa-
tial distribution of oxidized lipids within the bilayer, a parameter
that the present framework now allows to be addressed in a con-
trolled and quantitative manner. The existence of a compositional
threshold near 25% -OOH, above which buried hydroperoxide
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groups become significant, may also be relevant to the design of
oxidation-responsive delivery systems with tunable release proper-
ties. The agreement between this experimentally determined thresh-
old and the molecular dynamics predictions reported for POPC
bilayers by Junqueira and coworkers'” is notable. Despite differ-
ences in synthesis route and chain composition, the critical con-
centration at which —-OOH groups begin to populate the bilayer
interior appears to be conserved between SOPC and POPC, two
of the most abundant monounsaturated phospholipid species in
mammalian membranes. This convergence suggests that the two-
state —OOH distribution described here may be a general feature
of monounsaturated hydroperoxidized phospholipids rather than a
peculiarity of the SOPC system and that the thermodynamic and
structural consequences characterized here may be broadly appli-
cable to membrane peroxidation in pathological contexts, such as
neurodegeneration, inflammation, and ischemia-reperfusion injury,
where oxidized phospholipids accumulate in cell membranes at bio-
logically relevant concentrations. Finally, the complementary use of
A10 and Laurdan as spatially distinct fluorescent reporters proved
instrumental in resolving the layered nature of the phase transition.
Laurdan, anchored near the headgroup region, reported interfacial
changes that saturated above 50% oxidation, while A10, embedded
more deeply in the hydrophobic core, continued to track ordering
changes across the full composition range and consistently reported
lower transition temperatures. This spatial decoupling of the two
probes provides a methodological contribution that extends beyond
the specific system studied here. The combination of A10 and
Laurdan as complementary bilayer reporters, one sensitive to the
interfacial region and another to the hydrophobic interior, could be
deployed more broadly to characterize the depth-resolved response
of membranes to other chemical modifications, including truncated
oxidation products, ether lipids, or cholesterol-depleted systems,
as well as in more complex biomimetic or cellular environments
where monitoring lipid peroxidation in situ remains technically
challenging.

SUPPLEMENTARY MATERIAL

The supplementary material provides figures corresponding to
the data acquired using the different techniques employed in this
work.
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Figure S1: Plot of In(q?I) as a function of ¢* for SOPC50/SOPCOOHS50 at 4.6°C. The
green points indicate the g*>-range (0.004-0.012) used for the linear regression, and the
black line shows the resulting fit. The slope of this linear region is used to extract the
membrane bilayer thickness.

Scatter plot showing In of q squared times I on the y-axis (range approx-
imately minus 12 to minus 6) as a function of q squared in units of 10 to
the minus 2 inverse angstroms squared on the x-axis (range 0 to 3.0), for the
SOPC 50 percent / SOPCOOH 50 percent sample at 4.6 degrees Celsius.
The majority of data points are shown in blue and display a monotonically
decreasing curve. A subset of points in the range q squared equal to 0.004
to 0.012 is highlighted in green, indicating the linear region used for the
Guinier-type regression. A solid black line shows the linear fit through the
green points. The slope of this linear region is used to extract the membrane
bilayer radius of gyration and hence the bilayer thickness.
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Figure S2: Bilayer thickness of SOPC, SOPC50/SOPCOOH50, and SOPCOOH liposomes
as a function of temperature (7'). Data points with vertical error bars represent the
thickness extracted from the linear region of In(q?I) vs ¢ for each SANS measurement,
including the propagated uncertainty from the linear fit. Solid lines indicate linear fits to
the thickness vs temperature (T') data for each sample.

Line plot showing bilayer thickness in angstroms on the y-axis (range 20
to 50) as a function of temperature in degrees Celsius on the x-axis (range 6 to
14) for three liposome compositions: pure SOPC (SOPC100-OOH000, blue
squares), a 50:50 mixture (SOPC050-OOHO050, green triangles), and fully hy-
droperoxidized SOPC (SOPC000-OOH100, purple inverted triangles). Each
data point has a vertical error bar representing propagated uncertainty from
the linear fit. Three solid lines show linear fits to the thickness versus tem-
perature data for each sample. The fitted equations are h equals 43.2 mi-
nus 0.07 times T for pure SOPC, h equals 39.3 minus 0.04 times T for the
50:50 mixture, and h equals 32.3 plus 0.13 times T for fully hydroperoxi-
dized SOPC. The bilayer thickness is nearly independent of temperature for
all three compositions over the range explored, and the three datasets are
vertically separated, with pure SOPC having the greatest thickness and fully
hydroperoxidized SOPC the least.
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Figure S3: SANS intensity of SOPC liposomes at temperatures (T') of 4.6, 6.8, 8.7, 10.6,
13.0 and 14.8 °C. Curves are vertically offset for clarity.

Log-log plot showing SANS intensity in arbitrary units on the y-axis
(range 10 to the minus 3 to 10 to the 4) as a function of scattering vector q
in inverse angstroms on the x-axis (range approximately 10 to the minus 2 to
10 to the minus 1) for pure SOPC liposomes (SOPCOOH 0 percent) measured
at six temperatures: 4.6, 6.8, 8.7, 10.6, 13.0, and 14.8 degrees Celsius. Each
temperature is represented by a distinct color ranging from light blue at 4.6
degrees to dark red at 14.8 degrees. The curves are vertically offset for clarity
and all show a monotonically decreasing power-law-like decay with increasing
q, with no sharp features or peaks visible. The curves at higher temperatures
are positioned above those at lower temperatures due to the vertical offset.
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Figure S4: SANS intensity of liposomes with SOPC/SOPCOOH mixtures with 50% SOP-
COOH at temperatures (T) of 4.6, 6.8, 8.4, 10.6, 13.0 and 14.8 °C. Curves are vertically
offset for clarity.

Log-log plot showing SANS intensity in arbitrary units on the y-axis
(range 10 to the minus 4 to 10 to the 4) as a function of scattering vector
q in inverse angstroms on the x-axis (range approximately 10 to the minus
2 to 10 to the minus 1) for SOPC/SOPCOOH liposomes with 50 percent
SOPCOOH measured at six temperatures: 4.6, 6.8, 8.4, 10.6, 13.0, and 14.8
degrees Celsius. Colors range from light blue at 4.6 degrees to dark red at
14.8 degrees. Curves are vertically offset for clarity and show a monotonically
decreasing profile with increasing q. Compared to the pure SOPC sample,
the curves display increased noise at high q values, particularly for lower
temperatures, visible as irregular fluctuations in the curves at q values above
approximately 0.05 inverse angstroms.
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Figure S5: SANS intensity of fully hydroperoxidized SOPC liposomes at temperatures (7')
of 4.6, 6.8, 8.5, 10.6, 13.0 and 14.8 °C. Curves are vertically offset for clarity.

Log-log plot showing SANS intensity in arbitrary units on the y-axis
(range 10 to the minus 3 to 10 to the 4) as a function of scattering vector
q in inverse angstroms on the x-axis (range approximately 10 to the minus
2 to 10 to the minus 1) for fully hydroperoxidized SOPC liposomes (SOP-
COOH 100 percent) measured at six temperatures: 4.6, 6.8, 8.5, 10.6, 13.0,
and 14.8 degrees Celsius. Colors range from light blue at 4.6 degrees to dark
red at 14.8 degrees. Curves are vertically offset for clarity. The overall shape
is qualitatively similar to the 0 percent and 50 percent samples, showing a
monotonically decreasing power-law decay. The separation between curves
at different temperatures appears more uniform compared to the other com-
positions.
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Figure S6: DSC traces of 3.32, 3.32, 3.27, 3.27, 3.25, 3.25 umol SOPC (bottom to top),
baseline subtracted, recorded during cooling at 0.25°C/min. AH = 21.3, 20.4, 21.0, 20.9,
22.2, 22.0 kJ/mol. Fits in dashed lines — see main text — provide (Ty,, AT) pairs in °C
(5.05, 0.58), (5.06, 0.58), (5.02, 0.60), (5.05, 0.59), (5.06, 0.58), (5.07, 0.59). Cooperativity
n = 51.

Stacked DSC thermograms for pure SOPC (SOPCOOH 0 percent) show-
ing heat flow in joules per second per mole on the y-axis (range 0 to 140)
as a function of temperature in degrees Celsius on the x-axis (range mi-
nus 10 to plus 8). Six replicate cooling scans at 0.25 degrees Celsius per
minute are shown stacked vertically, each in a different color, with base-
lines offset proportionally for clarity. Each trace shows a sharp, symmetric,
bell-shaped peak centered near 5 degrees Celsius, characteristic of a coop-
erative main phase transition. Dashed lines overlay each trace showing the
single-component transition function fit. The peak shape and position are
highly reproducible across replicates. The transition enthalpy values range
from 20.4 to 22.2 kilojoules per mole and transition temperatures fall be-
tween 5.02 and 5.07 degrees Celsius with transition widths near 0.59 degrees
Celsius. The cooperativity index n is 51.
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Figure S7: DSC traces of 2.70, 2.70, 3.01, 3.01, 3.82, 3.82 pumol SOPC/SOPCOOH mix-
tures with 16% SOPCOOH (bottom to top), baseline subtracted. AH = 16.2, 16.1, 18.0,
18.1, 20.8, 20.1 kJ/mol. Fits in dashed lines — see main text — provide (Ty,, AT) pairs
(0.57, 1.21), (0.59 ,1.21), (0.56, 1.21), (0.6, 1.21), (1.17, 1.44), (1.19, 1.41). Cooperativity
n = 27.

Stacked DSC thermograms for SOPC/SOPCOOH mixtures with 16 per-
cent SOPCOOH showing heat flow in joules per second per mole on the y-axis
(range 0 to 140) as a function of temperature in degrees Celsius on the x-axis
(range minus 10 to plus 8). Six replicate cooling scans are shown stacked
and offset for clarity, each in a different color. Compared to pure SOPC,
the transition peaks are shifted to lower temperatures near 0 to 1 degree
Celsius, are broader and lower in amplitude, and show a slight asymmetry.
Dashed fit lines overlay each trace. Transition enthalpies range from 16.1 to
20.8 kilojoules per mole, transition temperatures fall between 0.56 and 1.19
degrees Celsius, and transition widths are approximately 1.21 to 1.44 degrees
Celsius. The cooperativity index n is 27.
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Figure S8: DSC traces of 3.15, 4.37, 3.15 pumol SOPC/SOPCOOH mixtures with 24%
SOPCOOH (bottom to top), baseline subtracted. AH = 19.2, 26.7, 18.8 kJ/mol. Fits in
dashed lines — see main text — provide (T, AT) pairs (0.17, 0.73), (-0.44, 1.0), (0.2,0.73).
Cooperativity n = 38.

Stacked DSC thermograms for SOPC/SOPCOOH mixtures with 24 per-
cent SOPCOOH showing heat flow in joules per second per mole on the
y-axis (range 0 to 140) as a function of temperature in degrees Celsius on
the x-axis (range minus 10 to plus 8). Three replicate cooling scans are
shown stacked and offset for clarity, in blue, orange, and green. The transi-
tion peaks are shifted further to lower temperatures compared to 16 percent
SOPCOOH, centered near minus 0.2 to plus 0.2 degrees Celsius, and are
somewhat broader. Dashed fit lines overlay each trace. Transition enthalpies
are 18.8, 19.2, and 26.7 kilojoules per mole; transition temperatures range
from minus 0.44 to plus 0.20 degrees Celsius with transition widths of 0.73
to 1.0 degrees Celsius. The cooperativity index n is 38.
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Figure S9: DSC traces of 3.97, 3.97, 7.95, 7.95, 4.0, 4.0 gmol SOPC/SOPCOOH mixtures
with 38% SOPCOOH (bottom to top), baseline subtracted. AH = 16.8, 16.9, 20.0, 20.0,
22.1, 22.3 kJ/mol. Traces indicate coexistence of two phases, precluding a fit with one or
two transition processes.

Stacked DSC thermograms for SOPC/SOPCOOH mixtures with 38 per-
cent SOPCOOH showing heat flow in joules per second per mole on the y-axis
(range 0 to 140) as a function of temperature in degrees Celsius on the x-axis
(range minus 10 to plus 8). Six replicate cooling scans are shown stacked and
offset, each in a different color. The transition peaks are centered near minus
2 degrees Celsius and are markedly broader and more asymmetric than at
lower oxidation levels, with a broad shoulder or secondary feature visible. No
dashed fit lines are shown, as the traces indicate coexistence of two phases
that precludes fitting with one or two simple transition functions. Transition
enthalpies range from 16.8 to 22.3 kilojoules per mole.
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Figure S10: DSC traces of 3.56, 2.68, 2.68 pmol SOPC/SOPCOOH mixtures with 48%
SOPCOOH (bottom to top), baseline subtracted. AH = 24.4, 22.4, 22,3 kJ/mol. Traces
indicate coexistence of two phase, precluding a fit with one or two transition processes.

Stacked DSC thermograms for SOPC/SOPCOOH mixtures with 48 per-
cent SOPCOOH showing heat flow in joules per second per mole on the
y-axis (range 0 to 140) as a function of temperature in degrees Celsius on the
x-axis (range minus 10 to plus 8). Three replicate cooling scans are shown
stacked and offset in blue, orange, and green. The peaks are centered near
minus 1 to 0 degrees Celsius and display a pronounced asymmetry with a
sharp low-temperature onset and a broader high-temperature tail, indicative

of coexistence of two phases. No fit lines are shown. Transition enthalpies
are 22.3, 22.4, and 24.4 kilojoules per mole.
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Figure S11: DSC traces of 3.38, 2.92, 2.92, 3.11, 3.11, 3.38 umol SOPC/SOPCOOH
mixtures with 70% SOPCOOH (bottom to top), baseline subtracted. AH = 22.3, 21.4,
21.2,23.7,22.7, 24.1 kJ/mol. Fits in dashed lines with two transition processes — see main
text — provide (T}, A'T) and (T2, A%T) pairs [(-2.28, 1.02),(-0.47, 0.79)], [(-2.28, 1.02),(-
0.47, 0.79)], [(-2.17, 1.39),(-0.32, 0.71)], [(-2.02, 1.03),(-0.54, 0.91)], [(-2.18, 1.03),(-0.42,
0.83)], [(-0.97, 0.93),(0.93, 0.3)].Cooperativity n' = 44 and n? = 98. Heat decomposition
as AH = AHy + AHs gives fy = AHy/AH values fz=0.54, 0.54, 0.58, 0.40, 0.47, 0.91.

Stacked DSC thermograms for SOPC/SOPCOOH mixtures with 70 per-
cent SOPCOOH showing heat flow in joules per second per mole on the y-axis
(range 0 to 140) as a function of temperature in degrees Celsius on the x-axis
(range minus 10 to plus 8). Six replicate cooling scans are shown stacked and
offset, each in a different color. Each trace shows a broad, asymmetric profile
that can be deconvoluted into two overlapping components, shown as dashed
lines for each transition. The two component peaks are centered near minus
2.2 and minus 0.4 degrees Celsius respectively for most replicates. Transition
enthalpies range from 21.2 to 24.1 kilojoules per mole. The cooperativity in-
dices are nl equal to 44 and n2 equal to 98 for the two components. The
fractional enthalpy contribution of the first component fH ranges from 0.40
to 0.91 across replicates.
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Figure S12: DSC traces of 3.33, 3.40, 3.30, 3.38, 3.38, 3.33 pumol of fully hydroperoxidized
SOPC (bottom to top), baseline subtracted. AH = 31.4, 29.3, 30.9, 30.2, 31.3, 30.9
kJ/mol. Fits in dashed lines with two transition processes — see main text — provide
(TL,A'T) and (T2, A*T) pairs [(-4.7, 0.54),(-3.2, 1.1)], [(-4.7, 0.5),(-3.02, 1.0)], [(-4.93,
0.52),(-4.0, 1.22)], [(-4.69, 0.49),(-3.09, 1.0)], [(-4.7, 0.53),(-4.2, 1.25)], [(-4.7, 0.49),(-3.1,
1.01)]. Cooperativity n' = 99 and n? = 29. Heat decomposition as AH = AH; + AHo
gives fy = AH,/AH values fy=0.44, 0.46, 0.28, 0.44, 0.25, 0.44.

Stacked DSC thermograms for fully hydroperoxidized SOPC liposomes
(SOPCOOH 100 percent) showing heat flow in joules per second per mole on
the y-axis (range 0 to 140) as a function of temperature in degrees Celsius
on the x-axis (range minus 10 to plus 8). Six replicate cooling scans are
shown stacked and offset, each in a different color. Each trace shows a
broad, distinctly asymmetric profile with a sharp, narrow high-amplitude
component superimposed on a broader lower-amplitude component, both
visible as dashed fit lines. The two component peaks are centered near minus
4.7 and minus 3.1 to minus 4.2 degrees Celsius. Transition enthalpies range
from 29.3 to 31.4 kilojoules per mole. The cooperativity indices are nl equal
to 99 and n2 equal to 29. The fractional enthalpy contribution of the first
component fH ranges from 0.25 to 0.46.
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Figure S13: A10 emission spectra when inserted in SOPC liposomes at temperatures (')
of-3,0,3,6,9,12 and 15 °C.

Line plot showing A10 fluorescence emission intensity in arbitrary units
on the y-axis (range 0.6 to 1.3) as a function of emission wavelength in
nanometres on the x-axis (range 560 to 640) for the probe inserted in pure
SOPC liposomes (SOPCOOH 0 percent) at seven temperatures: minus 3,
0, 3, 6,9, 12, and 15 degrees Celsius. Each temperature is represented
by a distinct color, ranging from dark blue at minus 3 degrees to dark red
at 15 degrees, as shown in the legend. All spectra show a broad, single-
peaked emission band with a maximum near 600 nanometres. A filled black
circle marks the position of the emission maximum on each curve. The peak
intensity increases and the peak position shifts slightly to shorter wavelengths
as temperature decreases, with the most pronounced shift occurring between
6 and 3 degrees Celsius, corresponding to the main phase transition of pure

SOPC.
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Figure S14: A10 emission spectra when inserted in SOPC/SOPCOOH mixtures with 25%
SOPCOOH at temperatures (T') of -3, 0, 3, 6, 9, 12 and 15 °C.

Line plot showing A10 fluorescence emission intensity in arbitrary units on
the y-axis (range 0.6 to 1.3) as a function of emission wavelength in nanome-
tres on the x-axis (range 560 to 640) for the probe inserted in SOPC/SOPCOOH
mixtures with 25 percent SOPCOOH at seven temperatures: minus 3, 0, 3,
6, 9, 12, and 15 degrees Celsius. Colors range from dark blue at minus 3
degrees to dark red at 15 degrees. All spectra show a broad single-peaked
emission band near 600 nanometres. A filled black circle marks the emission
maximum on each curve. Compared to pure SOPC, the spectral separation
between curves at different temperatures is reduced, and the temperature-
dependent blueshift of the peak maximum occurs at a lower temperature near

0 to 3 degrees Celsius, reflecting the downward shift of the phase transition
temperature.
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Figure S15: A10 emission spectra when inserted in SOPC/SOPCOOH mixtures with 50%
SOPCOOH at temperatures (T') of -3, 0, 3, 6, 9, 12 and 15 °C.

Line plot showing A10 fluorescence emission intensity in arbitrary units on
the y-axis (range 0.6 to 1.3) as a function of emission wavelength in nanome-
tres on the x-axis (range 560 to 640) for the probe inserted in SOPC/SOPCOOH
mixtures with 50 percent SOPCOOH at seven temperatures: minus 3, 0, 3,
6, 9, 12, and 15 degrees Celsius. Colors range from dark blue at minus 3
degrees to dark red at 15 degrees. All spectra show a broad single-peaked
emission band near 600 nanometres. A filled black circle marks the emis-
sion maximum on each curve. The spectral spread between curves is further
reduced compared to the 25 percent sample, and the transition-associated
blueshift is centered near 0 degrees Celsius. The overall emission maximum

position is shifted to slightly longer wavelengths compared to lower oxidation
levels.
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Figure S16: A10 emission spectra when inserted in SOPC/SOPCOOH mixtures with 75%
SOPCOOH at temperatures (T') of -3, 0, 3, 6, 9, 12 and 15 °C.

Line plot showing A10 fluorescence emission intensity in arbitrary units on
the y-axis (range 0.6 to 1.3) as a function of emission wavelength in nanome-
tres on the x-axis (range 560 to 640) for the probe inserted in SOPC/SOPCOOH
mixtures with 75 percent SOPCOOH at seven temperatures: minus 3, 0, 3,
6, 9, 12, and 15 degrees Celsius. Colors range from dark blue at minus 3
degrees to dark red at 15 degrees. All spectra show a broad single-peaked
emission band. A filled black circle marks the emission maximum on each
curve. The transition-associated blueshift is less pronounced and occurs at
a lower temperature compared to lower oxidation levels. The emission max-
ima at all temperatures are shifted to longer wavelengths compared to less
oxidized samples, reflecting increased bilayer polarity.
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Figure S17: A10 emission spectra when inserted in full oxidized SOPC liposomes at tem-
peratures (T') of -3, 0, 3, 6, 9, 12 and 15 °C.

Line plot showing A10 fluorescence emission intensity in arbitrary units
on the y-axis (range 0.6 to 1.3) as a function of emission wavelength in
nanometres on the x-axis (range 560 to 640) for the probe inserted in fully
hydroperoxidized SOPC liposomes (SOPCOOH 100 percent) at seven tem-
peratures: minus 3, 0, 3, 6, 9, 12, and 15 degrees Celsius. Colors range
from dark blue at minus 3 degrees to dark red at 15 degrees. All spectra
show a broad single-peaked emission band. A filled black circle marks the
emission maximum on each curve. The spectral separation between temper-
atures is more uniform across the range compared to less oxidized samples,
and the emission maxima are at the longest wavelengths observed across all
compositions, consistent with a highly polar bilayer interior. The transition-
associated blueshift is barely discernible and occurs near minus 3 to 0 degrees
Celsius.
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Figure S18: Laurdan emission spectra when inserted in SOPC liposomes at temperatures
(T) of -3, 0, 3,6,9, 12 and 15 °C.

Line plot showing Laurdan fluorescence emission intensity in arbitrary
units on the y-axis (range 0 to 175) as a function of emission wavelength
in nanometres on the x-axis (range 425 to 575) for pure SOPC liposomes
(SOPCOOH 0 percent) at seven temperatures: minus 3, 0, 3, 6, 9, 12, and
15 degrees Celsius. Colors range from dark blue at minus 3 degrees to dark
red at 15 degrees, as shown in the legend. Two vertical dashed lines mark
the wavelengths 440 and 490 nanometres used to calculate the generalized
polarization. At minus 3 degrees Celsius (dark blue, gel phase), the spectrum
shows a dominant emission peak near 440 nanometres and a smaller shoul-
der near 490 nanometres, indicating predominantly ordered lipid packing. At
15 degrees Celsius (dark red, fluid phase), the intensity at 440 nanometres
decreases markedly and the emission near 490 nanometres increases, pro-
ducing a broader, red-shifted spectrum. Intermediate temperatures show a
progressive transition between these two spectral forms.

19



SOPCOOH 25%

— 15°C

175 |

150 _

)

u
—
N
a1
1

100 _

Intensity (a.
o

)]
o
1

25 |

(O 440 nm 490 nm

425 450 475 500 525 550 575
Wavelength (nm)

Figure S19: Laurdan emission spectra when inserted in SOPC/SOPCOOH mixtures with
25% SOPCOOH at temperatures (T') of -3, 0, 3, 6, 9, 12 and 15 °C.

Line plot showing Laurdan fluorescence emission intensity in arbitrary
units on the y-axis (range 0 to 175) as a function of emission wavelength in
nanometres on the x-axis (range 425 to 575) for SOPC/SOPCOOH mixtures
with 25 percent SOPCOOH at seven temperatures: minus 3, 0, 3, 6, 9, 12,
and 15 degrees Celsius. Colors range from dark blue at minus 3 degrees to
dark red at 15 degrees. Two vertical dashed lines mark 440 and 490 nanome-
tres. Compared to pure SOPC, the gel-phase spectrum (dark blue) shows
a reduced peak at 440 nanometres and increased intensity at 490 nanome-
tres relative to the pure SOPC gel-phase spectrum, indicating less ordered
packing even in the gel state. The progressive temperature-dependent shift
from 440-dominant to 490-dominant emission is preserved but the crossover
between gel-like and fluid-like spectra occurs at a lower temperature.
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Figure S20: Laurdan emission spectra when inserted in SOPC/SOPCOOH mixtures with
50% SOPCOOH at temperatures (T') of -3, 0, 3, 6, 9, 12 and 15 °C.

Line plot showing Laurdan fluorescence emission intensity in arbitrary
units on the y-axis (range 0 to 175) as a function of emission wavelength in
nanometres on the x-axis (range 425 to 575) for SOPC/SOPCOOH mixtures
with 50 percent SOPCOOH at seven temperatures: minus 3, 0, 3, 6, 9, 12,
and 15 degrees Celsius. Colors range from dark blue at minus 3 degrees
to dark red at 15 degrees. Two vertical dashed lines mark 440 and 490
nanometres. The emission spectra are broader and the distinction between
gel-phase and fluid-phase spectral shapes is less pronounced than at lower
oxidation levels. The peak near 440 nanometres is substantially reduced
even at minus 3 degrees Celsius, and the 490 nanometre shoulder is relatively
enhanced, indicating a more disordered gel phase. All curves are more closely
spaced in intensity compared to less oxidized samples.
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Figure S21: Laurdan emission spectra when inserted in SOPC/SOPCOOH mixtures with
75% SOPCOOH at temperatures (T') of -3, 0, 3, 6, 9, 12 and 15 °C.

Line plot showing Laurdan fluorescence emission intensity in arbitrary
units on the y-axis (range 0 to 175) as a function of emission wavelength in
nanometres on the x-axis (range 425 to 575) for SOPC/SOPCOOH mixtures
with 75 percent SOPCOOH at seven temperatures: minus 3, 0, 3, 6, 9, 12,
and 15 degrees Celsius. Colors range from dark blue at minus 3 degrees
to dark red at 15 degrees. Two vertical dashed lines mark 440 and 490
nanometres. The 440 nanometre peak is further reduced relative to the 490
nanometre shoulder across all temperatures, and the overall spectral intensity
is lower than at lower oxidation levels. The gel-phase and fluid-phase spectra
are barely distinguishable in shape, consistent with a strongly disrupted gel
phase and reduced membrane cooperativity at this oxidation level.
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Figure S22: Laurdan emission spectra when inserted in full oxidized SOPC liposomes at
temperatures (T') of -3, 0, 3, 6, 9, 12 and 15 °C.

Line plot showing Laurdan fluorescence emission intensity in arbitrary
units on the y-axis (range 0 to 175) as a function of emission wavelength
in nanometres on the x-axis (range 425 to 575) for fully hydroperoxidized
SOPC liposomes (SOPCOOH 100 percent) at seven temperatures: minus 3,
0,3,6,9, 12, and 15 degrees Celsius. Colors range from dark blue at minus 3
degrees to dark red at 15 degrees. Two vertical dashed lines mark 440 and 490
nanometres. The overall emission intensity is the lowest observed across all
compositions, and all curves show a broad, featureless profile without a clear
dominant peak at either 440 or 490 nanometres. The spectral shape varies
little with temperature, and the emission maximum lies near or between
the two reference wavelengths at all temperatures, consistent with a highly
hydrated and disordered membrane environment throughout the temperature
range explored.
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