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ABSTRACT: Membrane lipid oxidation is a universal process that [PC(16:0/9:0<CHO@C9>) PC(16-0/9-0<COOH@C9>)
occurs in situations of oxidative stress and is encountered in numerous /\vavv\ﬁ 2. PSSO ! 2

. ) . . g 1O 6O H-O.g 00" 5O
physiological and pathological situations. Oxidized truncated phos- ™y M '

pholipids make up a large part of the oxidation products and alter the oH l e oH l
membrane properties in a way that can lead to cell death. However, the sn2 n2 Sz = (\sn2
underlying mechanisms are not well understood nor is it clear whether % et o, 1% s,.f/

environmental factors, such as pH, can modulate these effects. Using No pH dependence pH dependence
model membranes, we investigate how individual lipid aldehydes and /? - 1 o\\
carboxylic acids with truncated acyl chains alter the membrane AN ‘? d\ /?
structure. Our data shows that lipid aldehydes and carboxylic acids WW%@?E&W %3%%3@% ﬁ%ﬁz ﬁyﬁﬁm
have different permeabilization efficiencies towards molecules of %M ﬁ!é %Q@k%@@ﬁ W i
Varying charge and size and that AC9 truncated lipids aLe usually Membrane permeabilization Me;E:aTe perrr;eablll_livz:tpll:m
more efficient in permeabilizing membranes than ACS. In terms of ~— —
physical mechanisms, the AC9 truncated lipid carboxylic acid induces
permeabilization and membrane curvature in a pH-dependent fashion. This is explained by ionization-dependent exposure of the
carboxyl group to the water—bilayer interface, which increases the intrinsic molecular curvature of the oxidized lipid. Conversely,
AC9 truncated lipid aldehydes and nonionized carboxyls do not induce curved structures but are more efficient in increasing
permeability toward larger molecules. We further show that truncated lipids can escape the bilayer and accumulate at interfaces,
implying that they might act on neighboring cells. This study indicates that oxidized phospholipids with truncated acyl chains disrupt
membrane structure, depending on their specific molecular structure and the pH of the environment, opening a possible route for
the design of lipid nanoparticles with pH-dependent drug release.

B INTRODUCTION processes.'® The diversity and the physiological roles of these

. 1 1L17,18 yars
Lipid oxidation is not only involved in various basic cellular secondary products has been reviewed extensively. While

reaction programs such as cellular senescence' but also these small volatile products can diffuse passively through

contrlbutes to pathological dysfunctlons, 1nc1ud1ng Parkinson’s membrane bilayers, lipid aldehydes and lipid carboxylic acids
disease,”* cardiovascular diseases,”® diabetes,” and Alzheimer’s with truncated acyl chains can alter structure and function of
disease.® Phospholipid bilayers are fundamental structural units membrane bilayers.'” Bilayers or lamellar phases are formed by
of cellular membranes which are susceptlble to short and long- amphipathic phospholipids that bury their hydrophobic tails in
lived reactive oxygen species (ROS).” The sources of ROS the membrane interior and expose their hydrophilic head groups
derive from either endogenous production, such as the to the aqueous Phase.20'21

mitochondrial respiratory chain  in mammahan cells,” or Lipid oxidation can disrupt the bilayer structure due to

exogenous stimuli, such as UV light and heat.'! Generally,
the majority of formed oxidation products are lipid hydro-
peroxides and various truncated lipid oxidation products such as
aldehydes and carboxylic acids.”’*~"® Oxidative truncation Received:  September 10, 2024
produces further smaller volatile products, such as malonyldial- Revised:  February 18, 2025
dehyde (MDA) and 4-hydroxynonenal (4-HNE) that derive AccePted: February 19, 2025
from their parental lipids. Their electrophilic properties render Published: March 5, 2025
these molecules very reactive towards biomolecules which

supposedly leads to pathological as well as physiological

increased hydrophilicity or a radical change in lipid shape.
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Molecular dynamics (MD) simulations show that in some cases
lipid aldehydes and carboxylic acids might expose their chains
with the oxidized hydrophilic functions to the membrane
surface.”>*° This change of conformation results supposedly in
conically shaped lipids which increase the membrane surface
area, reduce bilayer thickness,”*™*® and induce spontaneous
positive curvature, which results in the formation of micelles or
pores.zx’29

The resulting defects can significantly influence the
biophysical and physiological functions of the membrane
bilayers. Studies show that the presence of oxidized lipids alter
lipid packing differentially, depending on their structure.””>**
Experimental and MD simulations have demonstrated that
especially lipid aldehydes increase the membrane permeability.
Free energy profile analyses indicate that the activation free
energy requirement for diffusion of small hydrophilic molecules,
such as H,O, H,0,, and O,, across the bilayer is much lower
when lipid aldehydes are present.”*° Studies have further
shown that lipid oxidation leads to the formation of pores in
model membranes either by artificially oxidizing membranes of
unsaturated lipids””>”*" or by incorporating certain oxidized
lipids.*>**

Although impairment of the membrane bilayer structure
induced by oxidized lipids has been reported in many studies, a
systematic characterization of the permeabilization mechanisms
upon structural differences of truncated oxidized lipids is still
lacking and there is a need for experimental data that could
confirm the conclusions that have been obtained from MD
simulations.””~** In addition, there is almost no data on possible
additive effects of different OxPCs, nor the influence of pH. A
pH dependent effect could arise from ionization of the COOH
group of carboxylated lipids and has been proposed in MD
simulations.”* We therefore characterized the membranolytic
mechanisms by complementary techniques using model
membranes of different truncated carboxylic acids and
aldehydes (structures in Figure 1) upon different pHs and we
investigated the additivity of these effects. We studied
permeabilization towards different types of molecules in giant
unilamellar vesicles (GUVs) and large unilamellar vesicles
(LUVs). We further investigated lipid packing by polarity
sensitive probes, induction of curvature and order parameter by
3IP_.NMR, and the formation of micelles and the release of
oxidized lipids from the membrane by dynamic light scattering
and surface tension measurements. We measured the zeta (¢)-
potential to determine exposure of the ionized carboxyl group to
the membrane interface and used MD simulations to explain
some of the observed results and to help attribute permeabiliza-
tion mechanisms to the different OxPCs.

B RESULTS

Truncated Aldehydes Produce Stronger Influx of 4
kDa FITC-Dextran and Sulforhodamine B than Carbox-
yls. We first used GUVs to evaluate permeabilization induced by
lipid aldehydes and carboxylic acids with truncated acyl chains.
We observed that 20 mol% of PC(16:0/9:0<CHO@C9>) or
PC(16:0/9:0<COOH@C9>) induced permeabilization toward
FITC-Dextran (4 kDa) in GUVs made of PC(16:0/18:1), witha
larger effect induced by PC(16:0/9:0<CHO@C9>) (Figure
2A,B). This result is further supported by a sulforhodamine B
(SRB) leakage assay in GUVs containing 10 mol% of PC(16:0/
9:0<CHO@C9>) or PC(16:0/9:0<COOH@C9>) (Figure
S2). We observed a larger release of SRB in GUVs containing
the aldehyde truncated form.
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Figure 1. Chemical structures of lipids and fluorescent probes used in
this study. (A) Host lipid for LUV or GUV. (B) Oxidized lipids. (C)
Fluorescent lipids. (D) Fluorescent probes.

Dithionite Quenching of Inner Leaflet NBD-PE Occurs
Only above a Threshold of Truncated OxPCs but the
Effect Is Additive. To quantify the permeabilization and/or
possibly lipid flip-flop induced by oxidized lipids in membrane
bilayers, we used a dithionite quenching assay in LUVs (Figure
2C). OxPCs were integrated into PC(16:0/18:1) LUV
containing headgroup labeled NBD-PE(18:1/18:1) at 0.5 %
(mol/mol) and dithionite was further used to chemically quench
the fluorescence of NBD irreversibly. This results in 50 %
quenching if dithionite does not diffuse to the luminal
monolayer of the LUV, and if there is no flopping of NBD-PE
to the outside monolayer. Our results show that only around
40—45 % of quenching was attained in the controls (Figure S1).
This is because of some remaining MLV in the sample (~4 %;
see Figure S3). Since the same ratio of MLVs was present
throughout all conditions, we concluded that the observed
effects did not result from a change of lamellarity. Triton X-100
was used to solubilize the membranes, leading to complete
fluorescence quenching. To quantify the quenching by
dithionite ions, we fitted the quenching curves to an exponential
plateau model. The equation of this model is % quenching = Yy,
— (Yy — Yp)™, with k reflecting the rate constant (min™"). Yy,
and Y|, indicate the maximum and minimum percentages of
quenching, respectively. As expected, the quenching rate
increased upon higher incorporated fractions of AC9 and
ACS OxPCs in LUVs, with carboxylated acyl chains being
slightly more efficient in promoting quenching of NBD-PE than
lipid aldehydes (Figure 2D,E, and Figure S1A,B,C,D).
Interestingly, a significant increase of quenching was only
observed when truncated OxPCs were present above a threshold
of ~12—15 mol% (Figure 2D,E and Figure S1A,B,C,D).
However, when both PC(16:0/9:0<CHO@C9>) and PC-
(16:0/9:0<COOH@C9>) were mixed at different ratios but at a
constant total molar fraction of 20 mol% of total oxidized lipids,

https://doi.org/10.1021/jacs.4c12543
J. Am. Chem. Soc. 2025, 147,9175—-9189


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12543/suppl_file/ja4c12543_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12543/suppl_file/ja4c12543_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12543/suppl_file/ja4c12543_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12543/suppl_file/ja4c12543_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12543/suppl_file/ja4c12543_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12543/suppl_file/ja4c12543_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12543?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12543?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12543?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12543?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c12543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Ctrl

A

20 pm

Rhodamine-PE

FITC-Dextran

Dithionite

_CHO@C9 COOH@C9

20 pm

€ \ 2
° ! Trlgon 3
E 0.5_ """" :‘ """" o
= ! o
0.0 E \O "0
0 2

D

—@— PC (16:0/9:0<CHO@C9>)
—- PC (16:0/9:0<COOH@CS>)

=]

B

o

2 100+ *kkk
C

> 80

.

& 40-

%

hoj 20_

L

o\o 0

M Fluorescent NBD

Non-fluorescent NBD
@ Liposome

O~ PC (16:0/5:0<CHO@C5>)
- PC (16:0/5:0<COOH@CS5>)

1.
1. 1.8

—~ 1.67 164 1 6 Mol% ratio of
i 144 Rl < O cHO@C9: COOH@C9
£ 12- ' 144 c 1.4 %%
£ 10 '€ 1.2 1.2 '
o 0.8— ~ 1.0 ;}/ 1.0 °
S |
= 061 . 8 0.8 o e WY Sosq L .} .......
> 04l T 0.6 a *a * 2 @© 0.6 Ole . ok°
=~ 02- o | 204 ' 04

0.0 - o5 0.2+ /e 0.2+

0 5 1012 15 182022 25 30 0.0 bt ———— f 0.0 I I I I 1

0 5 1012 15 182022 25 30 20:0 155 10:10 515 0:20

Fractions of OxPCs (mol%)

Fractions of OxPCs (mol%)

Fractions of OXPCs (mol%)

Figure 2. Incorporation of OxPCs disrupts PC(16:0/18:1) membranes. (A) Confocal microscopy images of GUVs containing no oxidized lipids
(control) or 20 mol% PC(16:0/9:0<CHO@C9>) or PC(16:0/9:0<COOH@C9>) incubated for 10 min in the presence of 40 uM of FITC-Dextran
(4 kDa). Red arrows indicate GUVs that are permeabilized. (B) Quantification of the FITC-Dextran intensity inside versus outside of GUVs. (C)
Schematic diagram of the dithionite quenching assay. Quenching speed (k values, min™") induced by (D) AC9 and (E) ACS truncated OxPCs and (F)
varied ratios of AC9 truncated OxPCs at a total fraction of 20 mol% based on curve fitting with an exponential plateau model as described in Materials
and Methods in the SI. One-way ANOVA analysis was used to compare fluorescence intensity in GUVs toward controls. Two-way ANOVA analysis
was used to compare the k values between different incorporation fractions and the negative controls (colored stars) and the k values between
PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>) at the same incorporation fractions (black stars). At least two independent
experiments were performed for the NBD-PE fluorescence quenching assay in triplicates (n > 2, *p < 0.05, **p < 0.01, ***p < 0.001, ***¥p < 0.0001).

quenching slightly increased with higher PC(16:0/
9:0<COOH@CY9>) ratios (Figure 2F and Figure SI1E).
Curiously, even when one of both lipids dropped below the
12—15 mol% hurdle, quenching was still observed, meaning that
the observed threshold for one OxPCs is not valid if two
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different OxPCs are present and that somehow the effect is
additive (Figure 2F and Figure S1E).

Truncated Aldehydes Induce Quicker Permeation
towards Sulforhodamine B (SRB) than Carboxyls while
a Low pH Enhances the Effect of Carboxyls. In addition to
the dithionite assay, we examined permeabilization by adding

https://doi.org/10.1021/jacs.4c12543
J. Am. Chem. Soc. 2025, 147,9175—-9189
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Figure 3. Permeabilization of PC(16:0/18:1) LUV induced by the addition of PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>) to the
suspension. (A) Schematic diagram of permeabilization assay via sulforhodamine B leakage. Release constants (k value, min™") of sulforhodamine B
after addition of (B) AC9 and (C) ACS truncated OxPCs, and (F) varied ratios of AC9 truncated OxPCs at 20 mol% based on curve fitting as
described in materials and methods. Percentage (%) of escaped sulforhodamine B at 20 min after addition of (D) AC9 and (E) ACS truncated OxPCs
and (G) variable ratios of AC9 aldehydes and carboxyls at a total concentration of 20 mol%. (H) Comparison of release constants (k value, min™") of
sulforhodamine B between buffers at pH = 7.4 and pH = 4.5. One-way ANOVA analysis was used to compare the k values and the leakage at 20 min
between different fractions of each OxPCs and the corresponding controls (colored stars). Unpaired t-test analysis (two-tailed) was used to compare
the k values between PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>) at the same concentrations or different pHs (black stars). At least
three independent experiments were performed (n > 3, *p < 0.0S, **p < 0.01, **¥p < 0.001, ****p < 0.0001).
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Figure 5. DLS analysis of PC(16:0/18:1) LUV containing PC(16:0/9:0<CHO@C9>) (A, C) or PC(16:0/9:0<COOH@C9>) (B, C). Size
distribution of LUV containing different amounts of (A) PC(16:0/9:0<CHO@C9>) or (B) PC(16:0/9:0<COOH@C9>). The arrow indicates the
average hydrodynamic diameters in nanometers based on the second peak (smaller peak). (C) Average hydrodynamic diameters in nanometers based
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was used to compare the size difference between LUVs with different incorporated fractions of OxPCs toward the corresponding controls (n > 6, *p <

0.05, *¥p < 0.01, ¥¥¥p < 0.001, **¥¥p < 0.0001).

different OxPCs to the suspension containing PC(16:0/18:1)
LUVs which enclosed sulforhodamine B at a self-quenching
concentration of 20 mM (Figure 3A). Triton X-100 was used as
a positive control to induce complete permeabilization.
However, it induced a constant increase of SRB fluorescence
that was accounted for in the calculation of release (Figure S4E).
The addition of OxPCs to the suspension induced concen-
tration-dependent permeabilization (Figure S4A,B,C,D, arrows
indicate the addition of OxPCs). As controls, equal amounts of
ethanol and PC(16:0/18:1) lipid were added, and neither of
them induced permeabilization (Figure S4A,B,C,D). As for the
quenching assay, we fitted the release curves with the
exponential plateau model. The k value showed that AC9 and
ACS lipid aldehydes induced faster permeabilization than AC9
and ACS carboxylic OxPCs, respectively (Figure 3B,C and
Figure S4A,B,C,D). Curiously, the opposite was observed for
dithionite quenching (Figure 2D,E). However, after 20 minutes,
PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>)
induced a similar level of release at 91.5 % and 87.0 %,
respectively (Figure 3D,E). Further, AC9 truncated lipids were
slightly more effective in releasing SRB than ACS truncated
lipids (Figure 3B,C and Figure S4A,B,C,D). SRB release
induced by varying ratios of PC(16:0/9:0<COOH@C9>)
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upon PC(16:0/9:0<CHO@C9>) at a total of 20 mol% was
not significantly altered (Figure 3F,G), consolidating the
hypothesis that the effect on permeability of truncated lipids
with different chemical functions is additive.

To investigate the probable pH dependence of SRB release
because of the protonatable carboxyl function, we also assessed
SRB leakage under acidic conditions (pH = 4.5). Importantly,
PC(16:0/9:0<COOH@C9>) induced a quicker permeabiliza-
tion in acidic (pH = 4.5) medium, whereas no significant
changes were observed with PC(16:0/9:0<CHO@C9>) upon
pHs (Figure 3H and Figure S4G). This suggests that nonionized
carboxyl and aldehyde functions are somehow more efficient in
releasing SRB.

Truncated Lipid Aldehydes Alter Membrane Polarity
and Membrane Fluidity Differently from Carboxyls.
Polarity sensitive probes, such as Laurdan and di-4-
ANEPPDHQ, have recently been shown to report different
trends upon increasing membrane oxidation.” In theory, these
probes should be able to sense increased water insertion or a
change of polarity in their microenvironment that is quantified
by the generalized polarization (GP).* The fluorophore of di-4-
ANEPPDHQ is assumed to localize at the membrane interface
and determine properties of only the outer leaflet of the
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Figure 6. Surface tension determination with pendant drop tensiometry. Interfacial tension of PBS suspensions containing PC(16:0/18:1) LUVs that
have been incorporated with different amounts of (A) PC(16:0/9:0<CHO@C9>) and (B) PC(16:0/9:0<COOH@C9>) upon inspection time. The
log, Tsgs, values of surface tension reduction in the suspension containing (C) LUVs with different amounts of OxPCs (LUVs suspension) or (D)
different concentrations of free OxPCs that have been added to the buffer and that do not contain LUV (free lipids, see also Figure. S6). The log, Tsqs
values were obtained by fitting the curves with a sigmoidal model using GraphPad Prism as described in the main text. (E) Minimal surface tension
(Ymiy mN/m) at critical micellar concentration (CMC) and beyond reached by the different oxidized lipids. At least two independent experiments
were performed for surface tension measurements (n > 3). The values are the mean + SD (1 > 3). One-way ANOVA was used to compare the 7,,;,
(mN/m) values between different OxPCs (*p < 0.0S, **p < 0.01, **p < 0.001, ****p < 0.0001).

membrane bilayer due to its positive charge and the absence of
flipping,***” while Laurdan is supposedly localized in between
headgroups and acyl chains and probes both leaflets of the
membrane bilayer.”® We investigated here how defined molar
ratios of truncated carboxylic and aldehyde OxPCs alter the GP
of these probes with the aim of investigating changes in packing
or membrane water incursion (Figure 4). In addition, we
measured the effect on DPH fluorescence anisotropy to
determine the environmental fluidity of the lipid acyl chains
(Figure SS).39

We first observed that the incorporation of both OxPCs
decreased di-4-ANEPPDHQ_GP upon their present concen-
trations, with PC(16:0/9:0<CHO@C9>) causing larger effects
than PC(16:0/9:0<COOH@C9>) (Figure 4A). Less mem-
brane packing alterations were observed by Laurdan GP,
although PC(16:0/9:0<COOH@C9>) decreased Laurdan GP
significantly at concentrations higher than 10 mol% (Figure 4B).
The fluidity of the hydrophobic core, probed by DPH
anisotropy, seemed to be only slightly affected by both OxPCs
(Figure SS).

Taken together, we observed that carboxylated and aldehyde
OxPCs affect membrane packing differently.

OxPCs Reduce the Vesicle Size but Only Carboxylated
Lipids Induce the Formation of a Population of Small
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Aggregates. To investigate if OxPCs alter the vesicle structure
in LUVs by inducing the formation of micelles or other potential
amphiphilic aggregates, we measured LUV size by dynamic light
scattering (DLS) upon increasing fractions of truncated OxPCs.
We observed that both PC(16:0/9:0<CHO@C9>) and PC-
(16:0/9:0<COOH@C9>) reduced the size of PC(16:0/18:1)
LUVs in a concentration dependent manner ( Figure 5A,B,C). In
addition, at 30 mol% of PC(16:0/9:0<COOH@C9>), we
observed the formation of small aggregates with an average
hydrodynamic diameter of 19 nm (Figure SB, arrow indicates
the second peak formation). To confirm a size reduction of
vesicles, we did some cryo-EM measurements at pH = 7.4 and
4.5 and obtained a reduction of vesicles size specifically with
PC(16:0/9:0<COOH@C9>) at pH = 7.4 (Figure S3G).
Truncated OxPCs Are Released from the Lipid Bilayer
with Different Kinetics and Effects on Surface Tension
while pH Influences Strongly PC(16:0/9:0<COOH@C9>)
Behavior. We recently showed that complex oxidation of lipids
leads to a decrease of surface tension at the air—water interface
because of the release of certain oxidized species from the
membrane.” Since truncated lipids should have a higher water
solubility and possibly form micelles because of their high
intrinsic molecular curvature, we wanted to measure the capacity
of these lipids to leave the lipid bilayer, which also might explain
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Figure 7. *P-NMR analysis and Zeta ({) potential determination. Static **P-NMR spectra of PC(16:0/18:1) MLVs incorporated with different
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composed of PC(16:0/18:1) with or without 15 mol% of PC(16:0/9:0<COOH@C9>) upon pH changes.

the reduction of vesicle size (Figure S). Pure PC(16:0/18:1) To compare these effects to a system where no lipid bilayer was
LUVs did not significantly affect the surface tension of the present, we measured surface tension reduction of free lipids

suspension within the inspected period while the incorporation added to the buffer (Figure S6A,B,C,E). To quantify the rate of
of both OxPCs into LUVs reduced the surface tension of the

buffer at both neutral (pH = 7.4) and acidic (pH = 4.5) pHs
(Figure 6A,B and Figure S6D). This indicates that a certain
amount of OxPCs left the bilayer phase of LUVs and adsorbed at
the air—water interface. The rate of surface tension reduction
was strongly influenced by the nature of the truncated species =
and the respective molar ratio inside the vesicles (Figure 6A,B).

surface tension reduction of the different concentrations of
OxPCs in both data sets, we applied a four-parameter sigmoidal
regression model:

(}/max B J/min)
1+ 10(108T50%_t)><‘1

}/min

9181 https://doi.org/10.1021/jacs.4c12543
J. Am. Chem. Soc. 2025, 147,9175—-9189


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12543/suppl_file/ja4c12543_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12543/suppl_file/ja4c12543_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12543?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12543?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12543?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c12543?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c12543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Here, y is the surface tension upon time, y,,, is the minimal
surface tension obtained (Figure 6E), ¥, is the initial surface
tension, Ty, is the time in seconds necessary to reach the
inflection point of the sigmoid, ¢ is the time in seconds, and a is
the slope.

We observed that free lipids added to the buffer reduced
surface tension quicker than when they were incorporated into
LUVs (Figure 6 and Figure S6A,B) at the same molar fractions.
In addition, PC(16:0/9:0<COOH@C9>) reduced surface
tension quicker than PC(16:0/9:0<CHO@C9>) (~3-5
log,), especially when OxPCs were incorporated into LUV at
20—30 mol% at pH = 7.4 (Figure 6C). This implies that
PC(16:0/9:0<COOH@C9>) is easily released from the
membrane bilayer either because its ionized carboxyl residue
renders it more soluble in the aqueous phase and therefore can
quicker migrate to the interface or because it forms more
efficiently micelles or other lipid aggregates that can quickly
interchange lipids with the interface. Interestingly, the time to
reach the inflection point (Tsy) drastically decreased from
403.4 s to 10.15 s for the carboxylated lipid when the pH
increased from 4.5 to 7.4 (Figure 6C and Figure S6D), while the
kinetics of the CHO lipid were not strongly altered (Figure 6C
and Figure S6D). This indicates that the protonated
carboxylated lipid remained longer in the LUVs than in the
ionized version.

Based on the curve regressions made from concentrations that
reached the minimum surface tension, y,,;,, (mN/m) at CMC
(Figure 6E), we observed that PC(16:0/9:0<CHO@C9>)
reduced surface tension to a lower value than PC(16:0/
9:0<COOH@C9>) at pH = 7.4. Importantly, at pH = 4.5, the
surface tension reduction of PC(16:0/9:0<COOH@C9>)
became similar to that of PC(16:0/9:0<CHO@C9>) (Figure
6E). In addition, we observed that OxPCs with the same
functional groups, the ones with shorter acyl chains (truncation
at ACS), had a slightly weaker capacity to reduce surface tension
(Figure 6E). In lipid monolayers, the maximum reduction of
surface tension would correspond to the maximum of surface
pressure obtained with a lipid at complete coverage of the water/
air interface*® or to the critical micellar concentration (CMC),*"
although the CMC might not always correspond to complete
coverage of the monolayer at collapse.*' The different capacities
of reducing surface tension of both OxPCs and the pH
dependence that is observed for PC(16:0/9:0<COOH@C9>)
suggests different behaviors which strongly depend on the
molecular structure and the pH.* Since the only difference
between these two OxPCs is the functional group at the
truncated tail, it is reasonable to assume that PC(16:0/
9:0<CHO@C9>) can form more compressed monolayers
than PC(16:0/9:0<COOH@C9>) at pH = 7.4, which might
depend on the fact that the tail of lipid aldehydes might not
protrude the same way to the interface as lipid carboxyls.”**> A
collapse at a lower coverage or surface pressure, corresponding
to a higher surface tension, might also be induced by higher
solubility of the carboxyl truncated lipid or the shorter acyl chain
(ACS) in the aqueous phase.”’ Since a low pH increases the
capacity of PC(16:0/9:0<COOH@C9>) to reduce surface
tension to a similar amount as PC(16:0/9:0<CHO@C9>), we
can assume that both molecules adopt a similar conformation at
low pH.

3T1P-NMR Analysis Reveals a Different Effect of
Truncated Carboxyls and Aldehydes on the Bilayer
Structure. Membrane bilayer structure in the presence of
OxPCs with truncated acyl chains was further analyzed by
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phosphorus NMR (3'P-NMR), which provides information on
dynamics and structure at the phosphate group of phospholi-
pids.** The static ¥P-NMR spectra for PC(16:0/18:1) in the
presence of different fractions of PC(16:0/9:0<CHO@C9>)
and PC(16:0/9:0<COOH@C9>) are displayed in Figure 7. In
the presence of both OxPCs, the membranes remained mostly in
a liquid crystalline lamellar phase upon increasing fractions of
OxPCs (Figure 7A,B), but a small isotropic peak at lower
fractions of PC(16:0/9:0<COOH@C9>) emerged (Figure 7B,
top panel). Since concentrations of lipids were quite high in this
MLV assay and since the protonated PC(16:0/9:0<COOH@
C9>) might hence exceed the buffer capacity, we used an
ammonium bicarbonate solution to increase ionization of the
carboxyl function beforehand (Figure 7B, bottom panel). Under
these conditions, we observed a concentration-dependent shift
of the right shoulder but still not a concentration-dependent
increase of the isotropic peak at ~—2 ppm, even though it was
strongest at 30 mol% (Figure 7B, bottom panel).

The chemical shift anisotropy gives an indication of rotational
diffusion of phospholipids and the size of the vesicles.”> A much
larger effect on chemical shift anisotropy was reached with
PC(16:0/9:0<COOH@C9>) than PC(16:0/9:0<CHO@
C9>) which might indicate the formation of smaller structures
(increased averaging by rotational diffusion, due to a slightly
different orientation) and/or a change in headgroup dynamics
(Figure S7A).

In addition to the effects from individual OxPCs, we also
measured the effects from the mix of PC(16:0/9:0<CHO@
C9>) and PC(16:0/9:0<COOH@C9>) at a ratio of 1:1 and a
total faction of 20 mol% (Figure S7C). The increased fraction of
PC(16:0/9:0<COOH@C9>) led to a larger chemical shift
anisotropy (Figure S7D), as expected.

lonization of the Carboxyl Group in PC(16:0/
9:0<COOH@C9>) Induces Highly Curved Structures in
a pH Dependent Way. The *'P-NMR results point out that
the pH plays a major role in the effects induced by PC(16:0/
9:0<COOH@C9>) and that the carboxyl functional group is
able to significantly alter the structure of the membrane if it is
ionized, possibly by producing micelles or other curved lipid
aggregates. To further investigate the effect of pH on ionization
of the carboxyl group and membrane structure, we used NaOH
at an equivalent amount to PC(16:0/9:0<COOH@C9>) to
completely ionize the carboxyl group. Under these conditions,
we observed a large disruption of the lamellar structure and
formation of an isotropic phase, pointing to the possibility that
the intrinsic molecular curvature of the ionized PC(16:0/
9:0<COOH@C9>) increases largely with pH (Figure 7C). This
effect was temperature dependent (Figure S7B), with high
temperatures favoring highly curved structures. To monitor the
importance of pH on the ionization of PC(16:0/9:0<COOH@
C9>), we measured the zeta ({) potential of LUVs containing
PC(16:0/9:0<COOH@C9>) upon pH changes. We observed
that the {-potential decreased strongly upon increasing pH,
indicating that the ionization of the carboxyl function in the
membrane depended on pH (Figure 7D). This result further
suggests that the ionized carboxyl function contributes to the {-
potential and is probably localized at the membrane—water
interface.

MD Simulations Reveal Differences in Positioning and
Effects on Bilayer Structure of Truncated Carboxyls and
Aldehydes. To further investigate the positions of the carboxyl
and aldehyde groups in the bilayer plane, we performed MD
simulations (Figure 8). We observed that the ionized carboxyl
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Figure 8. MD simulations of PC(16:0/18:1) membrane bilayer in the presence of OxPCs. Snapshots at the end of the 1 ys simulation of (A) 100 mol%
concentration of PC(16:0/18:1), at the end of the 2 ys simulations of (B) 50 mol% PC(16:0/9:0<COOH@C9>), ionized and deprotonated, and (C)
50 mol% PC(16:0/9:0<CHO@C9>). The light blue region is water. The cyan spheres are water molecules within 3.5 A of the phosphate atom of
PC(16:0/18:1) and oxidized lipids. The green spheres are phosphate atoms of the lipid headgroups, and the green, yellow, and white lines represent
PC(16:0/18:1), PC(16:0/9:0<COOH@C9>), and PC(16:0/9:0<CHO@C9>) molecules, respectively. Calculations of (D) area of per lipid, (E)
thickness, and (F) permeability to water molecules in the presence of 50 mol% PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>),
respectively. The table shows the area compressibility modulus (K,) and bending modulus (K,) in the presence of OxPCs.

group pointed to the bilayer interface (Figure 8B), while the
aldehyde function remained in the hydrophobic core (Figure
8C). This resulted in a slightly larger area/molecule for the
truncated carboxylic acid, while the aldehyde function effectively
reduced this parameter (Figure 8D). The reduction of the area
per lipid by the lipid aldehyde could be in line with the reduction
of surface tension that was more efficient with the aldehyde lipid.
A smaller molecular volume of the CHO molecule would mean a
higher density of molecules at the water—air interface and hence
a lower surface tension.

Thickness was more reduced with the ionized COOH lipid
(Figure 8E), meaning it can probably more efficiently abolish
the bilayer structure, as observed in NMR studies (Figure 7). In
terms of water permeability, we observed a slightly higher value
for the CHO truncated lipid (Figure 8F). This could be in line
with the permeability observed toward SRB (Figure 3 and Figure
S2).

The mechanical properties of the bilayer (i.e., the area
compressibility modulus (K,) and the bending modulus (K)),
as from of our MD trajectories, were strongly reduced by
PC(16:0/9:0<COOH@C9>), while PC(16:0/9:0<CHO@
C9>) had only little effects (table in Figure 8). These values
reinforce the current picture that PC(16:0/9:0<COOH@C9>)
has a stronger tendency to impair the bilayer structure of the
membrane.
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B DISCUSSION

Our results show that truncated oxidized lipids have different
mechanisms to destabilize lipid membranes. Permeabilization
depends on the position of the acyl chain break, with AC9 lipids
being more effective in permeabilizing membranes than ACS,
and on the functional group at the truncation site (carboxyl or
aldehyde). For truncated lipids with carboxyl groups, the pH
largely influences ionization of the carboxyl group, and
ionization at high pH promotes the disruption of the bilayer
structure, release of carboxylated lipids from the bilayer, and
formation of highly curved isotropic lipid aggregates while
sulforhodamine B and FITC-Dextran leakage is higher for non-
ionized residues.

Permeabilization driven by oxidized lipid aldehydes and
carboxylic acids has been investigated by many groups but no
clear permeabilization mechanisms have been estab-
lished.”*>*”** Our data suggest different permeabilization
mechanisms for truncated oxidized lipids containing aldehyde
and carboxyl termini and pH dependence of the mechanism for
carboxyls. Lipid aldehydes were more efficient in increasing
permeability toward larger molecules, including sulforhodamine
B (Figure 3, Figure S2) and FITC-Dextran (Figure 2A,B), which
has a hydrodynamic radius above 1 nm.*” Non-ionized carboxyl
at AC9 was also more efficient in releasing SRB than its ionized
version (Figure 3H).

Ionized lipid carboxylic acids seemed to be more efficient in
inducing permeabilization toward dithionite ions or increasing
lipid flip-flop of NBD-PE than aldehydes (Figure 2D,EF).
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Figure 9. Schematic diagram of effects in membrane bilayers induced by OxPCs with truncated acyl chains. (A) Representations of PC(16:0/18:1),
PC(16:0/9:0<CHO@C9>), and PC(16:0/9:0<COOH@C9>) (Top panel). In PC(16:0/9:0<CHO@C9>), the aldehyde function points to the
hydrophobic core. At physiological pH (1), the carboxylic acid of PC(16:0/9:0<COOH@C9>) is to a large part ionized, and the truncated acyl chain
points to the bilayer interface, while at low pH (II), the carboxyl function is protonated and points probably to the hydrophobic core in an angle that
does not induce high intrinsic molecular curvature.*® (B) In the presence of PC(16:0/9:0<CHO@C9>), the membrane bilayer becomes more
permeable probably because the hydrophilicity of the membrane core is increased by the polar aldehyde groups. At higher concentrations, oxidized
lipids might also aggregate and induce diffusion spots. Further, PC(16:0/9:0<CHO@C9>) is probably released from the membrane bilayer and can
adsorb at the air—water interface, reducing interfacial tension. (C) In the presence of PC(16:0/9:0<COOH@C9>), (I) at high (or neutral) pH, the
presence of charged interfacial COO™ functions reduces the {-potential and induces high curvature that could induce toroidal pores or transient
instabilities due to the formation of isotropic aggregates (probably micelles). The formation of these aggregates could enhance the lipid exchange
between bilayer phases and the air—water interface, thereby reducing surface tension more rapidly. (II) Atlow pH, the truncated sn-2 acyl chains point
probably to the membrane core which inhibits curvature induction and the formation of isotropic structures, while permeabilization toward SRB is
increased, probably by a similar effect observed for PC(16:0/9:0<CHO@C9>).

Similarly, in another study, an increase in flip-flop of NBD-PS bilayer seemed to be disrupted or pores were formed.”" Thus,
was strongly induced by PC(16:0/9:0<COOH@C9>) but less the mechanism of permeabilization, and possibly flip-flopping, is
with PC(16:0/9:0<CHO@C9>) at around 10 % mol/mol in a dependent on the concentration and the type of oxidized lipids.

PC(16:0/18:1) bilayer.”” At these concentrations and because When oxidized lipids were added from the outside to the
of the setup of their assay,50 they could exclude permeabilization LUVs, there seemed to be no clear threshold at 12—15 mol%
toward dithionite. Time scales in these experiments were far since even smaller concentrations induced sulforhodamine B
greater (hours-weeks) than in our assay, but a strong increase of release (Figure 3B,C and Figure S4A,B,C,D). It is possible that

NBD-PS flip-flopping occurred at 14 mol% of PC(16:0/ the truncated oxidized lipids added from the outside of the
9:0<COOH@C9>) and 16 mol% of PC(16:0/9:0<CHO@ LUVs are more concentrated at certain spots of the suspension

C9>), reducing half-life to 1—2 h. At concentrations higher than just after addition and thereby induce permeabilization of a
20 mol%, they observed permeabilization of the membrane subpopulation of LUVs, although the experiment on GUVs
toward dithionite. In our slightly different quenching assay, we (Figure S2) confirmed that SRB leakage also occurs when the
observed a threshold of around 12—15 mol% for all truncated oxidized lipid is present in the membrane at a concentration of
lipids tested (Figure 2D,E and Figure S1A,B,C,D). Since our 10 mol% which is below the threshold observed for the NBD-PE
time scales are in the minutes range, a half-life of 1—2 h for flip- quenching assay.
flopping would not be detectable, but since we used NBD-PE At a pH of 7.4, the reduction of surface tension is faster with
instead of NBD-PS, flip-flopping might be faster because PE is PC(16:0/9:0<COOH@C9>) than PC(16:0/9:0<CHO@
zwitterionic and has an uncharged small headgroup. We C9>) when the lipid is added to the suspension (Figure
therefore cannot exclude that flip-flopping and/or permeabiliza- 6C,D) and also when the oxidized lipid is released from LUVs
tion is occurring in the dithionite quenching assay. (Figure 6C). This means that ionized PC(16:0/9:0<COOH®@
In terms of permeabilization thresholds, other studies have C9>) is quicker at entering and leaving the monolayer/bilayer

seen similar effects for truncated lipids. Runas et al. showed three than PC(16:0/9:0<CHO@C9>), probably because a higher
permeability regimes for PEG12-NBD, a small uncharged water solubility of the ionized PC(16:0/9:0<COOH@C9>)
hydrophilic molecule of 821 Da, in GUV containing PC(16:0/ goes ahead with a shorter residence time in the bilayer/
9:0<CHO@C9>). From 2.5 % to 10 %, permeability increased monolayer.” This seems to be confirmed by the fact that a low
clearly towards the control, while at concentrations >12.5 %, the pH drastically reduces the speed of surface tension reduction by
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PC(16:0/9:0<COOH@C9>) (Figure S6). Similarly, it has been
shown that, at a pH of 3.0, a monolayer composed of PC(16:0/
9:0<COOH@C9>) collapses at a much higher surface pressure
than at a pH of 10, meaning that the ionized form of PC(16:0/
9:0<COOH@CY>) solubilizes easier in the aqueous phase.”

Grauby-Heywang et al. observed the formation of aggregates
in the suspension when the monolayer collapsed.”” We obtained
a population of small aggregates, similar in size to micellar
structures with PC(16:0/9:0<COOH@C9>) (Figure SB),
which might correspond to the isotropic peak observed in *'P-
NMR (Figure 7B). Lipid exchange of bilayers or monolayers
with micellar aggregates containing PC(16:0/9:0<COOH@
C9>) might also be more rapid. However, permeabilization was
faster with PC(16:0/9:0<CHO@C9>) and nonionized PC-
(16:0/9:0<COOH@C9>), meaning that the permeabilization
rate toward sulforhodamine B relied probably not essentially
upon insertion of the lipid into the membrane but on a process
that occurs in the membrane.

The fact that oxidized lipids can leave the membrane bilayer
and insert at the air—water interface has been observed earlier by
our group.” This implies that oxidized lipids can not only exert
their effects on the cell in which they are produced but also have
long-range effects on neighboring cells. Since a reduction of
surface tension is observed quite quickly already at small
percentages of oxidized lipids (S mol%), it is possible that the
same phenomenon is observed in cells with low amounts of
oxidized lipids. The reduction of surface tension is more efficient
with PC(16:0/9:0<CHO@C9>) than PC(16:0/9:0<COOH@
C9>) at pH = 7.4, probably because the ionized form of
PC(16:0/9:0<COOH@C9>) is not likely to accumulate at a
high coverage density (surface pressure) and solubilizes more
easily in the aqueous phase.”® Further, PC(16:0/9:0<CHO@
C9>) should have a smaller hydrophilic head because its two
tails point into the membrane core or air phase (Figure 8). This
might result in a larger coverage area at the air—water phase
compared to ionized PC(16:0/9:0<COOH@C9>) that points
its ionized carboxyl tail to the water phase, thereby increasing the
headgroup area (Figure 8 and Figure 9A).>* This is further
supported by the increased surface tension reduction capacity of
PC(16:0/9:0<COOH@C9>) at pH = 4.5 where both tails
should point to the membrane core or air phase, reducing the
headgroup size and increasing coverage (Figure 6E). At acidic
pH (4.5), the carboxylic acid functional group is hence less
ionized and tends to adopt a molecular conformation similar to
PC(16:0/9:0<CHO@C9>) (Figure 9A).

In terms of membranolytic mechanisms, we observed a
different picture for aldehyde and carboxylic acids truncated at
ACS or AC9 (Figure 9). PC(16:0/9:0<COOH@C9>) was able
to induce highly curved structures at a pH of 7.4 and beyond
(Figure SB and Figure 7C). In the absence of a high buffer
capacity in MLVs and at low pH, these structures were not
observed (Figure 7B). Further, the (-potential of LUVs
containing PC(16:0/9:0<COOH@C9>) decreased with in-
creasing pH (Figure 7D), meaning that PC(16:0/9:0<COOH@
C9>) becomes ionized and that its carboxyl function points to
the membrane—water interface as was also indicated by our MD
simulations (Figure 8B). This behavior has been proposed
earlier, but pH dependence has not been shown in liposomes but
suggested by MD simulations.” The fact that the ionized
carboxyl group points to the membrane interface should
increase intrinsic molecular curvature of PC(16:0/
9:0<COOH@C9>), favoring nonbilayer isotropic aggregates.
Permeabilization could hence be induced by the formation of
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toroidal pores through positive intrinsic molecular curvature,
although formation of these pores might require quite high
concentrations of PC(16:0/9:0<COOH@C9>)."”*° The mem-
brane might also simply be destabilized by the formation of
micelles and the continuous release of PC(16:0/9:0<COOH@
C9>) from the lipid bilayer which might lead to transient
instabilities allowing molecules such as dithionite to pass
through or increase flip-flopping of NBD-PE. MD simulations
show further that the thickness of the membrane is reduced
(Figure 8E) with the ionized form of PC(16:0/9:0<COOH@
C9>) at high concentrations. This might favor the formation of
transient pores and reduce the thickness of the hydrophobic
barrier.

When PC(16:0/9:0<COOH@C9>) was less ionized, we
observed less curved structures (Figure 7B and Figure S3G),
suggesting that the intrinsic molecular curvature of the molecule
is reduced.’® It has been shown in earlier studies that the
protonated form of PC(16:0/9:0<COOH@C9>) does not have
its truncated acyl chain being pointed to the membrane
interface, but rather being in the membrane bilayer, although
it is not sure at what membrane depth the protonated COOH
group would accumulate.”” Since there is less formation of
isotropic structures, we assume that the intrinsic molecular
curvature of the lipid is reduced (Figure 9), suggesting either
that the loss of a negative charge at the interface leads to less
repulsion of headgroups and carboxyl groups at the membrane
interface or the truncated sn-2 acyl chain adopts a conformation
that produces less membrane curvature, or both.”” The
permeabilization mechanism might hence be altered and
become similar to PC(16:0/9:0<CHO@C9>) whose aldehyde
function also remains in the hydrophobic membrane core
(Figure 8C) and where no curved structures were observed
(Figure SA and Figure 7A). Ouchi et al. argued that the
hydrophobic barrier of the membrane becomes more polar and,
hence, more permeable for small hydrophilic molecules, only if
the hydrophilic group at the truncation site is pointing to the
membrane interior.” This might explain why permeabilization
toward SRB at low pH was quicker with PC(16:0/
9:0<COOH@C9>) than PC(16:0/9:0<CHO@C9>), maybe
because of the slightly higher polarity of the COOH function.
For the passage of larger and/or charged molecules such as
FITC-Dextran, the formation of larger pores would be
necessary. It is possible that aggregation of several OxPCs
with their aldehyde/nonionized carboxyl function pointing to
the membrane interior leads to the formation of larger pores.*®
We did not observe them in our MD simulations, although full
pore formation occurs in time scales that are generally not
accessible by MD simulations.

Interestingly, high temperatures favored the formation of
curved aggregates over bilayers (Figure S7B). It has been
proposed for truncated AC6 and AC12 phospholipids bearing a
charged nitrobenzoxadiazole (NBD) group at the truncation site
that the conformation of the charged truncated chain depends
on the packing of the surrounding bilayer. In a densely packed
bilayer environment at low temperature, the NBD group is
rather aligned with the acyl chains of other phospholipids, while
lower packing at higher temperature promotes the outward
conformation.””*® A similar behavior of PC(16:0/
9:0<COOH@CY9>) in membranes would explain the temper-
ature dependent curvature induction. Since headgroup packing
is reduced in the presence of truncated OxPCs (Figure 4 and
Figure S7A), an increase in their concentrations might thus
facilitate the interfacial position of the COOH group.

https://doi.org/10.1021/jacs.4c12543
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It seems that some of the effects of PC(16:0/9:0<CHO@
C9>) and PC(16:0/9:0<COOH@C9>) are additive (Figure
2F, Figure 3F, Figure S1E, Figure S4F, and Figure S7C,D). This
was especially interesting regarding NBD-PE quenching by
dithionite since the threshold for individual OxPCs to induce
permeabilization or flip-flopping was abolished when a
combination of both OxPCs at different molar ratios was used
(Figure 2F and Figure S1E). As discussed above, packing defects
induced by either of the OxPCs might facilitate the effect of the
other OxPCs.”>*” It is also not clear if both molecules could
aggregate to form pores or if mixed lipid aggregates, such as
mixed micelles, are formed.

We conclude that the different mechanisms of permeabiliza-
tion induced by oxidized lipid aldehydes and carboxylic acids
depend on a series of parameters (Figure 9), including the pH,
ionization state, and the length of the truncated acyl chains.

Physiologically speaking, these results show that permeabili-
zation by truncated carboxylated OxPCs is pH dependent. Upon
immune response, macrophages produce ROS at pH=4-S5 to
kill phagocytosed microorganisms. Since truncated carboxylated
lipids are produced in this acid environment, the membrane
permeability of these microorganisms might be enhanced and
increase the killing efficiency. We recently observed in bacterial
membranes that permeabilization at pH = 4.5 upon oxidative
stress was stronger.”” This could indicate that different oxidation
products were formed, that acidity itself influences permeabi-
lization, or that permeabilization by OxPCs is enhanced, as we
observed here. The release of OxPCs from the membrane is
physiologically relevant since certain OxPCs, such as lipid
hydroperoxides, have also signaling functions in cells.’!
Truncated OxPCs would thus not need specific transport
mechanisms and could simply diffuse to neighboring cells and
exert paracrine or membrane destabilizing effects.

Finally, truncated carboxylic OxPCs might be interesting in
lipid-based pharmaceutical delivery systems. The {-potential of
lipid vesicles can be a strong indicator of the stability of the
system.®” In pH-dependent liposomal delivery systems that are
used to increase content release in the stomach (pH = 1—4), the
intestine (pH = 7—8), or lysosomes (pH = ~4.5), truncated
carboxyls could diminish the negative {-potential of vesicles at
high pH and increase release of pharmacologically active
substances at low pH.

B CONCLUSION

We report a systematic investigation on how oxidized lipids with
one truncated acyl chain alter properties of membrane bilayers
depending on their present concentrations, functional groups,
lengths of truncations, and pH. Oxidized lipids with longer
truncated tails (AC9) are more effective in permeabilizing
membranes than those with shorter ones (ACS). Lipid
aldehydes are likely to permeabilize membrane toward
molecules with larger size (e.g,, FITC-Dextran and sulforhod-
amine B) while lipid carboxylic acids tend to permeabilize
membrane toward molecules of smaller size or increase lipid flip-
flop at neutral pH. At neutral pH, carboxylic acids also induce
the formation of highly curved isotropic lipid aggregates and
possibly toroidal pores because the ionized carboxyl group
protrudes to the membrane interface and induces a high intrinsic
molecular curvature. Ionization also seems to favor the release of
the lipids from the lipid bilayer and results in a quicker
accumulation at the air—water interface. At low pH, the
truncated carboxylic acid is nonionized and remains probably
inside the hydrophobic core at an angle that prevents the
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formation of highly curved isotropic structures. However, a low
pH of 4.5 increases the capacity of the lipid carboxyl to
permeabilize membranes toward larger molecules, similarly to
the truncated aldehyde. The mechanism of permeabilization
probably depends here on the reduction of the effectiveness of
the hydrophobic barrier because of the presence of hydrophilic
functions inside the membrane or the formation of nontoroidal
pores.

Our work provides a whole picture of membranolytic effects
of truncated oxidized lipids, which could help to understand the
effects of these lipids on biological cell membranes. We further
describe the possibility of a paracrine effect of these lipids on
neighboring cells and the usefulness of truncated carboxylated
lipids in the design of pH-dependent drug delivery systems.
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1. Materials and methods

1.1 Chemicals and reagents

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (PC(16:0/18:1), POPC), 1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-
glycero-3-phosphocholine  (PC(16:0/9:0<CHO@C9>), ALDOPC), 1-palmitoyl-2-azelaoyl-sn-glycero-3-
phosphocholine  (PC(16:0/9:0<COOH@C9>), PAzePC), 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-
phosphocholine (PC(16:0/5:0<CHO@C5>), POVPC), 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine
(PC(16:0/5:0<COOH@C5>), PGPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (ammonium salt) (NBD-PE (18:1/18:1)) were purchased from Avanti Polar Lipids (USA).
Laurdan (6-Dodecanoyl-2-Dimethylaminonaphthalene) and di-4-ANEPPDHQ were ordered from Thermo Fisher
Scientific (US). DPH (Diphenylhexatriene), FITC-Dextran (4kDa), sodium dithionite and sulforhodamine B were
ordered from Merck (USA).

1.2 Preparation of large unilamellar vesicles (LUVs)

Stock lipid solutions were prepared in chloroform and corresponding volumes of PC(16:0/18:1) alone or mixed
with oxidized and fluorescent lipids were added into a glass tube and dried under a nitrogen stream at room
temperature. Solvent remnants were further eliminated in a vacuum chamber for at least 1 hour. Afterwards, a
certain amount of aqueous solution (depending on specific experimental conditions) was added to the lipid film
and the suspension was heated above the transition temperature of the lipids in warm water (at around 40 °C) bath
for 30 minutes. Afterwards, the hydrated lipid suspension underwent 10 cycles of freezing-thawing process
between dry ice (in ethanol) and the warm water, and each process was around 3 minutes. The formed
multilamellar vesicles (MLVs) were extruded with an extruder (Avanti polar lipids) and filters of 200 nm,

resulting in LUVs with diameter at around 200 nm.

1.3 Preparation of giant unilamellar vesicles (GUVs)

GUVs were made by the agarose assisted swelling method'. We used pure PC(16:0/18:1) as control, while other
samples contained 80 mol% of PC(16:0/18:1) and 20 mol% of either PC(16:0/9:0<CHO@C9>) or
PC(16:0/9:0<COOH@C9>). All GUVs were labeled with 0.1 mol% of rhodamine B-PE (18:1/18:1). Specifically,
1 ml of 1 mg/ml agarose gel (at around 60°C, ultra-pure, Sigma-Aldrich) was added into a glass tube which was
cleaned with isopropanol before use. The glass tube with warm agarose gel was placed at room temperature for 3
minutes, whereafter the liquid agarose was removed using a pipette. The formed agarose gel film was further
dried with a rotavapor for 30 minutes at 40°C (in water bath) at 90 rpm. One hundred microliters of lipid mixture
(in chloroform, 0.5 mg/ml) were added into the glass tube with the dried agarose gel. The lipid solution was
evaporated in the rotavapor at room temperature and 90 rpm for at least 60 minutes. Five hundred microliters of
0.3 M sucrose was added to hydrate the lipid film and placed in the dark for 3-4 hours at ambient temperature to
allow for swelling of GUV. Finally, 30 microliters of the GUV suspension was observed by confocal microscopy
in IBIDI chambers containing 300 pl of 0.3 M glucose with FITC-Dextran solution (freshly made in Milli-Q-H»O)

after a 10 min incubation period. The final concentration of FITC-Dextran was 40 pM.
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For the sulforhodamine leakage assay, we used the same approach as described above but used NBD-PE to stain
the GUVs (0.1 %) and a sucrose solution of 0.1M to hydrate GUVs. To image GUV permeabilization, we used
50 pl of GUV suspension that was added to 250 pl sulforhodamine B solution at 10 pM concentration in a
phosphate buffer adjusted to 0.1 M at pH=7.4. GUVs were imaged after 2 h incubation.

1.4 Imaging permeabilization of GUVs with confocal microscopy

GUVs stained with Rhodamine B-PE or NBD-PE floating either in a FITC-Dextran (4 kDa) or sulforhodamine B
suspension, respectively, were imaged by confocal microscopy. Excitation for (Rhodamine/Rhodamine-PE) was
done at 555 nm while it was recorded at 580 nm. NBD-PE and FITC-dextran were visualized by excitation at 488
nm and recording at 523 nm. For imaging, we used a confocal microscope, LSM 700, AxioObserver with an EC
Plan-Neofluar 40x1.30 Oil DIC M27 objective, and images were recorded with a high-resolution AxioCam

microscope camera.

All GUV images were processed with Image] (a public domain Java image processing program,
https://imagej.nih.gov/ij/) and Matlab®. Average fluorescence intensity was determined inside individual GUVs,
and an average outside fluorescence intensity was determined. Permeabilization in percentage was calculated per

GUV as: % Permeabilization = Mean F1I (inside GUV) / Mean FI (outside GUV) x 100 %.

1.5. Cryo-EM imaging

Different liposome preparations were plunge frozen in liquid ethane using a home-made plunge freezer under
high humidity. EM grids were stored in liquid nitrogen until imaging under cryo conditions using a Thermofisher
Talos Arctica at 200 kV under low-dose conditions using a Gatan K2 direct-electron detector and a magnification
of 63000x (0,221 nm/pixel). Overview maps of suitable grid squares were taken at 7300 x magnification. Percent
multilamellarity was determined by acquiring grid square maps and counting at least 250 vesicles and determining
whether they were multilamellar. At the same time the diameter was measured. Images in which vesicles clearly
were frozen on-top of each other were not counted as multilamellar. Diameter was only measured of non-deformed

liposomes. In all samples a similar percentage of approximately 4 % multilamellarity was seen.

1.6 Dithionite quenching assay

PC(16:0/18:1) LUVs were incorporated with different fractions of OxPCs and prepared as described above. For
dithionite quenching assay, 0.5 mol% of headgroup labelled NBD-PE (18:1/18:1) was added to the lipid film.
Afterwards, 400 mM KCIl solution was used to hydrate the lipid film. LUVs were further diluted with PBS (38.38
mM Na,HPO, and 19.62 mM NaH,POj4, NaCl 334.8 mM, pH 7.4) to a final concentration at 100 uM. 1 ml of
LUVs suspension at 100 uM was added into the cuvette with a stirring bar inside for agitation. The fluorescence
intensity of the NBD fluorophore was recorded from time zero (To min) with an excitation and emission
wavelength at 488 nm and 520 nm, respectively. At T, min, dithionite was added into the LUV suspension to a
final concentration of 10 mM (Figure 2C), and at Ts min, Triton X-100 was added to reach a concentration of

0.1%. The experiment was performed at 20 °C.
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1.7 Sulforhodamine B leakage assay

One milliliter of 20 mM stock solution PC(16:0/18:1) in CHCIl; was dried under nitrogen stream and remnant
solvent was further eliminated in vacuum for 60 minutes. Sulforhodamine B was dissolved in Tris buffer I (50
mM Tris, 150 mM NaCl, pH=7.4 or 50 mM Tris, 150 mM NaCl, pH=4.5) at a concentration of 20 mM and pH
was further adjusted to 7.4 or 4.5 by adding NaOH or HCI. Two milliliters of this solution were added to the dried
lipid film and let hydrate for 30 minutes at ambient temperature. Afterwards, LUVs were prepared as described
above by extrusion. The osmolarity of Tris buffer I (with sulforhodamine B) was determined and Tris buffer II
(pH=7.4 or pH=4.5) was made with a NaCl concentration that equalized the osmolarity of Tris buffer I (with
sulforhodamine B) at pH=7.4 or pH=4.5, respectively.

Sephadex® G-50 fine (Sigma Aldrich) was hydrated with Tris buffer II (pH=7.4 or pH=4.5) for around 3 hours
before transferred onto a column with a volume of 6 ml. The gel was concentrated by 2-3 cycles of refilling and
centrifuging the column for 2 minutes at 2000 g. Afterwards, 500 ul LUV were slowly added on the top center of
each column and the column was centrifuged for 2 minutes at 2000 g. The elute contained vesicles with 20 mM
sulforhodamine B inside, while the outer sulforhodamine B remained stuck in the column. Rouser assay was

further used to determine the concentration of phospholipids?.

Phosphate buffer was prepared at the same osmolarity as Tris buffer I/Il (pH=7.4 or pH=4.5) to dilute vesicles to
a final concentration of 100 uM phospholipids. One milliliter of vesicle suspension was transferred to a quartz
cuvette containing a magnetic stirring bar and fluorescence intensity was recorded with a Cary Eclipse
fluorescence spectrophotometer (Agilent, FL0O904MO005) at 565 nm excitation and 586 nm emission. Five
microliter of different stock solutions of PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>) in ethanol
were added to the LUV suspension at 2 minutes recording to keep a constant concentration of ethanol. 0.1 %
Triton X-100 was added after 20 minutes incubation to obtain maximum leakage (Figure 3A). All experiments

were performed at 20°C.

1.8 Membrane packing quantification

For the membrane order measurements, we used three different probes, including di-4-ANEPPDHQ, Laurdan and

DPH.

di-4-ANEPPDHQ

The vesicles were diluted with PBS to 1 ml at 100 uM, then 1 ml of 500 nM di-4-ANEPPDHQ in PBS was added
to stain the vesicles. The final concentration for vesicles and di-4-ANEPPDHQ were 50 pM and 250 nM,
respectively. The incubation was conducted at room temperature for 5 minutes in the dark. Fluorescence intensity
was measured with the CLARIOstar (BMG LABTECH) in 96-well plates (Nunc black). The excitation

wavelength was 488 nm and an emission wavelength scan was performed from 520 nm to 740 nm.

Laurdan

The same conditions and concentrations were used to incubate LUV with Laurdan except incubation was

conducted at room temperature for 20 minutes in the dark. Fluorescence measurements were also performed in

5
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the same conditions except that the excitation wavelength was 360 nm and the emission wavelength scan ranged

from 400 nm to 600 nm.

DPH

DPH stock solution was dissolved in tetrahydrofuran (THF) freshly before use. DPH probe was diluted to 4 uM
in a 0.2 mM LUYV suspension and incubated for 20 minutes at room temperature. Fluorescence anisotropy was
further measured with a Cary Eclipse fluorescence spectrophotometer (Agilent, FL0904MO005) with an excitation
at 340 nm and emission at 430 nm, respectively. The excitation light was passed through a vertically aligned
polarizer while emission fluorescence was obtained at a switching vertical and horizontal polarizer filter. The
anisotropy () is calculated based the formula: »= (Iyy- Iyy) / (Iyy+ 21yy), of which Iyy and Iy indicate the vertical

and horizontal emission fluorescence intensity, respectively?>.

1.9 DLS analysis

LUV sizes and distribution were analyzed by dynamic light scattering (DLS) with a Malvern Zetasizer Nano-ZS
at an angle of 173° for backscattering detection. Specifically, the vesicles were diluted to 0.5 mM phospholipids
with PBS (38.38 mM Na,HPO, and 19.62 mM NaH,PO,, NaCl 334.8 mM, pH 7.4). One milliliter LUV
suspension was transferred into cuvette. Before each measurement, approximately 1 minute was used to

equilibrate the distribution of vesicles. All measurements were conducted at 25 °C.

1.10 Surface tension determination with pendant drop tensiometer

For PBS buffer with LUVs, all PC(16:0/18:1) LUVs incorporated with different fractions of
PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>) were made in 400 mM KCI solutions (pH at 7.4 and
4.5) and further diluted in neutral PBS (30. 38 mM Na,HPO, and 19.62 mM NaH,POj4, NaCl 334.8 mM, pH 7.4)
and acidic PBS (49.79 mM NaH,PO4 and 350 mM NaCl, H3PO,4 was used to adjust the final pH at 4.5) to a final
concentration of 0.5 mM phospholipids.

For measurements of surface tension in PBS buffer not containing LUV, a series of stock solutions of oxidized
lipids in ethanol were prepared and 5 pul of each stock solution was added to 500 ul of PBS buffers (pH at 7.4 and
pH at 4.5). Triton X-100, a powerful surfactant, was used at 0.1 % final concentration as a positive control and
0.5 % of ethanol was used as negative control. Liquid drops were formed and dispensed with 1 ml syringe together
with OKI TE needle 20 GA (METCAL). Measurements of surface tension were carried out using a pendant drop
tensiometer (DataPhysics OCA) by fitting the droplet shape with the Young-Laplace equation*. All measurements

were conducted at room temperature.

1.11 3'P-NMR analysis

Stock lipids, including 20 mM of PC(16:0/18:1), 1 mg/ml PC(16:0/9:0<CHO@C9>) and
PC(16:0/9:0<COOH@C9>) were prepared in chloroform. Lipid mixtures were made by adding different amounts
of stock solutions to reach final concentrations of 0, 5, 12, 15, 20 and 30 mol% for each oxidized lipid. Another
lipid mixture containing both oxidized lipids at a total concentration of 20 mol% (10 mol% of

PC(16:0/9:0<CHO@C9>) and 10 mol% PC(16:0/9:0<COOH@C9>)) was made. The total amount of each sample

6
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was around 10 umol. All lipid mixtures were dried with nitrogen stream at room temperature and in desiccator
vacuum for 60 minutes. Five hundred microliters of Milli-Q-H>O and/or 500 pl of 20 mM ammonium bicarbonate
solution was added to hydrate the formed lipid film in a water bath (around 40 °C) for 30 minutes (avoid vortexing).
Afterwards, all samples were lyophilized overnight, and the lipid powder was resuspended by 40 pl of Tris buffer
(50 mM Tris, 150 mM NaCl, pH at 7.4) and subjected to 3 cycles of freeze-thawing in dry ice suspended in ethanol

and warm water (around 40 °C).

The hydrated lipid suspensions were packed into 3.2 mm ssNMR rotors, assisted by mild (1000 g max)
centrifugation. Static 3'P ssNMR spectra were recorded at a magnetic field of 11.7 T (500 MHz 'H frequency)
and a sample temperature of 290 K. 1D 3'P spectra were recorded using a 60 ps Hahn echo and 50 kHz SPINAL64

proton decoupling®. Spectra were apodised with 50 Hz exponential line broadening and baseline corrected.

1.12 Zeta (C) potential determination

The procedure for LUV making is conducted as described above in 400 mM KCI. The formed LUVs were diluted
to 500 uM in phosphate buffers at different pHs which were made by following the recipes in the Table 1 below.
After dilution, all the liposomes were equilibrated for around 2 hours before measurement. Then one milliliter of
LUVs suspension was transferred into the DTS 10170 cuvette (avoid bubbles), and the {-potential was measured
with Malvern Zetasizer Nano-ZS. All measurements were conducted at 25 °C.

Table 1 Recipe of phosphate buffers used for zeta ({) potential determination

pH value Chemicals

8.5 2.386 mM NazHPO4, 47.614 mM NaH2POs, 128. 5795 mM NaCl
7.5 33.307 mM Na2HPO4,16.693 mM NaH2PO4, 150.039 mM NaCl
6.5 49.998 mM NaH2POs4, 0.002 mM H3PO4, 199.9979 mM NaCl
5.5 49.979 mM NaH2POs4, 0.021 mM H3PO4, 199.9792 mM NaCl
4.5 49.792 mM NaH2PO4, 0.208 mM H3PO4, 199.7924 mM NaCl

3.5 47.999 mM NaH2POs4, 2.001 mM H3PO4, 197.9991 mM NaCl

1.13 MD simulations

The MD simulations of bilayers containing pure PC(16:0/18:1) and binary mixtures of PC(16:0/18:1) with 50 %
oxidized PC(16:0/18:1) (i.e., PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>))) were performed. Each
of the bilayers was composed of 512 lipid molecules. In the bilayer with pure PC(16:0/18:1) lipids, a number of
lipids was replaced by oxidized ones such that each of the two leaflets contained the same number of oxidized
lipids.. Details of the systems are shown in Table 2 below.

Table 2 List of simulated systems showing the proportion of molecules

Total No. NO. NO. NO. of total solvent NO.
System
lipid PC16:0/18:1) OxPCs molecules Na*
PC(16:0/18:1) 512 512 0 25600 —
50 mol% CHO@C9 512 256 256 25600 —
50 mol% COOH@C9 512 256 256 25344 256
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All the calculations were performed using the Groningen Machine for Chemical Simulation (GROMACS)®. The
parameters for all simulations were compatible with the united atom Gromos54a7 force field”. The atomic
coordinates and united atom parameters of the PC(16:0/18:1) lipids were taken from Poger and Mark®, and for
PC(16:0/9:0<COOH@C9>) and PC(16:0/9:0<CHO@C9>) lipids parameters were determined using the
Automated Topology Builder®. After energy minimization using the steepest descents algorithm, the MD
simulations of bilayers containing pure PC(16:0/18:1) lipids and bilayers containing oxidized PC(16:0/18:1) lipids

were run for 1 us and 2 ps, respectively, with a time step of 2 fs.

All simulations were performed in the constant particle number-constant pressure-constant temperature (NPT)
ensemble. The temperature was set to 300 K by the velocity-rescale algorithm applied separately to the lipids and
water (ions were grouped with water) with a time constant of 0.1 ps'?. The pressure was kept constant at 1 bar by
applying a semi-isotropic pressure using the Parrinello-Rahman algorithm with a time constant of 3 ps and
compressibility of 4.5x107 bar '!!. Periodic boundary conditions were applied in all dimensions. All bond lengths
were constrained using the P-LINCS algorithm'?. A cutoff of 1.0 nm was used for Lennard-Jones and the real
space part of the electrostatic interactions. The particle-mesh Ewald (PME) method was used to compute the long-
range part of the electrostatic interactions with a 0.12 nm grid in the reciprocal-space and cubic interpolation of
41314 Water molecules were modeled using the simple point-charge (SPC) model'®. Sodium counterions (Na®)
were added to the systems containing PC(16:0/9:0<COOH@C9>) to retain overall charge neutrality. Visual

Molecular Dynamic (VMD) software was used to visualize membrane structures'®.

1.14 MD Trajectory Analysis

Atomistic MD simulations simulated at least 1 ps, and the last 500 ns were used for data analyses. The area per
lipid (APL) was calculated by the area in the x-y plane (A) of the simulation box divided by the number of lipids
in one leaflet. Bilayer thickness (h) was determined based on the positions of the phosphorus (P) atoms in the lipid
headgroups. We calculated the area compressibility modulus (K4) and the bending modulus (K.) from the area

and thickness fluctuations

2
, respectively'”.

0 4 is the variance of the area box, Kp is Boltzmann constant, T is temperature and h, is equal to 1 nm due to the

assumption for pure POPC bilayers in the liquid phase.

Permeability (P) of water molecules through the membrane bilayer was studied by Fick’s first law'®,

_ (dn/dv)

P :
A-Ac

where dn/dt is the rateof the number of water molecules passing through the membrane,
AC=Cyuterbulk—Chydrophobiccore 1S the water concentration gradient (the number of water molecules per nm?®) and the

water concentration in the hydrophobic core is negligible Chydrophobiccore=0)-
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Figure S1. Incorporation of OxPCs disrupts membrane in PC(16:0/18:1) LUVs. Kinetics of NBD-
PE(18:1/18:1) fluorescence quenching in LUVs incorporated with different fractions of (A)
PC(16:0/9:0<CHO@C9>) and (B) PC(16:0/9:0<COOH@C9>), (C) PC(16:0/5:0<CHO@C5>) and (D)
PC(16:0/5:0<COOH@C5>). (E) Time dependent of NBD-PE(18:1/18:1) fluorescence quenching in LUVs
incorporated by varied ratios of PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>) at a total fraction of
20 mol%.
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Figure S2. Sulforhodamine (SRB) leakage in PC(16:0/18:1) GUVs incorporated with 10 mol% of
PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>) at pH 7.4. The bar corresponds to average leakage.
One-way ANOVA analysis was used to compare the differences between groups (***p<0.001, ****p<0.0001).

10



361
362
363
364
365
366
367

368

369

pH=7.4

Control 20 mol% CHO@C9 20 mol% COOH@C9
pH=4.5

Control 20 mol% CHO@C9 20 mol% COOH@C9

G

400 ° 5

w
o
T

Diameter (nm)
N
s
1

100

0 20 mol% OxPCs

pH=7.4 pH=4.5

Figure S3. Cryo-electron microscopy (Cryo-EM) images of PC(16:0/18:1) LUVs incorporated with OxPC’s
at pH 7.4 (A, B, C) and pH 4.5 (D, E, F). PC(16:0/18:1) control in PBS (A, D) . PC(16:0/18:1) LUVs
incorporated with 20 mol% PC(16:0/9:0<CHO@C9>) (B, E) and 20 mol% PC(16:0/9:0<COOH@C9>) (C, F)
The scale bar is 100 nm. (G) Quantification of diameter size in LUV samples imaged by Cryo-EM. One-way
ANOVA analysis was used to compare the differences between conditions, *»<0.05, **p<0.01, ****p<(0.0001.
Multi-lamellarity was at a similar percentage of approximately 4 % in all samples.
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Figure S4. Permeabilization of PC(16:0/18:1) LUV induced by addition of OxPCs. Sulforhodamine B
leakage from LUVs after addition (arrows) of different concentrations of (A) PC(16:0/9:0<CHO@C9>), (B)
PC(16:0/9:0<COOH@(C9>), (C) PC(16:0/5:0<CHO@C5>) and (D) PC(16:0/5:0<COOH@C5>), respectively.
The addition of PC(16:0/18:1), ethanol was used as control. (E) Increase of fluorescence when Triton-X 100 was
added to either sulforhodamine B in PBS or PC(16:0/18:1) LUVs enclosed with 20 mM sulforhodamine B inside
of lumen. (F) Permeabilization of PC(16:0/18:1) LUVs induced by various ratios of PC(16:0/9:0<CHO@C9>)
and PC(16:0/9:0<COOH@(C9>) at a total fraction of 20 mol%. (G) Sulforhodamine B leakage from LUVs at pH
7.4 (solid line) or 4.5 (dashed line) after addition (arrows) of PC(16:0/9:0<CHO@C9>) or
PC(16:0/9:0<COOH@C9>).
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Figure S6. Surface tension determination with pendant drop tensiometry. Interfacial tension of PBS at pH
74 in presence of (A) PC(16:0/9:0<CHO@C9>), (B) PC(16:0/9:0<COOH@C9>), and (C)
PC(16:0/5:0<CHO@C5>) and PC(16:0/5:0<COOH@C5>). (D) Comparison of surface tension of PBS
suspensions at pH 7.4 and 4.5 containing PC(16:0/18:1) LUVs that have been incorporated with 20 mol%
PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>) upon inspection time. (E) Comparison of surface
tension of PBS at pH 7.4 and 4.5 after the addition of PC(16:0/9:0<CHO@C9>) and PC(16:0/9:0<COOH@C9>)
to the buffer. One percent of ethanol in PBS was used as negative control. At least three independent experiments
were performed (n>3).
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Figure S7. 3'P-NMR analysis. (A) Chemical shift anisotropy (CSA, A/ppm) of PC(16:0/18:1) MLVs
incorporated with different fractions of PC(16:0/9:0<CHO@C9>) or PC(16:0/9:0<COOH@C9>). (B) Static 3'P
NMR spectra of PC(16:0/18:1) MLVs with 5 mol% PC(16:0/9:0<COOH@C9>) and neutralized by NaOH upon
temperature gradients. Static 3'P NMR spectra of PC(16:0/18:1) MLVs with (C) varied ratios between
PC(16:0/9:0<CHO@C9>) and PC(16:0/ 9:0<COOH@C9>) at a total fraction of 20 mol%. (D) Chemical shift
anisotropy (CSA, A/ppm) of PC(16:0/18:1) MLVs incorporated with varying ratios of PC(16:0/9:0<CHO@C9>)
and PC(16:0/ 9:0<COOH@C9>) at a total fraction of 20 mol% in MilliQ-H,O.
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