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Abstract

Oxidation is associated with conditions related to chronic inflammations and aging. Cubic 

structures have been observed in the smooth endoplasmic reticulum and mitochondrial membranes 

of cells under oxidative stress (e.g., tumor cells and virus-infected cells). It has been previously 

suspected that oxidation can result in the rearrangement of lipids from a fluid lamellar phase to a 

cubic structure in organelles containing membranes enriched with amphiphiles that have nonzero 

intrinsic curvature, such as phosphatidylethanolamine (PE) and cardiolipin. This study focuses on 

the oxidation of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), a lipid that natively 

forms an inverted hexagonal phase at physiological conditions. The oxidized samples contain an 

approximately 3:2 molar ratio of nonoxidized to oxidized DOPE. Optical microscopy images 

collected during the hydration of this mixture from a dried film suggest that the system evolves 

into a coexistence of a stable fluid lamellar phase and transient square lattice structures with unit 

cell sizes of 500–600 nm. Small-angle X-ray scattering of the same lipid mixture yielded a body-

centered Im3m cubic phase with the lattice parameter of 14.04 nm. On average, the effective 

packing parameter of the oxidized DOPE species was estimated to be 0.657 ± 0.069 (standard 

deviation). This suggests that the oxidation of PE leads to a group of species with inverted 

molecular intrinsic curvature. Oxidation can create amphiphilic subpopulations that potently 

impact the integrity of the membrane, since negative Gaussian curvature intrinsic to cubic phases 

can enable membrane destabilization processes
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INTRODUCTION

Lipids in cellular membranes can exist in a fluid lamellar (Lα) phase, forming a planar 

bilayer morphology as depicted in the fluid mosaic model.1 Nonlamellar lipid structures can 

exist, and are often associated with dynamic cellular processes. In the inverted hexagonal 

(HII) phase, lipid molecules arrange into cylinders with the head groups oriented inward in 

contact with the aqueous phase core.2 Lipids that form the HII phase have been observed at 

higher concentrations in intermediate structures during membrane fusion in model 

membranes and in cells.3–5 The inverted cubic (QII) phase consists of lipids arranged into 

minimal surfaces.6 It is periodic in three dimensions and creates two discrete networks of 

water channels.7 The QII phase has been observed during plasma membrane folding through 

nonclathrin mediated endocytosis.8 Cubic phases have been previously associated with 

smooth endoplasmic reticulum (ER) and certain states of inner mitochondrial (MT) 

membranes.8,9

A variety of terms, including “undulating membrane”10 and “tubuloreticular structures”,8,11 

have been applied to cubic phase structures that have been regarded as potential 

ultrastructural markers for cellular stresses.12 They have been observed in smooth ER 

membranes of severe acute respiratory syndrome (SARS)-infected cells13 and tumor cells in 

various organs.10 One of the most well characterized in vivo cases of cubic phase formation 

results from the morphological transition of the inner MT membrane upon food depletion in 

the giant amoeba Chaos carolinensis.12 The progressive formation of the cubic phase was 

accompanied by increasing levels of the reactive oxygen species (ROS) superoxide and 

hydrogen peroxide, resulting from changes in oxidative metabolism of the organism upon 

starvation.14 It is important to note that these studies reported cubic phase formation in 

smooth ER and inner MT membranes that contain highly folded membranes with high 

concentrations of lipids with nonzero intrinsic curvature.9,15–17

Approximately half of the phospholipids comprising the highly folded and 

compartmentalized inner MT membrane in mammalian cells are curvature-regulating 

phosphatidylethanolamine (PE) and cardiolipin species.17 These lipids are found in 

particularly high concentrations at the contact sites between inner and outer mitochondrial 

membranes. They likely play a role in protein import and phospholipid translocation 

between the two layers of the organelle.18,19 It has also been shown that PE lipids facilitate 

formation of membrane fusion intermediate structures3,4 and support cytokinesis during cell 

division.20
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The ability of PE lipids to support high membrane curvatures for routine cell functions and 

division arises from their molecular structures. PE lipids have a smaller headgroup relative 

to the cross-sectional area of the hydrocarbon tails than phosphatidylcholine (PC) lipids that 

comprise the majority of phospholipids. Lipid molecules that support formation of the 

lamellar phases in the bilayer membrane, such as PC lipids, have comparable lateral areas in 

the head and tail regions and have an overall cylindrical molecular geometry. For 

phospholipids in general, the ratio of head-to-tail area is temperature dependent, with the 

area occupied by the tail groups increasing with temperature.21 Above the phase transition 

temperature (Th), a PE lipid can have an anisotropic wedge shape: it looks fan-shaped 

(hydrophobic region wider that the headgroup) in the plane that contains the centers of mass 

of the two alkyl chains; however, perpendicular to this plane, the shape is much less 

anisotropic.22 This wedge shape supports the formation of the HII phase. Our study focuses 

on the lipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) that transforms from 

the bilayer-forming fluid lamellar phase (Lα) to the HII phase as temperature increases 

across Th = 13 °C.23

Oxidation alters lipid molecular structures and can disrupt PE lipid functionality. Much of 

the endogenous sources of ROS that can initiate oxidation of the bilayer membrane arise as 

byproducts and downstream products of cellular metabolism.24 Electron leakages from the 

electron transport chain at the inner mitochondrial membrane lead to the formation of 

superoxide that is a ROS itself and a precursor to many others.25 While many products can 

form upon oxidation of the lipid bilayer, the typical result involves scission of an unsaturated 

hydrocarbon tail and/or the addition of a polar group to the same chain.26 The common 

consequence is the loss of a portion of the hydrophobic moiety, either to the hydrophilic 

region or by removal from the bilayer into the aqueous phase.27 This results in a 

subpopulation with a reduction of the negative intrinsic curvature. Oxidation threatens lipid 

functionality with alterations to molecular structure that control membrane fluidity, 

permeability, and topology.27,28

In this study, we used optical microscopy to observe the hydration of oxidized DOPE lipid 

films at room temperature. With the addition of water, the lipid film swelled to form micron-

scale lamellar phase structures that included elongated tubules and spherical vesicles. In 

contrast, the nonoxidized, HII phase DOPE shows no apparent changes upon hydration to the 

lipid film at this length-scale. Using the same viewing technique, we saw formation of 

submicron-scale lattice structures that are stable for up to 3 h. Characterization of 2-D 

projections in optical micrographs with a 2-D discrete fast Fourier transform (FFT) revealed 

that such lattices resemble highly swollen periodic structures, with the square unit lattice 

parameter on the order of hundreds of nanometers. Small-angle X-ray scattering (SAXS) in 

general cannot access micron scale ordering in weakly scattering structures, such as those 

depicted in the micrographs here. However, SAXS can assay unambiguously the existence 

of cubic phases. Using SAXS, we find that oxidized DOPE can form a 3-D Im3m cubic 

phase with a lattice parameter of 14.04 nm, which indicates that the DOPE oxidation process 

has enhanced the system’s ability to form negative Gaussian curvature, the type of curvature 

topologically required for membrane permeation processes.29
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Lipid membranes in QII phases can be formed in vitro with monoacylglycerides to provide 

3-D periodic structures for protein crystallization.30,31 Cubic phases have also been shown 

to emerge after temperature cycling DOPE (as well as its monomethylated analog, DOPE-

Me) across its phase transition temperature hundreds of times.32,33 The lattice parameters of 

these cubic phase structures range between tens and hundreds of angstroms and are tunable 

with either lipid or aqueous phase composition.31,34,35 The largest reported stable cubic 

phase lattice parameter so far is 470 Å, and transient cubic structures have been formed at 

300–400 Å.36 Although chain packing does not permit the formation of cubic phases based 

on minimal surfaces at these large length-scales, it is interesting that DOPE oxidation 

apparently drives the generation of lipid structures with periodic symmetry, and does so at 

length-scales comparable to those of cubic structures observed in vivo.10,12,37

It has been previously hypothesized that membrane lipids can be structured into the cubic 

phase by oxidative damage.12 We quantified the extent of oxidation with nuclear magnetic 

resonance (NMR) spectroscopy in order to estimate the effective molecular shape of the 

collective oxidation product species that could support bilayer formation. We then observed 

hydrated films of nonoxidized DOPE with various concentrations of a lyso-PE lipid in order 

to mimic the process of tail group area reduction that occurs with oxidation. None of the 

combinations between HII phase and micelle formation yielded lattice structures that are 

observable with optical microscopy. Our results suggest that the cubic structure formation in 

oxidized DOPE results from molecular alterations that affect lipid packing beyond changes 

to head-to-tail group area ratios.

EXPERIMENTAL SECTION

Materials.

The lipids 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC), and 1-oleoyl-2-hydroxy-sn-glycero-3-

phosphoethanolamine (lyso-PE) were purchased from Avanti Polar Lipids. Chloroform was 

from Macron Fine Chemicals, and deuterated chloroform was from Cambridge Isotope 

Laboratories, Inc.

Oxidation of DOPE.

DOPE was oxidized while dried and exposed to air. Heat was applied to accelerate the 

oxidation process. For each DOPE sample, 1 mL of the lipid solution at 10 mg/mL in 

chloroform was dried on a glass Petri dish (60 × 15 mm, VWR) with an argon stream and 

stored under vacuum for 90 min. For each 4-h interval of oxidation, the lipid film-lined Petri 

dish was then placed on a hot plate (C-MAG HS 7, IKA) set to 50 °C. Three samples were 

oxidized in parallel. The Petri dishes were covered to avoid falling contaminants but air 

exposure was allowed. Outside the 90 min dry time under vacuum and 4-h oxidation time on 

the hot plate, the lipid samples were sealed under an argon environment and stored dissolved 

in chloroform at −20 °C to avoid unintentional oxidation.
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Hydration of lipid films.

To observe the morphology of a hydrated oxidized DOPE sample, lipid films were prepared 

by drying 5 μL × 10 mg/mL of the lipid in chloroform as approximately 0.5 μL spots on a 

round glass coverslip (#1, 25 mm, Chemglass) with a 25 μL glass syringe (Hamilton). The 

lipids were allowed to dry for at least 90 min under vacuum before the coverslip was placed 

in a Sykes-Moore viewing chamber (Bellco Glass). Note that nonoxidized DOPE and DOPC 

samples were also prepared using this protocol, dried with 0.05 mg of lipids on each 

coverslip.

For the hydration of lyso-PE/DOPE mixtures, 5 μL x 10 mg/mL DOPE was combined with 

different volumes of 5 or 10 mg/mL lyso-PE solutions to yield 10, 20, 30, 40, 50, 60, 70, 80, 

90, and 95 mol % lyso-PE. These solutions were diluted with different amounts of 

chloroform such that the final concentration of DOPE in each was approximately 0.7 

mg/mL. For each mixture, 5 μL was then used to dry approximately 0.5 μL spots on a glass 

coverslip as described above.

For observation, the edge of a spot of dried lipid film close to the center of the coverslip was 

located using a Zeiss Axio Observer inverted microscope operating under the differential 

interference contrast (DIC) mode, with a Plan-Apochromat 20×/0.8 NA objective (lower 

resolution) or a Plan-Apochromat 63×/1.40 NA oil objective with 1.6× optovar 

magnification (higher resolution; 15.504 px/μm). The lipid film was hydrated with 500 μL 

Milli-Q water (Millipore). Note that this high volume was used to maintain hydration at the 

center of the coverslip while the added water wetted the wall of the viewing chamber.

SAXS experiments.

Small-angle X-ray scattering (SAXS) experiments were conducted to investigate the 

structure of oxidized DOPE in solution. Samples were equilibrated for 2 days before 

measurement. 24-h oxidized DOPE and regular DOPE were solubilized in chloroform at 

12.5 and 20 mg/mL, respectively. Individual samples were aliquoted into smaller volumes in 

glass vials. The chloroform was evaporated from each vial under dry nitrogen gas and the 

sample was further desiccated overnight under vacuum. After 24 h, Milli-Q water was added 

for resuspension to 20 mg/mL. Samples were prepared for SAXS by diluting hydrated 

regular DOPE or oxidized DOPE to 10 mg/mL in Milli-Q water to a total volume of 40 μL. 

Quartz glass capillaries (Hilgenberg) were loaded with the 40 μL samples and hermetically 

sealed. Measurements of the samples were made at the Stanford Synchrotron Radiation 

Lightsource, beamline 4–2. A monochromatic 9 keV X-ray with a 1.7 m path length was 

used, and samples were exposed for 10 s. Scattered radiation was collected using a Rayonix 

MX225-HE detector (pixel size, 73.2 μm). 2-D diffraction images were processed and 

integrated with the Nika 1.68 package for Igor Pro 6.37 and FIT2D. For all samples, several 

measurements were taken to ensure consistency of data.

Chemical analysis of oxidized DOPE.

To approximate the extent of oxidation of DOPE tails, the ratio between the amounts of 

vinyl and glycerol protons obtained from nuclear magnetic resonance (NMR) spectroscopy 

was determined. The lipid samples (approximately 10 mg) in chloroform were dried onto the 
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bottom of a glass test tube under an argon stream and further dried under vacuum for at least 

90 min before being dissolved in 800 μL deuterated chloroform. If the lipid was already 

dried on a glass Petri dish (after an oxidation step), then it was directly dissolved into 

deuterated chloroform. Samples were scanned on a Varian Mercury 400 2-channel NMR 

spectrometer at 25 °C. Manual phase and baseline correction, as well as integration, were 

performed using the MNova NMR processing software (Mestrelab Research).

RESULTS AND DISCUSSION

Hydration of oxidized DOPE lipid films.

Lipid morphologies were observed using optical microscopy in differential interference 

contrast (DIC) mode to enhance the edges of structures. The lipid samples were deposited 

directly onto the glass coverslips used in microscopy for time-course observations of lipid 

hydration from the dried state. Oxidized DOPE was prepared in 10 mg batches, and 

oxidation was induced during 4-h intervals for a total of 24 h. To optimize the oxidation 

process, the lipid was dried onto a glass Petri dish and heated to 50 °C while exposed to 

ambient air during each 4-h interval. Additionally, each batch was dissolved in chloroform 

and, again, dried with an argon stream and placed under vacuum for 90 min in between each 

oxidation interval. This was done to improve product uniformity as oxidation more readily 

occurred on the surface of the dried lipid film. To avoid unintentional oxidation of the 

samples, the lipids were stored dissolved in chloroform under an argon environment at 

−20 °C outside of the 4-h oxidation and 90 min vacuum-drying periods.

For each hydration experiment, a lipid sample in chloroform at 10 mg/mL was applied as 

approximately 0.5 μL spots with a glass syringe onto the coverslip and placed under vacuum 

for at least 90 min for solvent removal. For uniformity, the results presented here are of 90 

min dried lipid films, although the same results were achieved when the lipid was dried 

overnight. The coverslip was then placed in a Sykes-Moore viewing chamber for 

microscopy. A series of micrographs from a time-course observation of oxidized DOPE film 

hydration is shown in Figure 1. Image capturing was initiated seconds prior to the addition 

of Milli-Q water to record the dried lipid film (Figure 1A). The lipid film edges are ideal for 

observation due to higher film thickness made by the coffee ring effect when drying. Note 

that the area of the film close to the left edge of the micrograph was thicker than in the rest 

of the image. Within 20 s of hydration, oxidized DOPE formed vesicles, as well as loose and 

densely packed tubules (Figure 1B, right and left sides, respectively). The latter quickly 

organized into lattice structures with clusters of periodic domains that spanned tens of 

microns (Figure 1C, left half). Figure 1C shows coexistence of the Lα phase (represented by 

giant vesicles) and this lattice structure. The lattice was stable for minutes before its 

transition back into densely packed tubules (Figure 1D, E) that dispersed in both lateral and 

vertical directions (Figure 1F). Note that structures appearing at higher contrast in Figure 1F 

were further away from the coverslip and the focal plane was not changed. The duration at 

which the lattice structure appears, from minutes to an hour, varied based on the 

concentration of the lipid solution in chloroform during film preparation. Higher 

concentrations yielded thicker lipid films and resulted in longer-lived latticed structures 

(Figure S1).
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Figure S2 compares another oxidized DOPE film in the dried state and at 5 min after 

hydration, observed under lower magnification. At this length-scale, the lattice structure 

appears as nebulous clusters with indistinct boundaries. Additionally, high contrast globular 

structures were present from the beginning of the hydration period (Figure 1B–F and Figure 

S2B) and increased in numbers upon the transition of the lattice structure to tubules and 

vesicles (Figure 1F).

For comparison with Lα and HII phases, the hydration experiment was repeated using DOPC 

and nonoxidized DOPE, respectively (Figure 2 at higher magnification and Figure S3 at 

lower magnification). DOPC is a phospholipid commonly used in the laboratory to form Lα 
phase structures.38,39 After 5 min of hydration, the DOPC lipid molecules at the surface of 

the film had swelled into vesicles and tubules (Figure 2B and Figure S3B). Hydrated DOPE 

is expected to form the HII phase in the aqueous environment,23 which is not optically 

resolvable. No formation of lamellar phase structures was observed 5 min after hydration 

(Figure 2D). An exception is the presence of several tubules formed at the edge of the DOPE 

film in Figure S3D (arrow and inset). The chemical analysis of lipid samples, presented later 

in this work, shows low levels of oxidation prior to the first 4-h round of exposure to air and 

heat. Immediately upon hydration, rearrangements within the DOPE film occurred that 

resulted in an apparently more compact film with receded edges. Under the same 

observation resolution used to view images in Figure 1, the lattice structure observed in 

hydrated oxidized DOPE was not seen in either the DOPC or nonoxidized DOPE samples.

Analysis of the lattice structure.

To characterize the lattice structure formed with hydrated oxidized DOPE, we applied a 2-D 

discrete fast Fourier transform (FFT) to visualize the 2-D projections of micrograph images 

in the frequency domain. A section cropped from a larger micrograph was used for FFT 

analysis in order to extract information only pertaining to the lattice structure. Due to the 

large number of structured domains that can be captured in the images, we assume that we 

have data at different orientations of the same structure. The micrograph in Figure 3A shows 

the lattice structure with a box indicating the cropped section used in the analysis; the 

resulting frequency domain image is shown in Figure 3B. The reciprocal lattice vectors a* 

and b* in Figure 3B correspond to lattice parameters a = 625 ± 202 nm (standard deviation 

of the Gaussian function fitted to the reflection signal, Figure S4) and b = 628 ± 217 nm, and 

the angle between the means of the reflection signal is 90°. Figure 3B indicates that hydrated 

oxidized DOPE forms a transitional square lattice system with unit cell sizes close to half of 

a micron. Similarly, the structure in Figure 1C has lattice parameters a = 304 ± 35 nm and b 
= 309 ± 68 nm (Figure S5).

We attempted to characterize the lattice structure in the zdimension and collected image 

stacks of the same x-y location at multiple focal planes set to 0.01 μm intervals, spanning at 

least 4 μm. By reconstructing the image as x-z and y-z cross sections of the image stack, the 

lattice intervals (a = 574 ± 135 nm and b = 574 ± 178 nm) seen in the x–y plane continued in 

the z-direction (Figure S6A). However, the lattice spacing in the z-direction could not be 

resolved. Taken together, these data suggest that large structures with square symmetry can 

be made in the oxidation process.
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To determine whether oxidized DOPE can form a stable 3-D cubic phase structure, we 

utilized SAXS.40,41 We find that oxidized DOPE forms an Im3m body-centered cubic lattice 

with a lattice parameter of a = 14.04 nm (Figure 4, yellow). Three peaks are observed at q = 

0.063, 0.090, and 0.110 Å −1, which index to a ratio of 2: 4: 6. Higher order reflections 

are also observed at 10: 12: 14, corresponding to q = 0.142, 0.154, 0.16. The magnitude 

of negative Gaussian curvature of this phase is ⟨k⟩ = 2πχ/A0d2 = −5.4 × 10−4 Å−2, where χ 
= −4 and A0 = 2.345. Note that low intensity peaks for the Pn3m phase group with the lattice 

parameter of 10.8 nm were also observed. For comparison, the sample prepared with 

nonoxidized DOPE showed inverted hexagonal phase characteristics with a lattice constant 

of a = 7.46 nm (Figure 4, blue), which is consistent with values found in the literature.42

Three inverted cubic phases supported by lipid species have been reported: primitive 

(Im3m), double diamond (Pn3m), and gyroid (Ia3d). A commonly fabricated lipidic cubic 

phase structure is composed of 1-oleoyl-rac-glycerol (monoolein, MO) that forms the Pn3m 

structure with 40% (w/w) hydration at room temperature and supports the gyroid type with 

lower hydration conditions.31 The Pn3m and Ia3d cubic phases are preferred by lipid species 

that support highly negative curvatures, similar to those forming the HII phase.43 The fact 

that oxidized DOPE forms an Im3m phase therefore suggests it is less capable of supporting 

high curvatures than the unoxidized species. Monoolein-based lipid cubic phase structures 

that are formed in vitro usually have unit cell sizes of hundreds of angstroms, an order of 

magnitude lower than the cubic structures observed in nature.36 While the double diamond 

and gyroid cubic phases contain tetrahedral (109.5°) and three-way (120°) water channel 

junctions, respectively, the Im3m phase contains 90° 6-way junctions and requires less 

negative curvature.44 For this reason, Im3m structures are capable of more drastic cell size 

expansion compared to the other two cubic phases.43 Anionic lipids and poly(ethylene 

glycol)-conjugated PE, both allowing for higher levels of headgroup hydration, induce 

formation of the Im3m phase and drastically increase the lattice parameter of monoolein-

based lipid mixtures by approximately 70 Å, from 106 Å for pure monoolein.31 These 

additive species form the Lα phase in pure form and thus reduce the magnitude of the 

negative curvature when mixed with monoolein.36 Similarly, DOPE acyl tails obtain polar 

functional groups through oxidation that causes the formerly hydrophobic moiety to migrate 

closer to the lipid–water interface and results in lipid headgroup area expansion.27 Certain 

ternary mixtures of surfactants, water, and oil (similar to oxidation-scission lipid tail 

fragments) have been shown to support cubic lipid phases.45,46 We hypothesize that the 

emergence of mixed subpopulations with different intrinsic curvatures, with the presence of 

negative curvature species (e.g., DOPE and monoolein) and Lα phase-forming species 

together, is significant in forming the Im3m phase that is possibly related to optically 

resolved lattice structures with near-micron spacing. Furthermore, the time-dependent 

changes in water hydration levels and loss of lipid tail fragments to the aqueous phase can 

account for the transience of these larger square lattice structures.

Characterization of lipid geometry.

The oxidation of DOPE results in a mixture of products with increased headgroup areas at 

the expense of hydrophobic moieties. While DOPE supports the HII phase in water, the 

hydration of oxidized samples resulted in the formation of QII (Im3m, confirmed by SAXS 
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data) and Lα phase structures that are supported by more cylindrical molecules. The 

deviation of a lipid molecular structure from resembling a cylindrical volume can be 

described and used to predict the morphological phase it can support. Israelachvili and co-

workers47–49 studied lipid packing of various shapes of molecules and quantified lipid 

structure with the lipid packing parameter, γ = V/Al, where V is the volume occupied by the 

lipid tails, A is the lateral area of the headgroup, and l is the length of the lipid tail region. 

Cylindrical lipids that support lamellar bilayer formation have γ close to unity, while lipids 

with small head groups (γ > 1) such as PE lipids form the HII phase. DOPE has the packing 

parameter γDOPE = 1.38, while its PC counterpart more closely resembles a cylindrical 

volume (γDOPC = 1.09).50

Here, we aim to estimate the effective packing parameter of the collective oxidized DOPE 

species from the observed Lα phase morphologies. Kumar51 has demonstrated that packing 

parameter is additive in lipids with long chain lengths (10 or more carbon atoms per acyl 

chain): the effective packing parameter for a mixture of lipid species is the linear 

combination of the packing parameter of each individual species, weighted by mole fraction. 

To demonstrate that the calculated effective packing parameter can predict hydrated lipid 

morphologies, we performed the hydration experiment using samples with varying ratios of 

DOPE to lyso-PE (γlyso‑PE = 0.5γDOPE). An 18-carbon, monounsaturated tail lyso-PE 

species was selected to mimic a truncated-tail DOPE molecule. The increasing molar 

fractions of lyso-PE were studied to simulate the increase in the extent of oxidation of the 

DOPE population. The lyso-PE/DOPE films were hydrated with Milli-Q water with 5 × 

10−7 M lyso-PE (estimated as the critical micelle concentration based on information from 

Marsh52) in solution to minimize dissolution of the surfactant-like lipid from the film. At 

100 mol % DOPE (γ = 1.38), the lipid film showed no significant changes when hydrated. 

As the fraction of lyso-PE increases, the calculated effective packing parameter decreases. 

From 40 mol % lyso-PE (γ = 1.10) upward, tubules and vesicles were present within 5 min 

into hydration (Figure S7). The calculated packing parameter for this mixture is comparable 

to that of DOPC that forms the lamellar phase. Thus, we are using this packing parameter 

value for the transition point where the Lα phase structures appear.

Note that the DOPE/lyso-PE mixtures were diluted with chloroform so that the final 

concentration before drying on the coverslip was uniformly 0.7 mg DOPE/mL. This is much 

lower than the 10 mg/mL concentration of the oxidized DOPE samples. We repeated the 

hydration experiment with oxidized DOPE using 0.7 mg/mL (Figure S8). At this lower lipid 

amount, the lattice-to-lamellar phase transition occurred more quickly due to increased 

hydration rates.

As previously described, DOPE was oxidized in 4-h intervals. After each oxidation period, 

we also analyzed the samples with proton nuclear magnetic resonance (1H NMR) 

spectroscopy and performed the hydration experiment using 0.05 mg of the original 10 mg 

samples. The progress of oxidation was measured with the remaining amounts of vinyl 

protons, estimated by integrating the vinyl proton peak normalized to the area under the 

glycerol proton peak (highlighted blue and red, respectively, in Figure 5A). The normalized 

amount of vinyl protons for an ideal nonoxidized DOPE sample is 4. During the oxidation of 

a monounsaturated lipid such as DOPE, an allylic hydrogen is first abstracted from one of 
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the lipid tails by a reactive oxygen species. The lipid molecule is left as a carbon-centered 

radical that reacts with molecular oxygen and another lipid molecule and results with a 

hydroperoxy group. While the peak for hydroperoxy proton is difficult to isolate in the NMR 

spectrum, the functional group being adjacent to the double bond causes a downshift of the 

vinyl peak (from 5.34 ppm to approximately 5.70 ppm, Figure 5B). The scission of the lipid 

tail with further oxidation eliminates the vinyl peak completely. Thus, integrating the vinyl 

proton peak of the 1H NMR spectrum is a reasonable method for determining the fraction of 

DOPE lipids that is not oxidized.

The progress of oxidation, as followed via the loss of vinyl protons, is shown in Figure 5C. 

Note that the tail scission step typically yields the aldehyde group that was not represented 

in the NMR spectra for our system. Comparing the total amounts of lipids oxidized 

(complementary to the values in Figure 5C) and the amounts of peroxidized lipids (by 

integrating the shifted vinyl peaks), peroxidation does not account for all lipids oxidized 

(Figure S9). As seen from our previous work in oxidizing DOPC,27 tail scission occurred 

with further oxidation of the peroxidized product. Furthermore, in comparison to DOPC, the 

aldehyde groups formed with oxidation of PE can participate in a condensation reaction with 

the amine group of the PE headgroup to yield fluorescent Schiff bases. Fluorescence 

spectroscopy measurements of oxidized DOPE and nonoxidized DOPE combined with an 

aldehyde species, with DOPC samples as controls, confirms Schiff base formation (Figure 

S10) and therefore strengthens our speculation of DOPE tail scission during oxidation.

Accompanying hydration experiments of samples after each set of NMR scans showed that 

oxidized DOPE films resembled that of nonoxidized DOPE, after up to 20 h of air/heat 

treatment. However, the lamellar phase and lattice structures emerged after a total of 24 h of 

oxidation (e.g., Figure 1), where ± 1.66% (standard deviation from 3 samples) of the vinyl 

protons were present. We noted that the stock DOPE sample (with 0 h of intentional 

oxidation) started with 96.83 ± 1.50% vinyl protons, and this was factored in for the 

calculation of the effective packing parameter. This readjusted the effective packing 

parameter of the 60 mol % DOPE/40 mol % lyso-PE sample to 1.090 ± 0.014. In order for 

the 24-h oxidized DOPE sample to have the same effective packing parameter, the average 

packing parameter value for the oxidized lipid portion was calculated to be 0.657 ± 0.069. 

This suggests that the inverted wedge or cone characteristic of an “average” oxidized DOPE 

molecule therefore has greater deviation from cylindrical than the original wedge shape, and 

in the opposite direction, of nonoxidized DOPE (i.e., γoxDOPE < 1/γDOPE).

CONCLUSIONS

Oxidative stress is a common mechanism of cellular damage that leads to pathology in a 

whole host of human diseases, including cancer, atherosclerosis, and neurodegeneration.24,53 

Disruption of normal metabolic processes in the mitochondria and endoplasmic reticulum 

leads to formation of byproducts that either contain or lead to downstream production of 

reactive oxygen species.24 Cellular membranes are especially susceptible to oxidative 

damage due to predominance of fatty acid chains. As a result, it is essential to understand 

the effects of lipid oxidation on the topology of cellular membranes. The molecular structure 

of PE lipids is central to their role in dynamic cellular processes where high curvature is 
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involved. They serve as ideal prototypical lipids for studies of oxidation-induced changes in 

molecular shape and intrinsic curvature.3,4,20 In this study, we demonstrate that molecular 

alterations resulting from oxidation of PE lipids lead to drastic changes in the phase behavior 

of lipid membranes. The oxidation of a lipid molecule changes the ratio between its head 

and tail group areas. For DOPE, and based on this ratio, we have estimated that the resulting 

oxidation products incur a molecular intrinsic curvature sign change and, on average, 

contain a higher magnitude of curvature than the nonoxidized species. SAXS results show 

that the combined presences of DOPE and its oxidization products induced structures rich in 

negative Gaussian curvature, which is a necessary ingredient in many membrane permeation 

events.54 The pure DOPE composition used in our study is not identical to what is found in 

typical mammalian membranes, which contain PE lipids in coexistence with a distribution of 

other lipid species. The use of pure DOPE in a model system, however, limited the number 

of possible oxidation products and allowed us to identify a potentially important structural 

tendency of the PE subphase to change intrinsic curvature upon oxidation.

PE lipids are unique when compared to the more predominant PC phospholipids. For any 

lipid acyl tail, oxidation can result in the addition of a hydroperoxy group and the formation 

of an aldehyde group with tail scission. The amine group of the PE lipid headgroup can 

participate in a condensation reaction with this aldehyde group to form a fluorescent Schiff 

base product.55–57 We hypothesize that it is this last, high-molecular weight product that 

provides the rigidity required to minimize thermal fluctuations for stabilizing such large 

lattice spacing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hydrated 24-h oxidized DOPE lipid. (A) Dried lipid film. (B–F) Hydrated lipid film: (B) 20 

s and (C) 4 min after addition of water, showing a lattice structure (left side) and the lamellar 

phase as vesicles and tubules (right side), followed by transition from the lattice structure 

into tubules (D) 7 min and (E) 8 min after hydration. (F) At 10 min after hydration, tubules 

lifted upward and therefore appeared at higher contrast. Scale bars = 10 μm.
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Figure 2. 
Comparison of lamellar and nonlamellar phases in water. DOPC (Lα phase): (A) dried and 

(B) 5 min after hydration. DOPE (HII phase at room temperature): (C) dried and (D) 5 min 

after hydration. Scale bars = 10 μm.
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Figure 3. 
(A) Hydrated 24-h oxidized DOPE showing the cropped section analyzed through FFT 

(boxed). Scale bar = 10 μm. (B) 2-D fast Fourier transform of a square pattern; the indicated 

reflections correspond to reciprocal lattice vectors a* and b*. The angle between the 

reflections is 90°, and the lattice parameters are a = 628 ± 202 nm and b = 628 ± 217 nm.
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Figure 4. 
SAXS results for oxidized DOPE showing the Im3m phase with a = 14.04 nm (yellow) and 

nonoxidized DOPE showing the inverted hexagonal phase (blue).
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Figure 5. 
Estimating the extent of oxidation with 1H NMR. (A) Molecular structure of DOPE showing 

vinyl protons (blue) and the glycerol proton (red). (B) 1H NMR spectra of oxidized samples 

of DOPE showing the glycerol (5.22 ppm) and vinyl (5.34 ppm) proton peaks, as well as the 

emergence of the shifted vinyl peak (∼5.70 ppm) due to the substitution of an allylic proton 

with a hydroperoxy group. The bottom spectra (red) are of the stock, nonoxidized sample, 

and each successive spectrum was taken after a cycle of evaporating chloroform, heating at 

50 °C for 4 h, and redissolving in deuterated chloroform for 1H NMR spectroscopy. (C) 

Progression of DOPE oxidation with air and heat exposure duration, measured as the 

integration of the vinyl proton peak with respect to the glycerol proton peak from the 1H 

NMR spectrum obtained at each time point. Each data point is averaged from three samples 

oxidized in parallel, with the error bar representing the standard deviation.
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