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Abstract

Neutron reflectometry was used to probe in situ the structure of supported lipid bilayers at the solid—
liquid interface during the early stages of UV-induced oxidative degradation. Single-component
supported lipid bilayers composed of gel phase, dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
and fluid phase, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), phospholipids were
exposed to low-dose oxidative stress generated by UV light and their structures were examined by
neutron reflectometry. An interrupted illumination mode, involving exposures in 15 min increments
with 2 h intervals between subsequent exposures, and a continuous mode involving a single 60 (or
90) min exposure period were employed. In both cases, pronounced differences in the structure of
the lipid bilayer after exposure were observed. Interrupted exposure led to a substantial decrease in
membrane coverage but preserved its total thickness at reduced scattering length densities. These
results indicate that the initial phase during UV-induced membrane degradation involves the
formation of hydrophilic channels within the membrane. This is consistent with the loss of some
lipid molecules we observe and attendant reorganization of residual lipids forming hemimicellar
edges of the hydrophilic channels. In contrast, continuous illumination produced a graded interface
of continuously varied scattering length density (and hence hydrocarbon density) extending 100—
150 A into the liquid phase. Exposure of a DPPC bilayer to UV light in the presence of a reservoir
of unfused vesicles showed low net membrane disintegration during oxidative stress, presumably
because of surface back-filling from the bulk reservoir. Chemical evidence for membrane degradation
was obtained by mass spectrometry and Fourier transform infrared spectroscopy. Further evidence
for the formation of hydrophilic channels was furnished by fluorescence microscopy and imaging
ellipsometry data.

Introduction

Oxidation of membrane lipids, such as following assaults by reactive oxygen species (ROS)
produced during oxidative stress, has been implicated in a number of pathological conditions
(e.g., aging,1 Alzheimer’s disease,2 and apoptosi53’4). A significant body of literature now
establishes the important role of changes to the membrane structure® and corresponding
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physical-chemical properties induced by lipid oxidation. Lipids of differing degrees of
saturation respond differently to oxidative assault. For instance, unsaturated lipids are generally
more prone to direct oxidation via rearrangement or loss of double bonds and in some instances
the degradation of lipid tails. Some examples of membrane reorganizations following oxidation
of lipids include changes in the packing of membrane components,5 lateral quidity,6 domain
reorganization7v8 or molecular redistributions,® increased permeability,10 and membrane
phase behavior. Moreover, some of these membrane reorganizations may also influence the
conformations and thus the functions of selected membrane proteins, which in turn characterize
the pathological condition. Despite the progress these studies portend, our understanding
remains poor of the early sequence of molecular events that trigger membrane remodeling
following an oxidative assault as well as the fate of oxidation products, specifically their
influence on the structure of the bilayer following membrane oxidation.

In this paper, we use neutron reflectometry (NR) to study the behavior of supported lipid
bilayers under mild oxidative stress generated by short-wavelength UV light. Our choices for
the model membrane configuration, characterization method, and oxidative stress-generating
mechanism are influenced by the ease, versatility, and potential for molecular-level
characterization. First, photogenerated reactive oxygen species provide an attractive means for
generating controlled and localized oxidative stress. It is now well-established that illumination
by short-wavelength UV radiation, such as that produced by 187 and 254 nm lines of simple
Hg lamps, produces a highly reactive mixture of potent oxidants in water.11 Specifically, a
combination of singlet molecular oxygen, ozone, and even low concentrations of hydrogen
peroxide can be controllably produced by varying the illumination period and proximity of the
membrane structure to the source. Second, supported lipid bilayers, such as those formed by
surface rupture and spreading of phospholipid vesicles, 12 provide a convenient means to
produce membrane phases of desired chemical compositions and fluidity in a routine manner.
These essentially planar, surface-supported membrane mimics are particularly suited to
neutron reflection measurements for in situ characterization and also for controlled exposure
to UV light. Third, simple contrast adjustment (e.g., replacing H,O by D,0), allows neutron
reflection to offer a very precise means for probing sub-nanometer-scale changes to the
hydrogenated membrane structure.

Moreover, the use of UV light under certain conditions of exposures has recently been shown
to allow complete removal of exposed lipids from the bilayer structure. 1415 This approach
allows a simple and direct route for patterning and compartmentalizing fluid lipid bilayers.
However, the fate of oxidized lipids and the process by which oxidation is initiated remains
poorly understood.

Experimental Section

Sample Preparations

Lipid bilayers are prepared by following the standard é)rocedures for surface-induced rupture
and spreading of small unilamellar vesicles (SUVs).1 1,2-Dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) is dissolved to 0.5 mg/mL in chloroform and then dried under vacuum
for 3 h. Lipids are rehydrated to 0.5 mg/mL in H,0, heated to 50 °C, and sonicated with a
probe-tip sonicator for 60 s at 100 W power. The warm solution is injected into the solid-liquid
interface cell, which is heated on a hot plate. The solid-liquid interface celll’ (Figure 1) is
composed of a monocrystalline quartz slab against a Maycor ceramic piece (Ceramic Products,
Inc., Palisades Park, NJ; containing SiO,/MgO/Al,03/K,0/B,043/F in the weight ratio
46:17:16:10:7:4) with a 0.2-0.3 mm air gap, sealed with an O-ring, and held in place with
clamps and screws. The quartz crystal and Maycor piece are cleaned by rinsing with
chloroform, 2-propanol, and ethanol, and placing in the UV ozone cleaner for 45 min. The
solution of injected vesicles fills the gap between quartz and Maycor in the assembled solid-
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liquid interface cell. The vesicles are allowed to fuse to the quartz and cool to room temperature
for 1 h. Finally, the cell is carefully rinsed with D,O, removing unfused lipid vesicles and
leaving the bilayer behind. D20 is used to provide neutron scattering contrast between quartz,
hydrogenated lipids, and the bulk solution. The same protocol is followed for preparation of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers without heating the lipids
or solid-liquid interface cell. In the case where unfused vesicles are present, this sample was
created from incomplete rinsing of the vesicle solution. Surface coverage for this sample is not
100%, likely resulting from hydrophobic regions on the quartz where the bilayer did not form
(see Results section for additional details).

Prior to UV illumination, the structure, coverage, and overall integrity of the target bilayer are
characterized by neutron reflectometry (NR). A low-pressure Hg lamp housed in a quartz
envelope is used as a source of short-wavelength UV (187-254 nm, 14 W, UVP Light Sources,
Upland, CA). The lamp is placed ~20 mm from the bilayer. This distance is chosen to
considerably limit the flux, allowing study of the initial stages of oxidative damage. A tent of
aluminum foil is used to enclose the lamp and solid-liquid interface cell. The lamp is turned
on for the prescribed exposure time and then turned off, and the sample is measured with NR.
It is important to note that the sample was never disturbed between subsequent exposures and
measurements; thus the footprint of the beam (~50 mm x 8 mm) remains constant in each
experiment. All the NR experiments were performed at room temperature.

Neutron Reflectomery Experiments

Neutron reflectometry (NR) experiments were performed on the surface profile analysis
reflectometer (SPEAR) at the Los Alamos National Laboratory Neutron Science Center
(http://www.lansce.lanl.gov/lujan/instruments/SPEAR/index.html). SPEAR is a time-of-flight
reflectometer with wavelengths 1 = 2-16 A on a polychromatic, pulsed neutron source.
Monocrystalline quartz is chosen for its low neutron and UV absorption, and D,O provides
contrast against hydrogenated lipids. NR measurements are performed by measuring the ratio
of reflected to incident intensity of a collimated neutron beam incident on the sample at a small
angle, 6. This ratio is the reflectivity, R, and is measured as a function of the momentum transfer
vector Q, where Q, = (4x sin #)/4 and A is the neutron wavelength. The reflectivity data is
multiplied by Q,* and plotted versus Q, to compensate for the sharp decrease in the reflectivity
as described by Fresnel’s law: R o Q, 74

The resulting reflectivity data is reduced by use of the incident neutron intensity spectrum.
This data is compared to a model reflectivity profile generated from the Parratt recursion
formalism1® and the model is adjusted via genetic optimization to obtain the best least-squares
fit by the Levenberg—Marquardt nonlinear least-squares method.20 Our philosophy was to use
the simplest possible model of physical relevance because limited maximum momentum
transfer vector values restrict real-space resolution. In all cases, a one-slab model was used to
describe the region containing the hydrogenated bilayer alkyl tails with the occasional addition
of a second slab to describe the interface between the bilayer and bulk D,O. This approach
ignores the hydration layer known to exist at the quartz interface?l and makesan approximation
for the membrane to exclude lipid headgroups because the contrast of these regions is expected
to be low as compared to the contrast provided by the hydrogenated alky!l tails. This
simplification is supported by previous NR studies demonstrating that such approximations do
not introduce significant errors22 in the Q, range measured. The scattering length density
(SLD) distribution is described by a sequence of n slabs, each of constant scattering length
density. Two adjoining layers i and i + 1 are connected by an error function centered at the
interface to describe roughness between adjacent layers. Roughness includes contributions
from static roughness and dynamic undulations.
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Figure 2a shows a schematic of a bilayer at a quartz interface against a bulk D,O subphase. It
is drawn to scale with ~40 A of the membrane’s hydrogenated tails on top of a 5 A water
cushion. The SLD distribution shown in Figure 2b correlates directly to this schematic. The
black curve represents the ideal SLD profile for a one-slab model of a tail region on a quartz
substrate with no roughness between interfaces. The profile begins with the quartz slab at SLD
4.18 x 1078 A2, then introduces one slab extending ~40 A in the z-direction with SLD —0.3
x 1076 A2, and ends with SLD of ~6.2 x 1078 A2 for the bulk D,0 subphase. This profile is
overlain with the fit to a real DPPC bilayer, shown in gray, which has the same characteristics
as the black curve with the addition of roughness at each interface.

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy

ATR-FTIR spectra were collected on a commercial Bruker Equinox 55 Fourier transform
infrared spectrophotometer equipped with a horizontal ATR accessory (Harrick Scientific,
Ossining, NY) and deuterated triglycine sulfate (DTGS) detector (Bruker, Gottingen,
Germany). The mid-IR spectra in the frequency range 4000-600 cm ™1 were obtained at a 4
cm~1 resolution for 60-400 scans by use of a Blackman Harris three-term apodization. The
spectrophotometer was purged with dry air. UV-oxidized Si trapezoids, mounted in a boat
configuration to allow liquid ambients, were used as the internal reflection elements (IREs).
The number of active internal reflections in the IRE was N = 10. Data analysis was performed
with commercial Grams 32 (Galactic Industries, Salem, NH) software.

Before use, the IREs were cleaned by a brief exposure to UV radiation followed by extensive
rinsing in Millipore filtered water. Lipid bilayers were deposited onto IRE elements either by
classical vesicle fusion method or by hydration of lipids spread from organic solvents onto the
IRE.23 The lipid-coated samples were subsequently exposed to UV radiation by use of low-
pressure Hg pen-ray lamps (UVP, Inc.) encapsulated in a quartz tube for an extended duration
(~90 min), and their spectra were recorded in real time. The longer durations were necessary
because of the larger lamp—sample distances required by our illumination conditions and lower
power achieved with the pencil lamps in real-time measurements. Spectra were recorded in
continuous illumination mode.

Fluorescence Microscopy, Imaging Ellipsometry, and MALDI Mass Spectroscopy

Results

Description of the experimental procedures used for these techniques are described in the
Supporting Information. Conditions used were intended to closely match conditions used in
the neutron experiments. Interpretation of the mass spectroscopy results are also found in the
Supporting Information.

For the first experiment set, DPPC bilayers are exposed to oxidative stress-generating UV (1)
for a single 60 min exposure and (2) in increments of 15 min, to a cumulative exposure of 60
min, with 2 h measurements in between each exposure. Resulting reflectivity profiles and SLD
plots are shown in Figure 2. In both cases, the SLD plots (Figure 2d,f) show an increase in
SLD of the bilayer with exposure but little measurable change in membrane thickness. For a
well-formed DPPC bilayer fused at the quartz—D-,O interface, the resulting SLD of the
hydrogenated tails should be slightly less than 0.0 x 10-% A=2, This value is calculated from
the coherent scattering length of elements building the alkyl tails and the volume occupied by
these tails. On the basis of the calculated SLD value, any changes in the fractional occupancy
of lipids on the surface following UV exposure can be estimated by modeling a linear
combination of the volumes of lipid tails and D,O.

J Am Chem Soc. Author manuscript; available in PMC 2009 June 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Smith et al.

Page 5

For the gradual exposure data in Figure 2c,d, the reflectivity is described with a one-slab model
in which the coverage of DPPC on the surface gradually decreases from 100% before exposure
to 93% after 15 min, 91% after 30 min, 85% after 45 min, and 68% after 60 min. This change
in coverage corresponds to an average rate of decrease of 0.5%/min. Figure 2e,f summarizes
single-exposure data. These data cannot be adequately described with a single slab at the quartz
interface, as in the case of gradual exposure. Fitting of NR data requires introduction of a new
region adjacent to the membrane and extending into the bulk solution. This region is much
thicker than the membrane and extends approximately 150 A into the bulk solution. The SLD
of this region is 5.5 x 1078 A2 at the membrane interface and gradually increases to the SLD
of the bulk solution. Further, the integrated SLD of this new region is almost equal to the
integrated decrease of the SLD in the lipid membrane region, which may suggest the
conservation of hydrogenous material in the system. Estimates of coverage of the membrane
show a decrease from 100% to 83% over 60 min of exposure time, amounting to a decrease at
a rate of 0.3%/min.

A second set of experiments was performed on a DPPC bilayer with excess vesicles adsorbed
to the bilayer interface. This sample is obtained by limiting rinsing of the vesicle solution after
bilayer formation (see Experimental Section for details). In this case, the underlying target
bilayer occupies approximately 80% of the surface. The reflectivity profile confirms the
essential features of this configuration; specifically, the presence of unfused vesicles is revealed
by small fringes at low Q;, indicative of a long length scale (Figure 3a,b). These fringes
correspond in the SLD profile to an additional slab extending 600 A into the D,O subphase.
During exposure to UV in increments of 15 min, (i) the thickness of the membrane remains
constant; (ii) the extended region at the membrane interface dissipates; and (iii) the SLD of the
membrane region remains relatively constant, corresponding to its initial coverage of ~80%.

A third set of experiments examines oxidative stress-induced changes in the behavior of the
unsaturated lipid POPC. Bilayers of POPC were exposed to UV (1) in increments of 15 min,
up to a cumulative 60 min exposure, and (2) for a single 90 min exposure. Results are similar
to those obtained with bilayers of DPPC. In both cases, SLD increases with exposure and the
thickness of the bilayer remains constant (Figure 4b,d). The increase in SLD corresponds to a
decrease in coverage of POPC on the substrate. Initial membrane coverage is ~100%, reducing
to 92% after 15 min, 78% after 30 min, 52% after 45 min, and 47% after 60 min. This change
in coverage corresponds roughly to an average rate of decrease of 1.0%/min. For single
exposure, the coverage decreases from 100% to 40% after 90 min, corresponding to an average
rate of 0.7% per minute. As in the DPPC case, the single long exposure introduces a graded
interface region, as indicated by the requirement of an additional slab to adequately fit the data.
In this case, the graded interface region begins at 5.85 x 108 A=2 and reaches the bulk SLD
at 6.2 x 1076 over approximately 100 A. Favorable contrast conditions between the remains
of the POPC bilayer and the graded interface region make it possible to see the latter with NR,
as evidenced by an additional interference fringe with a minimum at ~0.075 A1 in Q, (Figure
4c).

The fourth set of experiments repeated UV exposures of DPPC and POPC bilayers where the
pure D,0 subphase was replaced with 0.1 M solutions of known antioxidants, o-mannitol and
L-ascorbic acid.2%25 During single exposure of a POPC membrane in the presence of .-
ascorbic acid, the coverage decreased only 8% in 60 min at an average rate of 0.13%/min. For
DPPC membranes, -ascorbic acid slowed the average rate of decrease in membrane coverage
for gradual exposure to 0.2%/min and slowed continuous membrane exposure to 0.26%/min.
Measurements with o-mannitol solution proved unreliable in comparing membrane coverage
because exposure populated the surface with microbubbles.
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FTIR experiments were performed to examine the change in chemical structure of wet DPPC
during UV-induced oxidative stress. Results summarized in Figure 5 show the exposure
dependent variations in characteristic peaks associated with methyl (2873 and 2956 cm™1),
methylene (2850 and 2918 cm™1), and carbonyl (1738 cm™1) vibrational mode absorptions.
All three peaks display continuous and gradual decay in integrated intensities following UV
exposure (Figure 5b), consistent with corresponding removal of material from the surface. [The
precise value of the intensity depends on both the vibrational mode cross-sections of
degradation products and their surface occupancies. As a result, a quantitative determination
of the loss of material is not possible.].

Discussion

These experiments attempt to understand the effects of oxidative stress in its very early stages
of assault on the membrane. We have targeted specific membrane components, saturated and
unsaturated lipid types, and studied two modes of oxidative attack, continuous and interrupted,
to distinguish how these different characteristics impact bilayer integrity and composition
under oxidative stress. An additional case was also introduced to study the influence of a
reservoir of unfused vesicles on the membrane during exposure. From these results we can
draw conclusions about UV-induced structural perturbations in the lipid bilayer, develop
plausible models for oxidative reorganization, and elucidate the dependence of these
mechanisms on chain saturation and mode of oxidative attack.

Photoinduced Oxidative Stress Produces Membrane Permeabilization and Pore Formation

The first significant results to consider are that (i) bilayer thickness remains constant as a
function of oxidative stress and (ii) membrane scattering length density increases with
increasing exposure time. The increasing SLD allows calculations of membrane coverage as
a function of oxidative stress and average rates of decrease in coverage, as discussed above.
Additionally, independent verification of loss of material in the membrane was obtained by
FTIR and mass spectroscopy. Gradual and continuous loss of infrared absorption intensities
due to methylene, methyl, and carbonyl vibrational modes, as seen with FTIR, suggests that
fragments of these materials are being lost from the surface. Comparison of the spectra for
control and exposed samples obtained with matrix-assisted laser desorption/ionization (MAL-
DI) mass spectroscopy show that the signature for the intact DPPC molecule has virtually
disappeared in the exposed case (see spectra in Figure S1 of the Supporting Information). Also,
the appearance of new peaks suggests cleavage of the headgroup from the tail. The presence
of numerous smaller fragments is consistent with further fragmentation of the lipid tails. From
these observations it is clear that the membrane degrades gradually over time. This loss of
membrane material must produce energetically unfavorable densities within the bilayer.
Because the resultant membrane coverage following the oxidative degradation is significantly
lower than that required for membrane lysis (~2—8%),26 it seems reasonable that the bilayer
undergoes molecular rearrangements in response to the changing balance of van der Waals,
hydration, and hydrophobic forces. These rearrangements lead to effective permeabilization
of the membrane bilayer by creating D,O-filled hydrophilic pores (Figure 6). Such formation
of water channels is a generic mechanism seen in biological membranes experiencing electrical
or physiological attack or when viral interactions occur.27:28 The formation of pores in the
membrane is further supported by wide-field fluorescence microscopic measurements. Here,
single POPC bilayers doped with 1 mol % Texas red-conjugated DHPE lipid is exposed to UV
for 3 min. Short exposure times used in these experiments were necessary to match conditions
of 30-60 min time intervals in NR and FTIR measurements because of the use of a high-
intensity grid lamp in closer proximity to the sample surface as compared with the lower power
pen lamp required for FTIR and neutron reflectivity experiments. These results, summarized
in Figure 7, clearly show the appearance of numerous randomly distributed black spots several
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micrometers wide. Further characterization of these nonfluorescent features by imaging
ellipsometry data confirms the loss of material from the membrane during UV irradiation (data
not shown).

Prolonged Stress Forms Stable Graded Interface

The second significant result is the development of the graded interface during continuous
oxidative assault (as opposed to interrupted). This new region, required to adequately fit the
data in cases of both continuous exposure of DPPC and POPC, is more than 3 times the
thickness of the membrane itself and has considerable roughness, creating a gradient to the
bulk solution. The SLD of this region is lower than D,0O but greater than that of the membrane.
This suggests the presence of either hydrogenated residues or air bubbles, though it is unlikely
that air bubbles of this size would be stable at the interface and survive the high Laplace
pressure. Thus, a plausible explanation is that lipid fragments in the proximity of the membrane
occupy this region. We do not understand the mechanism leading to formation of this region
and why this region is easily discerned in the case of continuous exposure but not apparent in
the interrupted one. A graded interface may exist in the case of interrupted exposure as well,
but because less material is lost and an additional slab in this region would have an SLD very
close to that of water, it would not be detected due to lack of contrast.

Together, these two results help to describe the early stages of oxidative assault when the
membrane maintains structural integrity. This description of the UV-induced structural
perturbations and the model for oxidative reorganization then lend themselves to understanding
the membrane behavior when a reservoir of excess vesicles is present on the surface of the
target bilayer during oxidative assault.

Excess Vesicles Minimize Membrane Deterioration during Oxidative Assault

The third significant result is seen during photoillumination in the presence of a reservoir of
unfused vesicles. The unexposed SLD profile exhibits two length scales consistent with (i) a
bilayer occupying 80% of the surface and (ii) unfused vesicles. During oxidative assault, the
membrane thickness, SLD, and coverage remain surprisingly constant despite incomplete
membrane coverage before assault. The large length scale dissipates, indicating that the vesicle
reservoir is no longer present. One plausible explanation for this result is that normal oxidative
assault occurs on the membrane, via the process described earlier; however, the unfused
vesicles act as a source of lipids to repopulate regions of the membrane depleted from the
oxidative degradation and perhaps shield the bilayer from further oxidative damage.

Chain Saturation and Mode of Photoillumination Influences Oxidative Damage

Further information about how oxidative damage occurs is gleaned from comparison of average
rates of decrease in membrane coverage. While these exact values are subject to many
experimental considerations, the trend in these rates is instructive. First, the rate of decrease
in surface coverage is 20-30% faster with interrupted exposure than continuous exposure. This
effect can be explained by oxidized membrane materials remaining in proximity to the
membrane, as seen by the graded interface in the case of continuous exposure, and thus
shielding the underlying membrane from further oxidation. Second, coverage decreases faster
for the unsaturated lipid POPC than saturated DPPC. These results are expected from the lower
packing density of POPC lipids, which accelerates the diffusion rate of reactive oxygen species
within the membrane. Moreover, the presence of double bonds also makes POPC far more
susceptible to oxidative attack than saturated lipids below their transition temperature.
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ROS Scavengers Minimize Membrane Degradation

The introduction of scavengers of reactive oxygen species into the subphase during oxidative
assault slowed the average decrease in membrane coverage as a function of exposure in
experiments of both gradual and continuous exposure of DPPC and POPC membranes. These
scavengers have been previouslgl demonstrated to mitigate the effects of oxygen radical-
generated damage on DNA.24.25 The most pronounced effect was visible in POPC
membranes, which is expected because POPC is in the fluid phase at room temperature while
DPPC isinthe gel phase. For a POPC membrane, the 0.1 M solution of .-ascorbic acid virtually
halted membrane degradation, slowing the average rate of decrease in membrane coverage by
81% to 0.13%. For DPPC membranes, .-ascorbic acid slowed the average rate of decrease in
membrane coverage for gradual exposure by 60% and slowed continuous exposure degradation
by approximately 13%. The effect of this antioxidant in mitigating membrane damage provides
further evidence for UV-generated ROS in solution.

Conclusion

Using a model configuration of supported lipid bilayers at the solid-liquid interface, UV-
generated oxidative stress, and NR to probe the structure of the system, we mimic the very
early stages of oxidative assault on a lipid biomembrane. We conclude that, during early phases
of membrane degradation, the net molecular membrane density decreases while residual
material maintains a normal bilayer motif. These two results in conjunction with models of
membrane lysis are reconciled by membrane permeabilization due to water channel formation.
NR also detects an unusual graded interface at the membrane—water interface during
continuous exposure. We hypothesize that the composition of this extended interface region
appears to be a gradient of oxidized material into bulk solution. When a lipid reservoir, in the
form of unfused vesicles in proximity to the membrane, is present, we find a measurably
reduced rate of membrane oxidation. This is consistent with membrane repopulation afforded
by the lipid reservoir. Finally, unsaturated lipids oxidize faster than saturated lipids, as indicated
by faster rate of decrease in coverage in the former case, and the presence of antioxidant .-
ascorbic acid slows the rate of decrease in coverage in all cases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic of the solid—liquid interface cell used in neutron reflectometry measurements. A
quartz slab is clamped against a Maycor piece with a 0.2—-0.3 mm gap for fluid. The neutron
beam penetrates through the lateral face of the quartz slab to reach the interface where the
target bilayer resides. Illumination by UV light occurs through the quartz slab. Absorption of
UV light at wavelengths 187 and 254 nm through the 10 mm thick monocrystalline quartz used
in these experiments is 76% and 45%, respectively.
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(@) Lipid bilayer membrane at the quartz—D,0 interface; (b) corresponding model of the SLD
distribution of this membrane using a one-slab model. Gray and black profiles show the SLD
distribution with and without accounting for roughness at the interfaces, respectively. Similar
profiles have been used to fit to the data for pure DPPC or POPC bilayers in the incremental
exposure experiments. (c, €) Neutron reflectivity data obtained for incremental and single
exposure of DPPC bilayers to UV, respectively; (d, f) corresponding SLD profiles. In panels
c—f, increasing exposure time is shown in decreasing shades of gray, with no UV exposure in
the darkest color. In both cases, the bilayer thickness remains constant with exposure and the
SLD increases, indicating a decrease in bilayer coverage. Modeling of the single-exposure data
requires an extra slab resulting in a graded interface region as seen in panel f.
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Figure 3.

(a) Neutron scattering profiles for incremental UV exposure of the DPPC bilayer with the
reservoir of unfused vesicles; (c) corresponding SLD profile obtained from the fitting
procedure. (b) Enlargement of the region at low Q, where the signature of unfused vesicles is
present, as indicated by the small fringes; (d) enlargement of the membrane region only,
demonstrating almost no change in SLD of the bilayer. In all plots, increasing exposure time
is shown in decreasing shades of gray, with no UV exposure in the black traces.
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(a, ¢) Neutron reflectivity profiles obtained for incremental and single exposure of POPC
bilayers to UV, respectively; (b, d) corresponding SLD profiles. In all plots, increasing
exposure time is shown in decreasing shades of gray, with no UV exposure for the black traces.
In both cases, bilayer thickness remains constant with exposure and SLD increases, indicating
a decrease in bilayer coverage. Note that the rate of decrease in coverage in the case of POPC
is substantially higher than in the case of DPPC. Modeling of the single-exposure data requires
an extra slab resulting in a graded interface region as seen in panel d.
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Figure 5.

(a) FTIR spectra for a single DPPC bilayer, acquired at 5-10-min intervals during exposure to
UV. The arrow indicates the direction of increasing exposure time, in increments of 5 min to
a cumulative 40 min and in increments of 10 min to a cumulative 100 min. (b) Decreasing
integrated intensity of three peaks as a function of time. (o) Methylene absorptions, 2918
cm™1; (x) methyl absorptions, 2956 cm™1; (o) carbonyl absorptions, 1738 cm™L. Decreasing
intensity indicates that degradation is continuous throughout exposure.
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Schematic of the oxidation process occurring during exposure of the bilayer to UV. (a) The
membrane is exposed to UV in the range 1 = 184-257 nm. (b) Reactive oxygen species (ROS)
enter the membrane and lipid fragments enter solution. (c) The membrane is rearranged to yield
pores where D,0O enters.
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Figure 7.
(a) Fluorescent micrographs were collected of a POPC bilayer, deposited via vesicle fusion,

containing 1% Texas Red DHPE. (b) The bilayer was exposed to UV for 3 min and reimaged.
After this UV exposure period, black spots appear in the membrane, indicative of the formation

of pores.
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