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ABSTRACT: To optimize the compositions of the lipid-based nanomedicine and to
advance understanding of the roles of polyunsaturated phospholipids in biological
membranes, this study examined the effects of polyunsaturated phospholipids on the
degradation of giant unilamellar vesicles catalyzed by a secreted phospholipase A2
(sPLA2) using fluorescence microscopy. Molecular interfacial packing, interaction, and
degradation of the films containing various mixing ratios of saturated and polyunsaturated
phospholipids were quantified using a Langmuir trough integrated with synchrotron X-ray
surface scattering techniques. It was found that a high molar fraction (0.63 and above) of
polyunsaturated phospholipids not only enhanced the rate of sPLA2-catalyzed vesicle
degradation but also changed the vesicle deformation process and degradation product morphology. Hydrolysis of the saturated
phospholipids generated highly ordered liquid crystal domains, which was reduced or prohibited by the presence of the
polyunsaturated phospholipids in the reactant film.

■ INTRODUCTION

Phospholipids predominant in most biological membranes
have at least one unsaturated bond in their alkyl tails.
Polyunsaturated phospholipids are those with two or more
double bonds in at least one alkyl tail, which are abundant in
membranes of the nervous system and retina.1−3 Phospholi-
pase A2 (PLA2) is a superfamily of enzymes that catalyze the
hydrolysis of sn-glycero-3-phospholipids, generating equimolar
lysophospholipids and fatty acids. Secreted PLA2 (sPLA2) is
one of the major categories of PLA2 and is widely present in
the venoms of insects and reptiles and in the tissues of
mammals.4−6 sPLA2 plays important roles in membrane
remodeling, lipid regulation, and cell signaling,6 and its
dysregulation has been related to a variety of diseases,7,8

such as inflammatory diseases9 and cancers.10,11 To date, most
research on sPLA2 has been focused on the enzyme-catalyzed
degradation of saturated phospholipids. A few studies have
examined the degradation of monounsaturated phospholipids
(with only one double bond in at least one alkyl tail) catalyzed
by sPLA2, finding that inclusion of monounsaturated
phospholipids increased membrane fluidity and reduced the
degradation latency time of sPLA2.

12,13 Most studies on
polyunsaturated phospholipids are based on detection of their
functions in cell membrane regulation, such as increasing
membrane disorder and fluidity,14−17 promoting vesicle fission
and enhancing cell endocytosis,1 facilitating formation of
lateral domains on membranes, and modulating membrane
protein functions.18−20 Although effects of polyunsaturated
phospholipids on membrane properties and degradation may
be qualitatively extrapolated from the studies of monounsatu-

rated phospholipids, the common presence of polyunsaturated
phospholipids in biological processes suggests that polyunsatu-
ration has unique functions and quantification of their effects
on molecular packing and interaction is necessary.
Furthermore, sPLA2-catalyzed degradation of phospholipids

with sn-2 polyunsaturated alkyl chains generates polyunsatu-
rated fatty acids, which are crucial in many physiological
processes and in modulation and prevention of diseases.21,22

For example, docosahexaenoic acid helps the brain to maintain
its structures and functions,23 and arachidonic acid (AA) is
involved in cell signaling and important in defending against
inflammatory diseases.24−26 However, molecular interactions
of polyunsaturated lipids with sPLA2 have rarely been
systematically investigated. Therefore, the need to understand
its role in related physiological and pathological processes gives
impetus to the quantitative investigation of the degradation of
polyunsaturated phospholipids catalyzed by sPLA2.
The intrinsic level of sPLA2 related to certain diseases can be

exploited for diagnostic purposes and as therapeutic strategies
for treating these diseases.5 Intrinsic sPLA2 overexpressed in
diseases (such as inflammation diseases and several types of
cancer) may be employed as a trigger to facilitate the targeted
release of drugs from lipid-based drug delivery systems,
increasing drug efficacy and reducing side effects.27−29 To
achieve the goal of rapid release in the target areas, many
current designs of liposomes contain negatively charged lipids
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that have been reported to enhance liposome degradation
catalyzed by several sPLA2 isoforms. However, negatively
charged liposomes may also activate the complement system
and reduce liposome circulation time.30,31 An alternative
method is to include unsaturated phospholipids in membranes
to increase fluidity and enhance degradation.32,33 Compared to
monounsaturated phospholipids, polyunsaturated phospholi-
pids exhibited stronger disturbance of lipid membrane
structures and greater enhancement of the catalytic activity
of sPLA2.

34 However, their applications in drug delivery
systems have not been systematically explored.
In this study, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine

(DPPC) and 1,2-dilinoleoyl-sn-glycero-3-phosphocholine
(DLPC) were employed as model saturated and polyunsatu-
rated phospholipids. Molecular structures and hydrolysis of
DPPC and DLPC are presented in Figure S1 of the Supporting
Information. DPPC, a saturated phospholipid, has been
intensively used as a substrate in different lipid assemblies to
study the catalyzed activity of sPLA2.

35−41 DLPC has two cis-
carbon double bonds in each tail. One of its degradation
productslinoleic acid (LA)is a polyunsaturated omega-6
fatty acid, one of the two essential fatty acids for human health
and one of the main sources for biosynthesis of AA.42

In the present work, evolution of giant unilamellar vesicles
(GUVs) consisting of DPPC and DPPC−DLPC mixtures
upon addition of sPLA2 was monitored under fluorescence
microscopy. X-ray reflectivity (XR), which provides informa-
tion on molecular organization across the interface, and
grazing-incidence X-ray diffraction (GIXD), which reveals the
two-dimensional crystal structures at the interface, were
applied to characterize the interfacial structures of the
monolayers before and after sPLA2-catalyzed degradation.

■ MATERIALS AND METHODS
Materials and Reagents. DPPC, DLPC, and 1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt) (DPPE−Rhod, Ex/Em 560/583 nm) were
purchased from Avanti Polar Lipids. Palmitic acid (PA, ≥99%), LA
(≥99%), sPLA2 from honey bee venom (Apis mellifera), calcium
chloride dihydrate, hydrochloric acid, organic solvents (including
acetonitrile, chloroform, ethanol, and methanol), and indium tin oxide
(ITO)-coated glass slides (25 mm × 25 mm × 1.1 mm) with a surface
resistivity of 8 to 12 Ω/sq were purchased from Sigma-Aldrich. Tris
base was purchased from Fisher. Water used in all experiments was
deionized to 18.2 MΩ (MILLIPORE). All chemicals were used as
received.
GUV Preparation. The phospholipids were dissolved in chloro-

form with 5 vol % acetonitrile at a 5 mM lipid concentration and
stored at −20 °C. The phospholipid mixtures contained 0.5 mol %
DPPE−Rhod to provide a fluorescent contrast. GUVs were generated
based on a modified electroformation method.43−45 Specifically, a thin
uniform coating of phospholipids was prepared on an ITO-coated
glass slide by spreading 200 μL of phospholipid solution on the
conducting side of the ITO-coated glass slide and then spinning the
glass slide at 600 rpm for 4 min (Laurell Technologies). The residue
solvent was removed by placing the lipid-coated glass slide in an oven
with nitrogen at 50 °C for 2 h. A chamber was formed by placing
another ITO glass slide over the lipid-coated ITO glass slide separated
by an O-ring (ID 0.614 in. and OD 0.754 in., McMaster-Carr)
(Supporting Information, Figure S2). The chamber was filled with
degassed 0.5 mM Tris buffer, which was preheated to 50 °C.
Subsequently, a 1 V, 10 Hz ac field was added to this chamber for 1.5
h at 50 °C. After electroformation, the GUV samples were maintained
in the sealed chamber at 50 °C for 30 min and then gently collected
using a glass pipette.

Observation of GUV Degradation Catalyzed by sPLA2. For
imaging, 10 μL of the GUV suspension was placed on a glass slide and
observed using an epifluorescence microscope (Zeiss Observer, D1-
AX10). The incident light was provided by an X-Cite series 120 Q
bulb with a TEXAS RED filter (Ex/Em 565/620 nm). For GUV
degradation, 20 μL of a solution of sPLA2 in 0.15 mM CaCl2 and 0.5
mM Tris buffer was added to the GUV suspensions at various sPLA2
concentrations. The mixture was immediately pipetted back and forth
a few times to ensure homogeneous mixing. GUV degradation was
recorded for 15 min by an AxioCam MRm camera (Zeiss) with a 40×
air objective (LD Plan-NEOFLUAR 40×). The temperature of the
sample stage was maintained at 23 °C by a Linkam controller during
the measurements.

Quantification of Molecular Packing at the Gas−Liquid
Interface. Characterization of the molecular packing structures of
lipid films at the gas−liquid interface was done using XR and
GIXD.46−48 Measurements were performed at the National Science
Foundation’s ChemMatCARS (15-IDC beamline) at the Advanced
Photon Source user facility of Argonne National Laboratory. The X-
ray wavelength was 1.24 Å. The lipid films were formed on a
customized Langmuir trough (78 × 177.6 mm) with a single barrier
and a subphase stirring system. The trough was enclosed in a gas-tight
box. The interfacial tension was measured by a Wilhelmy plate
(paper) hooked to a wire that was attached to an electronic balance
(KSV NIMA, Biolin Scientific). X-ray data were collected by a Pilatus
100 K area detector. All experiments were conducted at a controlled
temperature of approximately 22.7 °C. Before each experiment, the
trough was cleaned and filled with 65 mL of buffer solution (5 mM
CaCl2 8 mM Tris pH 7.4). The cleanliness of the surface was verified
by monitoring the surface pressure whose fluctuation should be less
than 0.2 mN m−1 during the entire change of the surface area. After
20 μL of a freshly prepared lipid solution was spread at the gas−liquid
interface, the gas-tight box containing the trough was immediately
sealed and purged with helium gas until the oxygen concentration
inside the box was less than 1%. The surface pressure−mean
molecular area isotherms of the lipid monolayers were monitored
during the compression until the monolayers collapsed.

For the X-ray measurements, the films were compressed by the
barrier at a rate of 5 cm2 min−1 until the surface pressure reached a
target value of either 25 or 10 mN m−1. After completion of both XR
and GIXD measurements on the lipid films, the barrier position was
fixed to keep the surface area constant. With a quick action, the box
was opened to inject 32.5 μL of 20 μg mL−1 sPLA2 solution into the
subphase, the final concentration of sPLA2 in the subphase was 10 ng
mL−1. The box was then resealed and purged with helium. The
subphase was gently stirred for 1 h to achieve a homogeneous
distribution of the enzyme. An additional hour was allowed for film
degradation to reach a quasi-equilibrium state. XR and GIXD
measurements were then conducted on the degraded films at a
constant surface area.

Model Fitting of X-ray Data. XR measures the electron density
profile ρ(z) produced by the lipid film across the gas−liquid interface.
The intensity of the reflected X-rays is measured as a function of the
scattering vector normal to the interface: Qz, given by (4π sin θ)/λ,
where θ is the angle of incidence relative to the surface and λ is the X-
ray wavelength. The normalized X-ray reflectivity was obtained
through dividing the reflected intensity R by the Fresnel reflectivity RF
produced by the ideal flat bare gas−liquid interface. The normalized
X-ray reflectivity was fitted using a box model to describe the electron
density profile of the lipid film as follows49
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where ρi is the electron density of the ith slab, ρ0 is the electron
density of the subphase, N is the number of slabs needed to describe
the lipid film across the interface (N = 2 in our models), and zi is the
position of the ith interface. A smooth varying electron density
transition between consecutive slabs is represented by a sum of the
error functions in which σ is the overall roughness of the film.
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GIXD was presented as a function of both horizontal wave vector
Qxy (parallel to the interface) and vertical wave vector Qz.

47,48

Integrating the intensities over the entire Qz range of the two-
dimensional GIXD curves produced Bragg peaks, which were fitted
using Gaussian functions to reveal the two-dimensional lattice
structures of the molecules at the interface. By integrating the
intensity over Qxy, Bragg rods were obtained. The Bragg rods were
then fitted using the distorted wave Born approximation (DWBA),50

and information on the tilting angle of the ordered molecules was
obtained.

■ RESULTS AND DISCUSSION
GUV Degradation Kinetics and Morphology Changes.

Including polyunsaturated phospholipids in the membranes
not only enhanced the vesicle degradation rates but also
changed the deformation phenomena and degradation product
morphology. Typical images of the degradation evolution of
DPPC and DPPC−DLPC GUVs (with a DLPC fraction of
xDLPC = 0.63) at two different concentrations of sPLA2 are
presented in Figure 1. At a low sPLA2 concentration (0.1 μg

mL−1), the DPPC GUVs retained their size and morphology
(top row of Figure 1A). When the sPLA2 concentration was
increased 50-fold (to 5 μg mL−1), many GUVs shrank and
membrane defects with well-defined boundaries and sharp
corners (indicated by the red arrows) appeared on the
membranes (bottom row of Figure 1A). The vesicles then
further decayed to bright, crystal-like clusters, which were
likely to be the highly ordered PA−Ca2+ complexes.51

Degradation of DPPC−DLPC GUVs in the presence of
sPLA2 was found to be different from those of DPPC GUVs.
DPPC−DLPC GUVs attained a transient irregular shape when
exposed to a low sPLA2 concentration (0.1 μg mL−1) but
relaxed back to the original spherical shape (top row of Figure

1B). At a 50-fold higher enzyme concentration, most of the
DPPC−DLPC GUVs quickly burst to form bright aggregates
and small dots (bottom row of Figure 1B). However, these
bright aggregates were unlikely crystal structures, as no obvious
line-structure or sharp edges were detected as those in DPPC
GUVs. The control experiments were conducted under the
same conditions except the absence of the enzyme, which ruled
out the possibility of significant size or morphology change in
GUVs due to osmotic pressure (Figure S3 of the Supporting
Information).
Upon addition of sPLA2, the degradation path was dictated

by the kinetics of enzyme adsorption and lipid degradation
(reaction kinetics) followed by the transport kinetics of the
reaction products into the solution and the molecular
reorganization within the membrane. At a low enzyme
concentration, the reaction was slow, having little effect on
the shape of the vesicles. However, at a high enzyme
concentration, the fast reactions and quick loss of lysophos-
pholipids from the GUVs resulted in shrinking or bursting of
the GUVs.40,52 Polyunsaturated phospholipids affected the
degradation process in two ways: (1) polyunsaturated
phospholipids packed loosely, allowing the enzyme to adsorb
more readily and resulting in faster vesicle degradation, and (2)
degradation products of the polyunsaturated phospholipids
disrupted crystal structure formation.
Multiple GUVs were observed and statistically analyzed. The

difference between degradation of DPPC−DLPC GUVs and
DPPC GUVs became clearer in a comparison of the statistical
distribution of the observed conditions for the same elapsed
time, as a function of sPLA2 concentrations (Figure 2). The
correlation between the degradation kinetics and sPLA2
concentration was nonlinear, as the concentrations of sPLA2
were plotted as individual conditions instead of on a linear
scale (Figure 2). In comparison to DPPC GUVs, the DPPC−
DLPC GUVs required a lower concentration of sPLA2 to
achieve a high proportion of structurally deformed vesicles at
the same elapsed time. Figure 2 shows not only a different
distribution of degradation results between the two types of
GUVs but also different degradation phenomena.

Quantification of Interfacial Organization of Lipid
Monolayers at the Gas−Liquid Interface. In order to
understand at the molecular level how polyunsaturated
phospholipids affected lipid packing in mixed membranes of
DPPC and DLPC and how lipid packing in turn affected the
way in which sPLA2 catalyzed their degradation, we studied
representative lipid monolayer films at the gas−lipid interface.
Surface pressure−mean molecular area isotherms of mono-
layers of DPPC, DLPC, and mixtures of DPPC and DLPC
(xDLPC = 0.2, 0.4, and 0.63) at the gas−liquid interface are
presented in Figure 3A. When compressed, the DPPC film
transitioned from a liquid-expanded (LE) phase to a
coexistence state of liquid-expanded and condensed (LE-C)
phases. Upon further compression, the LE-C phase transi-
tioned to a single condensed (C) phase.53 Introducing DLPC
in the monolayer produced more fluid films, as the monolayer
compression isotherm curves shifted to a larger mean
molecular area at the same surface pressures, the span of the
LE phase became significantly broader, and the LE-C
coexistence region occurred at higher surface pressures.
When the molar fraction of DLPC was 0.63 or higher, the
films collapsed before reaching the condensed phase. The
shifting of isotherms to a higher mean molecular area and the
disappearance of the LE-C transition phase resulting from the

Figure 1. Images of DPPC and DPPC−DLPC GUVs during their
degradation upon mixing with sPLA2 at 23 °C. (A) Evolution
sequences of DPPC GUVs after mixing with 0.1 μg mL−1 sPLA2 (top
row) and 5 μg mL−1 sPLA2 (bottom row), representing typical types
of GUV degradation. The red arrows point to defects formed on the
membrane. (B) Evolution sequences of DPPC−DLPC GUVs (with a
DLPC fraction of xDLPC = 0.63) after mixing with sPLA2 at 0.1 (top
row) and 5 μg mL−1 (bottom row), representing typical types of
vesicle degradation. The time (in minute) after mixing with sPLA2 is
displayed in the upper right corner of each frame. The scale bar in all
frames is 20 μm. Exposure times were autoadjusted to provide the
best contrast. Details of the imaging process are presented in Table S1
of the Supporting Information.
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presence of DLPC in the monolayers were also observed when
monounsaturated phospholipids were added to saturated
phospholipid monolayers.54

To track the lipid molecular packing in more detail, XR and
GIXD measurements were conducted on the DPPC, DLPC,
and DPPC−DLPC films at the gas−liquid interface. The XR
results are presented in Figure 3B, and the corresponding
electron density profiles are shown in the inset. The structural
parameters from fitting the data are reported in Table 1.
Increasing the molar fraction of DLPC progressively thinned
the overall films by about 4 Å and lowered the average electron
density of tails by about 8% until the molar fraction of DLPC
reached 0.63. A further increase of the molar fraction of DLPC
in the lipid films beyond 0.63 showed limited effects on the
interfacial packing of the films.
GIXD spectra revealed that incorporation of DLPC into

DPPC films decreased the Bragg peak intensity, which
indicated a decrease in the total surface coverage of the
DPPC condensed domains (Figure 3C). The peak positions
and widths of the Bragg peaks and Bragg rods of the DPPC
and the DPPC−DLPC (xDLPC = 0.2 and 0.4) monolayers were
similar, suggesting a similar lateral packing structure in the
DPPC condensed domains (with the structural parameters
listed in Table S2). When the molar fraction of DLPC in the
lipid film reached 0.63 at 25 mN m−1, no DPPC condensed
domain was detectable at the gas−liquid interface and no
further change in the overall packing structure of the film was
observed. Similar trends were observed when more DLPC was
present in the mixture of DPPC with 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) films: smaller condensed phase
domains with less total surface coverage appeared when the
molar fraction of DOPC in the films was increased.54,55 The

Figure 2. Statistical analysis of degradation results of (A) DPPC GUVs and (B) DPPC−DLPC GUVs (xDLPC = 0.63) as a function of sPLA2
concentration within 10 min after mixing with sPLA2 at 23 °C. The percentage shown is the average of the values from at least three independent
experimental measurements. In each experiment, at least five vesicles were recorded. The total numbers of DPPC GUVs counted at 0.1, 1, 5, and 10
μg mL−1 sPLA2 were 35, 44, 45, and 38, respectively. The numbers of DPPC−DLPC GUVs counted at 0.1 and 1 μg mL−1 sPLA2 were 28 and 31,
respectively. All the DPPC−DLPC GUVs consistently degraded rapidly after mixing with 5 and 10 μg mL−1 sPLA2.

Figure 3. Effects of polyunsaturation on interfacial organization of
lipid monolayers. (A) Surface pressure−mean molecular area curves
of DPPC, DLPC, and DPPC−DLPC (xDLPC = 0.2, 0.4, and 0.63)
monolayers at the gas−liquid interface. The legend indicates the
molar fractions of DLPC in the monolayers. (B) Normalized
reflectivities of DPPC, DLPC, and DPPC−DLPC (xDLPC = 0.2, 0.4,
and 0.63) monolayers at 25 mN m−1 at the gas−liquid interface. The
structural parameters from fitting the curves are listed in Table 1. The
inset presents the electron density profiles across the interface; the
same colors are used for the same sets of data. The electron density
profiles were aligned at the zero position where lipid tail and head
were connected (indicated by the vertical black dashed line). (C)
GIXD Bragg peaks of DPPC, DLPC, and DPPC−DLPC (xDLPC = 0.2,
0.4, and 0.63) monolayers at 25 mN m−1 at the gas−liquid interface.
The baseline of the DPPC and DPPC−DLPC (xDLPC = 0, 0.2, and
0.4) monolayers was shifted by −20000 counts to compare the peak
positions and relative intensities.

Table 1. Structural Parameters from Model Fitting of X-ray Reflectivity Curves for DPPC, DLPC, and DPPC−DLPC (xDLPC =
0.2, 0.4, and 0.63) Monolayers at a Constant Pressure of 25 mN m−1 at the Gas−Liquid Interfacea

xDLPC 0 0.2 0.4 0.63 1
σ0 (Å) 3.5−0.1

+0.1 3.1−0.1
+0.1 3.1−0.2

+0.3 3.3−0.3
+0.3 3.3−0.4

+0.3

dhead (Å) 8.7−1.4
+0.7 8.6−1.3

+0.7 9.5−2.6
+1.2 8.0−3.0

+1.8 7.6−2.6
+2.7

ρhead (e Å−3) 0.454−0.008
+0.017 0.433−0.003

+0.013 0.415−0.007
+0.023 0.422−0.016

+0.050 0.425−0.022
+0.046

dtail (Å) 15.5−0.5
+0.7 14.4−0.5

+0.6 12.6−0.7
+1.4 12.1−1.0

+0.2 12.1−1.3
+1.5

ρtail (e Å−3) 0.330−0.004
+0.004 0.320−0.004

+0.004 0.316−0.007
+0.010 0.304−0.01

+0.01 0.305−0.017
+0.012

aThe electron density of the aqueous phase was 0.334 e Å−3. The error bar of each parameter was calculated based on one standard deviation from
the best fitted value.
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critical molar fraction of the monounsaturated DOPC, above
which no detectable condensed domains appeared, was about
0.7, reasonably higher than that for DLPC.54,55

Molecular Packing Structures of the Films after
sPLA2-Catalyzed Degradation. The molecular organiza-
tions of DPPC, DLPC, and DPPC−DLPC (xDLPC = 0.2, 0.4,
and 0.63) films after degradation catalyzed by sPLA2 were also
measured by XR and GIXD. For comparison, the GIXD
measurements were also conducted on the PA (a degradation
product of DPPC) and LA (a degradation product of DLPC)
films at a constant pressure of 10 mN m−1, which was similar
to the pressure after DPPC film degradation with a constant
area. After DPPC degradation, the two Bragg peaks
representing the nearest neighbor tilted lateral packing of the
DPPC tails were replaced by five new, strong Bragg peaks
(Figure 4A). The positions and intensity ratios of these five

Bragg peaks were similar to those obtained from a pure PA film
on a Ca2+ buffer. The five Bragg peaks indicated that the film
contained stable and highly organized PA−Ca2+ crystals
generated through degradation.51 The Bragg peak intensities
obtained from the degraded DPPC film were less than those of
a pure PA film because the degraded DPPC film contained
another degradation product, 1-palmitoyl-2-hydroxy-sn-glyc-
ero-3-phosphocholine, which reduced the total area coverage
of the PA−Ca2+ complex. For the degraded films of DPPC−
DLPC (xDLPC = 0.2), the Bragg peak positions and intensities
remained similar to those of the degraded DPPC film. When
the mole fraction of DLPC was further increased to 0.4, the
peaks appeared at the same positions (Table S3), but the
intensities of the Bragg peaks decreased significantly, indicating
a decrease in the total surface coverage of the ordered domains.
Therefore, the degraded DPPC−DLPC films at lower DLPC
concentrations (xDLPC = 0.2 and 0.4) still contained highly
ordered crystal structures of PA−Ca2+ complexes at the
interface. With a higher molar fraction of DLPC (0.63 and
above), no GIXD Bragg peaks could be detected. The GIXD
results for a degraded DLPC film and a pure LA film are
presented in Figure 4A, which showed the feature of a fluid
monolayer with no detectable in-plane ordered structures. The
molecules are loosely packed and disordered at the gas−liquid
interface. Therefore, at a high molar fraction (0.63 and above),

degradation products of DLPC disrupted the formation of
PA−Ca2+ crystals, which was consistent with the discovery of
the lack of obvious crystal structures on the DPPC−DLPC
GUVs upon degradation (bottom row of Figure 1B).
The PA−Ca2+ complex generated ordered multilayer

domains at the interface, which induced two features in the
XR curve of the degraded DPPC film (Figure 4B): additional
secondary peaks (indicated by the black arrows) and less
intensity decay along the Qz direction compared to a typical
monolayer.51 These features remained in the reflectivity curves
of the degraded DPPC−DLPC film with xDLPC = 0.2 (the
orange dotted lines in Figure 4B). With a further increase of
the DLPC molar fraction, these characteristic features became
less pronounced. For the degraded DPPC−DLPC film with
xDLPC = 0.4, these characteristics were difficult to discern. In
the degraded films containing DPPC−DLPC with xDLPC = 0.63
or pure DLPC (the blue and purple dotted lines, respectively,
in Figure 4B), these features were completely absent from the
reflectivity curves. For both cases, the intensity of the second
reflectivity peak decreased significantly and all peaks became
broader, indicating a substantial decrease in average film
thickness.

■ DISCUSSION
Measurements of the interfacial molecular packing structures
of the lipid films before and after lipid degradation using high
spatial resolution techniques like XR and GIXD provide a
molecular-level explanation for the observed degradation
kinetics and morphological evolution of DPPC GUVs and
DPPC−DLPC GUVs (xDLPC = 0.63) after their exposure to
sPLA2. The presence of a high molar fraction of DLPC (xDLPC
= 0.63) in DPPC membranes fundamentally altered the
degradation processes of vesicles. After being mixed with a
high concentration of sPLA2 (5 μg mL−1), most DPPC GUVs
shrank and crystal-like structures were generated, which were
the PA−Ca2+ complexes observed in the GIXD measurements.
The continuous loss of lysoPC and formation of PA−Ca2+
crystals reduced the lipid surface coverage and induced pore
formation on the membranes.52,56 These pores further
promoted membrane degradation and grew continuously to
form the defects observed on the membranes. On the other
hand, the presence of a high molar fraction of DLPC (xDLPC =
0.63) in DPPC membranes enhanced the degradation rate of
the GUVs because the DLPC molecules packed loosely at the
interface and increased membrane fluidity, as quantified by
lipid film monolayer compression isotherms and X-ray
measurements. In addition, during the degradation of
DPPC−DLPC GUVs, formation of a large fraction of cone-
shaped LA molecules without a sufficient time to reorganize
may have destabilized and further accelerated the degradation
of these GUVs.1,57 Despite the fact that experimental
measurements were conducted at room temperature, the
observed phenomena should provide a good indication of
interfacial behavior of the lipids and their degradation products
within a temperature range (including the physiological
temperature) at which the lipids remain in the same phase.
The quantification of the molecular packing and interactions at
quasi-equilibrium provides a reference for the future study of
the film degradation kinetics using grazing-incidence X-ray off-
specular scattering.58,59

Crystal formation after cell membrane lipid degradation was
reported to enhance nonspecific lipoprotein adsorption and
probably contribute to development of vascular diseases,33 so

Figure 4. Results of GIXD and XR measurements on lipid films after
sPLA2-catalyzed degradation. (A) GIXD Bragg peaks of degraded
DPPC, DPPC−DLPC (xDLPC = 0.2, 0.4, and 0.63), and DLPC films.
GIXD Bragg peaks of PA and LA films at a constant pressure of 10
mN m−1 on the same Ca2+ buffer are also plotted. The vertical dashed
lines indicate the peak positions of the five Bragg peaks for the PA
film. (B) Normalized X-ray reflectivity curves of degraded DPPC,
DPPC−DLPC (xDLPC = 0.2, 0.4, and 0.63), and DLPC films. The
black arrows indicate the characteristic secondary peaks induced by
the presence of PA−Ca2+ complex crystal domains. In both figures,
data are offset for clarity.
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the presence of abundant polyunsaturated phospholipids may
provide a mechanism to prevent them. This possibility is
supported by the observation that lower percentages of
polyunsaturation were found in the aged brain with
Alzheimer’s disease compared to the normal aged brain60,61

and that the percentage of polyunsaturation in the retina with
advanced age-related macular degeneration was lower than that
in the age-matched normal retina.62 Although the concen-
tration of DLPC is low in normal brain and retina, most
polyunsaturated phospholipids have four or six double carbon
bonds in at least one tail, which may be more effective in
preventing crystal formation of the degradation products. The
results of this study may shed light on one protective function
of the abundant polyunsaturated phospholipids present in
membranes of the brain and retina where crystal formation is
undesirable.

■ CONCLUSIONS

Observation of GUV degradation using fluorescence micros-
copy and quantification of lipid interfacial organization before
and after lipid degradation using X-ray surface scattering
techniques provide tools for optimization of the liposome drug
delivery system responding to different local concentrations of
sPLA2. From the results of this study, we may also provide
insights into the roles of polyunsaturated phospholipids in
biological membranes. Including high molar fractions of
polyunsaturated phospholipids affected lipid membrane
degradation through two mechanisms: (1) loose and fluidic
packing of the phospholipids facilitated enzyme adsorption and
promoted faster lipid degradation, and (2) disordered packing
of the degradation products disrupted crystal structure
formation. It is possible that vesicle degradation can be
designed by manipulating the combination of saturated and
polyunsaturated phospholipids so as to achieve reasonable
vesicle stability and desired drug release schedules.
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