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ABSTRACT: Polyethylene glycol (PEG) coatings have been widely applied
in pharmaceutical and biomedical systems to prevent nonspecific protein
absorption, increase vesicle blood circulation time, and sustain drug release.
This study systematically investigated the planar interfacial organization of
phospholipid monolayers containing various amounts of PEG conjugations
before and after enzyme-catalyzed degradation of the lipids using X-ray
reflectivity and grazing incidence X-ray diffraction techniques. Results
showed that attaching PEG to the headgroup of the lipids up to 15 mol %
had limited effects on molecular packing of the lipid monolayers in the
condensed phase at the gas−liquid interface and negligible effects on the
enzyme adsorption to the interface. After enzyme-catalyzed degradation, equimolar fatty acids and lyso PC were generated. The fatty
acids together with the subphase Ca2+ self-assembled into highly organized multilayer domains at the interface. The X-ray
measurements unambiguously revealed that the densely packed PEG markedly hindered microphase separation and formation of the
palmitic acid−Ca2+ complexes.

■ INTRODUCTION

Polyethylene glycol (PEG) is considered as a biocompatible
polymer and has been approved by the U.S. Food and Drug
Administration (FDA) for a wide range of applications in
biomedicine and medical devices1,2 due to its low toxicity,3,4

lack of immunogenicity,5 and excellent solubility in aqueous
solution.6 PEGylation (conjugating directly with drug mole-
cules or entrapping PEG on the surface of drug-carriers) has
been reported to increase hydrophobic drug stability and
solubility and therefore improve drug pharmacokinetics and
biodistribution through “stealth effects”. PEGylation protects
drugs or drug carriers from nonspecific protein adsorption and
thus from being recognized and rapidly cleared by the
mononuclear phagocyte system (MPS). This prolongs their
blood circulation and increases the probability of the active
compounds reaching the target sites.7,8

The mechanisms of the stealth effects have been largely
attributed to the repulsion provided by the hydrophilic
polymer brushes that sterically preclude interaction of drug
carriers with surrounding blood proteins9−11 and other drug
carriers.12−14 Several studies have suggested a more
complicated mechanism, in which the stealth effects required
the adsorption of specific proteins (such as clusterins), forming
a protein corona to prevent nonspecific cellular uptake.15,16

However, studies using phospholipids and secretory phospho-
lipase A2 (sPLA2) as a model system indicated contradictory
results of enhanced degradation of PEGylated liposomes

compared to liposomes without PEG, which also showed a
positive correlation between liposome degradation enhance-
ment and the PEG molecular weight and density.17−19 Zhu et
al.20 attributed this enhancement to the negative charges
induced by PEGylation, while Majewski et al.21,22 and Halperin
et al.23 suggested that protrusion of the neighboring lipids
around the PEGylated lipids was the predominant reason. For
a liposome system, the effects of PEGylation likely combine
complicated factors of molecular interaction, membrane
kinetics, and geometric packing. For example, PEGylation
can induce osmotic imbalance24 and membrane fusion in
liposomes due to their high curvature. In addition, inclusion of
more PEG-grafted phospholipids tended to reduce liposome
size and changed the morphologies of lipid aggregates,18,25−27

which may have enhanced enzyme activity in catalyzing the
degradation of the PEGylated liposomes.28 In order to
decouple the effects of curvature, this study focuses on
revealing the effects of PEG on lipid packing, enzyme
adsorption, and lipid degradation in lipid monolayers at the
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planar gas−liquid interface. A model enzyme, sPLA2 was used
for the study, because its intrinsic overexpression in various
diseases has potential to be employed as a therapeutic strategy
for diagnosis and treatment.29−31 Molecular-level quantifica-
tion of the monolayer packing structure and degradation was
achieved by employing X-ray reflectivity (XR) and grazing
incidence X-ray diffraction (GIXD) techniques. The results
provide a fundamental understanding of the effects of the
hydrophilic polymer brushes on lipid and enzyme interaction
that will support mechanism-orientated design of lipid-based
drug delivery systems for particular therapeutic purposes.

■ MATERIALS AND METHODS
Materials and Reagents. Lipids, including 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), 1-palmitoyl-2-hydroxy-sn-glycero-
3-phosphocholine (lysoPC), and 1,2-dipalmitoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy (polyethylene glycol) 5000 ]-ammo-
nium salt (DPPE-PEG5k) were purchased from Avanti Polar Lipids.
Palmitic acid (PA), calcium chloride dihydrate, and sPLA2 extracted
from honeybee (Apis mellifera) venom were purchased from Sigma-
Aldrich. Two buffer solutions were used as the subphases in the
Langmuir trough. The Ca-free buffer contained 8 mM tris (purchased
from Fisher) and the Ca buffer contained 8 mM tris and 5 mM CaCl2.
For both buffer solutions, pH values were adjusted to 7.4 by adding
diluted hydrochloric acid with a concentration of 3.7 v%. Organic
solvents, including methanol, ethanol, and chloroform, were
purchased from Sigma-Aldrich. Deionized water to 18.2 MΩ
(MILLIPORE) was used in all experiments. All chemicals were
purchased at standard grades and used as-received.
Surface Pressure-Mean Molecular Area Isotherms of

Phospholipid Monolayers. Surface pressure-mean molecular area
isotherms of the monolayers on the Ca buffer were measured using a
Langmuir trough (51 × 155 mm2, KSV NIMA, Biolin Scientific). The
temperature of the subphase was monitored by a thermocouple
inserted in the subphase and controlled by a water circulation system
(Anova Scientific) at 23 ± 0.5 °C. Interfacial tension was measured by
a platinum Wilhelmy plate hooked to a wire that was attached to a
film balance. Lipid samples were dissolved in chloroform and stored at
−20 °C. Before each measurement, the trough was cleaned
thoroughly, which was confirmed by a surface pressure fluctuation
less than ±0.2 mN/m throughout the entire surface area change. A
lipid sample was then spread dropwise on the subphase using a
syringe. After allowing 10 min for the solvent to evaporate, the
phospholipid monolayer was compressed by two symmetric barriers,
each moving at 1 mm/min until the collapse point of the monolayer
was reached. The surface pressure-mean molecular area isotherm for
the lipid monolayer was recorded during compression.

X-ray Measurements. XR and GIXD experiments were
conducted using a Langmuir trough integrated with the synchrotron
X-ray beamline at the National Science Foundation’s (NSF’s)
ChemMatCARS (sector 15C of Advanced Photon Sources) at
Argonne National Laboratory. Details of the experimental setup
were described in our previous studies.32−34 The X-ray wavelength
was 1.24 Å, and all experiments were conducted at about 22.7 °C.

Before each experiment, the trough was cleaned, and the lipid
sample was spread at the gas−liquid interface by the same method as
described in the previous section. Immediately after spreading the
lipids, the box containing the trough was sealed and purged with
helium gas until the concentration of oxygen inside the box was less
than 2%. The monolayer was then compressed by a one-sided barrier
at a rate of 6.4 mm/min until the surface pressure reached 25 mN/m.
The XR and GIXD measurements of the lipid monolayer were
conducted at a constant pressure of 25 mN/m, which was maintained
by autoadjustment of the position of the barrier. After these
measurements, the barrier position was fixed to maintain a constant
area, and sPLA2 solution was injected into the subphase to reach a
final concentration of 10 ng/mL. The subphase was then gently
stirred for 1 h, and then another hour was allowed for the surface to
settle. The XR and GIXD measurements were conducted to quantify
enzyme adsorption and enzyme-catalyzed lipid degradation at the film
positions previously unexposed to X-ray.

■ X-RAY DATA ANALYSIS
XR measurement probes the interfacial organization of films in
the direction normal to the interface. By varying the incident
angles, the reflected X-ray was recorded. The X-ray reflectivity
(R) was normalized by the Fresnel reflectivity (RF), whose
electron density profile represents an ideal, smooth, and flat
air−water interface.35 Using the Parratt formalism,36 the
normalized X-ray reflectivity (R/RF) was fitted by using a
box-model with an electron density presented by a sum of
error functions:
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where erf represents an error function; N is the number of
slabs across the interface; zi and σi are the position and
roughness of the ith interface, respectively; ρi is the electron
density of the ith slab; and ρ0 is the electron density of the
subphase.
For DPPC monolayer, a two-box model (one box

representing the headgroup regions and one representing the
tails) with the same roughness of σ for all interfaces was

Figure 1. Representative surface pressure-mean molecular area isotherms of DPPC and DPPC with 5%, 10%, and 15% DPPE-PEG5k on a Ca
buffer. During continuous compression, the DPPC monolayer exhibited a four-phase transition. With DPPE-PEG5k, the starting pressure was high,
and the curves began with the LE-C phase. (B) Schematics representing the molecular organization of (a) DPPC and (b) binary mixture of DPPC
and DPPE-PEG5k monolayers.
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applied to fit the XR data. For the monolayers containing
PEGylated lipids, a three-box model with an additional box
representing the PEG layer below the headgroup region was
used to achieve a better fit to the XR data. Furthermore,
considering the combined effects of capillary waves and the
decay of the PEG layer into the aqueous phase, a flexible
roughness (σPEG) was included between the PEG−liquid
interface while the roughness of the other interfaces was fixed.
After lipid film degradation catalyzed by sPLA2, domains of

degraded products emerged.32 Thus, a multiphase box model
with incoherent addition of reflectivity from different domains
was used to fit the reflectivity data,37

= ΣR C Rj jincoherent (2)

where Cj is the fractional interfacial coverage of the j
th domain,

Σ Cj = 1, and Rj is the reflectivity from the jth domain.
Two-dimensional GIXD data were obtained using an area

detector (Pilatus 100 K) to record the scattered X-ray intensity
with the variation of both horizontal wave vector Qxy (parallel
to the interface) and vertical wave vector Qz (normal to the
interface). Integrating the two-dimensional GIXD intensities
over the Qz range and Qxy range then resulted in Bragg peaks
and Bragg rods, respectively. The Bragg peaks were fitted using
Gaussian functions, while the Bragg rods of the out-plane
peaks were fitted using distorted wave Born approximation
(DWBA).38−40

■ RESULTS AND DISCUSSION

Effects of PEGylation on the Interfacial Organization
of Phospholipid Monolayers. Representative surface
pressure-mean molecular area isotherms of DPPC films with
various molar fractions of DPPE-PEG5k on the Ca buffer are
shown in Figure 1. In general, under continuous compression,
the mean molecular area of the monolayers decreased, and the
surface pressure increased before the collapse points were
reached.41 For the DPPC monolayer, the slope of the
increasing surface pressure displayed four distinct regions
that correspond to four phases: gas and liquid-expanded
transition phase (G-LE), liquid-expanded (LE) phase, liquid-
expanded and condensed (LE-C) transition phase, and
condensed (C) phase. When DPPE-PEG5k was included in
the film, the surface pressure before compression was about 10
mN/m, and the film was in the LE-C phase. This high surface
pressure may have been due to the large volume of PEG
moieties pushing the surrounding lipid molecules into tight
packing. When more DPPE-PEG5k lipids were present, the
starting surface pressure and the surface pressure of the LE-C
transition phase became slightly higher. Notably, the isotherms
of all monolayers merged in the C phase, indicating that
PEGylation had limited effects on molecular packing of lipid
films in the C phase, which is consistent with the results of
other isotherm studies of binary mixtures of lipids with shorter
PEGylated lipids such as DPPC with DPPE-PEG2k42 and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) with

Figure 2. Effects of PEGylation on interfacial organization of DPPC monolayers on Ca buffer at a constant surface pressure of 25 mN/m. (A)
Bragg peaks and (B) Bragg rods obtained from monolayers of DPPC and DPPC with 5%, 10%, and 15% of DPPE-PEG5k. In both plots, data are
offset for clarity. The dashed lines in A and B indicate the peak positions of the Bragg peaks and the out-plane Bragg rods of the DPPC monolayer.
(C) Normalized X-ray reflectivity. The insert in C amplifies the low Qz region (0 to 0.1 Å

−1) to show the peak induced by PEG moieties. Solid lines
are best fits obtained using box models. (D) Electron density profiles. The insert in D amplifies the electron density profiles about the lipid
headgroup regions.
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1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol) 2000 ] (DSPE-PEG2k).21

Molecular packing structures of the monolayers of DPPC
and DPPC with 5%, 10%, and 15% DPPE-PEG5k at a constant
surface pressure of 25 mN/m at the gas−liquid interface were
quantified using GIXD and XR. The measurements obtained
from the same monolayer at different regions were highly
repeatable and consistent, indicating relatively uniform
monolayers. The GIXD results of all four monolayers exhibited
similar Bragg peak and rod positions and widths: an out-plane

Bragg peak at Qxy ≈ 1.33 Å−1, an in-plane Bragg peak at a
higher Qxy ≈ 1.48 Å−1 (Figure 2A), and a Bragg rod for the
out-plane peak at Qz ≈ 0.74 Å−1 (Figure 2B). The Bragg peak
and Bragg rod patterns indicated that the phospholipid tails in
all four films had a nearest neighbor (NN) packing structure
with a mean molecular area of about 48.6 Å2 and a tilt angle of
about 34°. Related structural parameters for each film are listed
in Table S1 of the Supporting Information (SI). The GIXD
results suggest that PEGylation had negligible effects on the

Table 1. Structural Parameters Resulted from the Model Fitting of XR Data for Monolayers of DPPC and DPPC with 5%, 10%,
and 15% DPPE-PEG5k at the Gas−Liquid Interfacea

parameters DPPC 5% PEG5k 10% PEG5k 15% PEG5k

σ (Å) 3.3−0.1
+0.2 3.4−0.1

+0.1 3.4−0.1
+0.2 3.4−0.1

+0.1

dtail (Å) 15.2−0.2
+0.4 15.8−0.4

+2.1 16.1−0.5
+1.8 15.5−0.2

+0.4

ρtail (e/Å
3) 0.325−0.004

+0.003 0.332−0.003
+0.008 0.334−0.003

+0.006 0.328−0.003
+0.003

dhead (Å) 8.9−1.1
+0.2 7.8−3.6

+0.1 7.4−3.8
+0.3 8.5−0.9

+0.2

ρhead (e/Å
3) 0.446−0.004

+0.039 0.468−0.008
+0.018 0.478−0.012

+0.112 0.454−0.007
+0.007

dPEG (Å) 70.8−13.0
+8.5 84.1−5.1

+5.5 89.3−5.5
+7.5

ρPEG (e/Å3) 0.345−0.003
+0.002 0.348−0.002

+0.002 0.351−0.003
+0.002

σPEG (Å) 39.2−10.5
+10.8 34.4−5.6

+6.5 41.5−6.3
+7.5

χ2 37 9.1 10.4 13.7
aThe electron density of the aqueous subphase was 0.334 e/Å3 for the Ca buffer. The error bar for each parameter was calculated based on one
standard deviation from the best fit value. The PEG layer thickness was constrained to the range of 20−100 Å, and the roughness (σ) between the
PEG layer and the aqueous subphase was constrained to 0−50 Å. The electron density of alkyl chain tail was constrained to the range of 0−0.34 e/
Å3.

Figure 3. Effects of PEGylation on sPLA2 adsorption to lipid monolayers on Ca-free buffer at constant surface area. (A) Normalized reflectivity of
the monolayers of DPPC and DPPC with 5%, 10%, and 15% DPPE-PEG5k after sPLA2 adsorption. (B) Electron density profiles resulting from
fitting the curves of Figure 3A. Structural parameters are listed in Table S2. (C) Representative Bragg peaks of lipid films after sPLA2 adsorption.
The curves are offset for clarity. (D) The decrease in mean molecular area of lipids and tilt angle of tails after sPLA2 adsorption. The results were
averaged from two independent measurements, and the structural parameters obtained from GIXD are listed in Table S3.
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lateral interfacial organization of DPPC monolayers in the C
phase.
With the inclusion of DPPE-PEG5k in the monolayers, XR

data displayed an additional peak at a low Qz just beyond the
critical angle, and the peak intensity increased with the
increased ratio of DPPE-PEG5k in the monolayer (Figure 2C).
The peaks at such a low Qz represented the accumulated PEG
moieties underneath the lipid headgroup regions. The long
decays of the electron density profiles between the lipid
headgroup and the subphase buffer indicate the brush
configuration of PEG (Figure 2D and Table 1), which is
consistent with the brief theoretical analysis. The Flory radius,
RF, for PEG (Mw 5k) in an aqueous solution is about 67 Å.43,44

According to the scaling model proposed by De Gennes45 for
grafted polymers, when the distance between grafting sites, D,
is smaller than 2RF, the brush regime applied. With 5%, 10%,
and 15% of PEGylated lipids at the interface in the condensed
phase, the average distance of the PEG sites is estimated to be
about 30, 21, and 17 Å, respectively, as follows,

ϕ≈D S/

where S is the average area per molecule (which is about 45 Å2

at a surface pressure of 25 mN/m), and ϕ is the percentage of
PEG. In these cases, D is much smaller than 2RF. The thickness
of the PEG layer was calculated to be about 120 Å from fitting
the experimental data, similar to the reported PEG brush
length of 115 Å in a membrane of 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) with 5% DSPE-PEG5k by Kenwor-
thy.46

Except for the PEG-induced peaks at low Qz, the reflectivity
curves of DPPC with different molar fractions of DPPE-PEG5k
were similar, as were the electron density profiles for the lipid

tail and headgroup regions. This confirms that including
DPPE-PEG5k up to 15% in the monolayer had minimal effect
on DPPC packing in the C phase.
Isotherm, GIXD, and XR results consistently showed that

the observed degree of PEGylation had limited effects on the
interfacial organization of DPPC monolayers in the C phase,
suggesting that the PEG moieties were mostly excluded from
the phospholipid layers. However, in the studies by Majewski
et al.21,22 on the interfacial organization of DSPE monolayers
at about 40 mN/m, addition of DSPE-PEG2k appeared to
induce protrusion of the surrounding phospholipid molecules
into the subphase. The different findings of these researchers
may be attributed to the different head groups of the lipids
used in their studies. Compared to PC with a neutral bulky
headgroup and cylindrical shape, PE has a smaller negatively
charged headgroup and a truncated conical shape. As a result,
at a high surface pressure, PE molecules may have a stronger
tendency than PC molecules to protrude from the planar
monolayer. In our study of DPPC and DPPE-PEG5k
monolayers, no such protrusion was observed, consistent
with Stepniewski et al.’s simulation results for a binary mixture
of DSPC and DSPE-PEG2k.47

Effects of PEGylation on sPLA2 adsorption. After
sPLA2 was added to the subphase of the Ca-free buffer, the
surface pressure of the monolayers dropped from 25 to about
16 mN/m and slowly reached quasi-equilibrium within two
hours. This is due to film relaxation since the experimental
conditions changed from a constant pressure to a constant
area. XR results for DPPC and DPPC with 5%, 10%, and 15%
DPPE-PEG5k monolayers after sPLA2 adsorption are plotted
in Figure 3A, which are compared with the XR curve for the
DPPC monolayer before sPLA2 adsorption on the Ca-free

Figure 4. Molecular organization parallel to gas−liquid interface after film degradation. (A) Schematics for degraded DPPC and degraded
PEGylated DPPC films. (B) Two-dimensional GIXD results and (C) Bragg peaks of films consisting of DPPC and DPPC with 5%, 10%, and 15%
PEG5K after lipid degradation. The Bragg peaks of the PA-lysoPC mixture on the Ca buffer immediately after surface pressure reached 10 mN/m
and after being maintained at 10 mN/m for 2 h are also shown for comparison. The black dashed lines indicate the peak positions of the degraded
DPPC film. Their values are specified with a unit of Å−1. Data are offset for clarity.
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buffer. The electron density profiles corresponding to the best
fits of the curves in Figure 3A (the solid lines) are plotted in
Figure 3B, and the structural parameters are listed in Table S2.
In comparison with the electron density of the pure DPPC
monolayer, after sPLA2 adsorption, the electron density in the
DPPC tail region increased and an additional layer with an
electron density of 0.34 e/Å3 appeared under the headgroup
region (the black solid line in Figure 3B), suggesting
adsorption of sPLA2 to the DPPC monolayer. When including
PEGylated lipid into the monolayer films, the electron density
profiles were very similar, indicating minimal effects of PEG on
sPLA2 adsorption.
After enzyme adsorption, the alkyl tails of lipids in all four

monolayers maintained the NN packing structure, but the
positions of the GIXD peaks shifted. In Figure 3C, the gray
dashed lines indicate the peak positions of DPPC Bragg peaks
before adsorption, and the black dotted lines indicated its peak
positions after sPLA2 adsorption. Bragg peaks shifted in the
higher Qxy direction and the out-plane Bragg rod shifted in the
lower Qz direction, indicating tighter and less tilted packing
structures of lipid molecules induced by the adsorption of
sPLA2 to the monolayers. However, PEGylation had negligible
effects on the decrease in the mean molecular area and the tilt
angle induced by sPLA2 adsorption (Figure 3D). The
structural parameters obtained from GIXD are listed in
Table S3.
Effects of PEGylation on Fatty Acid and lyso PC

Reorganization after Lipid Degradation. After sPLA2 was
added to the subphase of the Ca buffer, it catalyzed the
degradation of the lipids and caused a continuous drop in the
surface pressure (Figure s1). All the films were exposed to
sPLA2 for 2 h before the XR and GIXD measurements on the

degraded films. Our previous studies showed that after DPPC
degradation, the interface was covered by monolayer liquid-
phase domains of lysoPC accompanied by highly ordered
inverted bilayer and trilayer domains of PA-Ca2+ complexes
with oblique packing structures.32−34 The degraded films of
DPPC with different amounts of DPPE-PEG5k also contained
monolayer domains mixed with inverted bilayer domains of
PA-Ca2+ complexes; however, trilayer domains were not
detectable, and a remarkable amount of PA molecules
maintained hexagonal packing in the monolayer domains
(Figure 4).
Specifically, after DPPC degradation, the two Bragg peaks

representing the NN tilted lateral packing of the DPPC alkyl
tails were replaced by five new and strong Bragg peaks
(indicated by the dash vertical lines in Figure 4C). The
corresponding peak positions are also listed in Table S4. The
positions and intensity ratios of the five Bragg peaks obtained
from the degraded DPPC film were similar to those of peaks
obtained from a PA film on the same Ca buffer.32,33 When
including 5% or 10% DPPE-PEG5k in the films, an additional
in-plane peak emerged at 1.5 Å−1 (Figure 4B and C). Further
increasing the molar fraction of DPPE-PEG5k to 15% resulted
in more pronounced intensity of this single in-plane peak
(Figure 4B and C). This in-plane peak indicated a hexagonal
packing structure of monolayer PA alkyl tails with a unit cell
area of about 20.2 Å2, which was similar to the hexagonal
structure of a pure PA film detected on water at 30 mN/m.48

At the same time, the intensity of all other peaks decreased. In
particular, the peak at about 1.08 Å−1, which was scattered
from the organized Ca2+ packing structures, became too weak
to discern.

Figure 5. Organization of molecules normal to the gas−liquid interface after film degradation. (A) Normalized X-ray reflectivity for degraded
DPPC and DPPC with 5%, 10%, and 15% DPPE-PEG5k films. (B) Electron density profiles of different domains calculated from the multiphase
box model fitting. The electron density profiles aligned at the zero position of the gas−liquid interface (indicated by the vertical black dotted line).
(C) Percentage of surface area coverage of the monolayer, inverted bilayer, and trilayer domains.
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In order to further interpret the GIXD results for the film of
degraded DPPC with 15% DPPE-PEG5k, a film of PA and
lysoPC at a 1:1 molecular ratio was prepared on the Ca buffer.
Immediately after the surface pressure reached 10 mN/m,
GIXD measurements were conducted. The initial Bragg peak
distribution was similar to that of the film of degraded DPPC
with 15% DPPE-PEG5k (Figure 4B and C). After the film of
PA and lysoPC was maintained at a constant pressure of 10
mN/m for two hours, the GIXD measurement was conducted
again, and the Bragg peak distribution became similar to that of
the degraded DPPC film. Therefore, the PA-lysoPC film was
undergoing a kinetic process and the molecular packing of PA
transited from hexagonal to oblique PA-Ca2+ complex
structures. For the PEGylated films, over time, their GIXD
Bragg peaks became similar to those of the degraded DPPC
film, suggesting that PEGylation hindered molecule reorgan-
ization and delayed the formation of PA−Ca2+ complex
structures at the interface.
The vertical structure of the films after lipid degradation was

analyzed (Figure 5). The corresponding structural parameters
are listed in Table s5. For the degraded films consisting of
DPPE-PEG5k, a two-phase box model containing inverted
bilayer and monolayer domains best fitted the XR data,
suggesting that no substantial trilayer domains were present.
Increasing the amount of DPPE-PEG5k in the film, the surface
coverage of the monolayer domains increased, while the
coverage of the inverted bilayer domains decreased (Figure
5C). In order to form the highly organized PA−Ca2+ bilayer
domains, the PA molecules first needs to self-assemble.
Therefore, PEG hindered the reorganization of PA molecules
in the films and microphase separation and thus delayed the
formation of the PA−Ca2+ multilayer structures.
In the monolayer domains, the electron density profiles of

the degraded DPPC and DPPC with 5% DPPE-PEG5k are
similar (top plot in Figure 5B). However, at higher molar
fractions of PEG (10% or 15%), the electron density profiles of
the degraded films are different, having longer tails with higher
electron densities and similar headgroup thicknesses but lower
electron densities. On the basis of the fact that PA has smaller
head groups but more tightly packed tail groups compared to
lysoPC, the observation of the electron density profiles of the
monolayer domains indicated that with high PEGylation
(above 10%), a remarkable amount of PA molecules remained
in the monolayer domain together with lysoPC, while for
degraded DPPC or DPPC with 5% DPPE-PEG, the monolayer
domains mainly consisted of lysoPC. The electron densities of
the inverted bilayer domains for all four degraded films are
similar (the middle plot in Figure 5B), which indicates similar
interfacial organization of PA−Ca2+ complexes. This result is
also supported by the five similar GIXD peaks of the PA−Ca2+
complexes observed after the degradation of all four films.
Sustained release of encapsulated drugs from PEGylated

lipid vesicles, compared to the vesicles without PEG
conjugation, has been reported.49,50 Enzyme-catalyzed degra-
dation of the lipids results in the formation of the
heterogeneous structures of loosely packed lysoPC and highly
organized multilayer domains of PA−Ca2+ complexes, which
induces the holes on the vesicles and thus causes leakage of the
encapsulated drug.32,33,51 The impeding effects of PEG
conjugation on lysoPC and PA microphase separation and
thus the formation of the heterogeneous structures provide a
possible mechanistic explanation of the sustained drug release
from PEGylated lipid vesicles.

■ CONCLUSIONS
The effects of PEGylation on phospholipid packing and
degradation catalyzed by a phospholipase at the planar gas−
liquid interface were directly quantified with molecular-level
resolution. An extended layer of hydrophilic polymer brushes
of PEG5k (at 5%, 10%, and 15%) exhibited limited effects on
the molecular packing of DPPC monolayer in the C phase and
negligible effects on sPLA2 adsorption at the interface.
However, conjugation of the polymer with the lipid hindered
molecule reorganization, microphase separation of PA and
lysoPC, and thus self-assembly of highly ordered PA−Ca2+
multilayer structures, which provides a possible explanation for
the in vitro experimental observations that PEGylation
sustained drug release from lipid vesicles. Information on the
effects of PEGylation on molecular packing and interaction is
essential for a mechanism-orientated design and optimization
of polymer-grafted lipid vesicles.
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