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ABSTRACT: Phosphatidylethanolamine (PE) is notoriously
difficult to incorporate into model membrane systems, such as
fluid supported lipid bilayers (SLBs), at high concentrations
because of its intrinsic negative curvature. Using fluorescence-
based techniques, we demonstrate that having fewer sites of
unsaturation in the lipid tails leads to high-quality SLBs
because these lipids help to minimize the curvature. Moreover,
shorter saturated chains can help maintain the membranes in
the fluid phase. Using these two guidelines, we find that up to
70 mol % PE can be incorporated into SLBs at room
temperature and up to 90 mol % PE can be incorporated at 37
°C. Curiously, conditions under which three-dimensional
tubules project outward from the planar surface as well as conditions under which domain formation occurs can be found.
We have employed these model membrane systems to explore the ability of Ni2+ to bind to PE. It was found that this transition
metal ion binds 1000-fold tighter to PE than to phosphatidylcholine lipids. In the future, this platform could be exploited to
monitor the binding of other transition metal ions or the binding of antimicrobial peptides. It could also be employed to explore
the physical properties of PE-containing membranes, such as phase domain behavior and intermolecular hydrogen bonding.

■ INTRODUCTION

The head group structure of phospholipids is one of the main
factors that determines their biological role and function. The
zwitterionic phospholipids, phosphatidylethanolamine (PE)
and phosphatidylcholine (PC), have almost identical structures,
except for the methylation of the amine (Figure 1A), which
leads to significant differences in their respective behaviors.1,2

PE can act as a hydrogen bond donor, and its amine can be
deprotonated, giving it unique interactions not only with other
bilayer components3 but also with ions and molecules from the
bulk solution.4 PE also has an intrinsic curvature, which affects
its role within biological membranes as a stabilizer of
membrane proteins.5 Despite these unique interactions, PC
has historically been used as the predominate phospholipid in
model system studies and has even been used as a substitute for
PE or treated as interchangeable with PE.6−8 This has
unfortunately limited the information available about the
biophysical properties of PE.
PE is the second most abundant phospholipid in eukaryotic

cells, representing 25 mol % of the overall lipid content, and
can comprise up to 45 mol % of phospholipids in the nervous
tissue.9,10 It is the most abundant phospholipid in many
bacteria, primarily Gram-negative bacteria, where it makes up
70−80 mol % of membrane lipids.1,11 It has various biological
functions, including serving as a protein cofactor,11,12 and is
required for proper folding of certain proteins.7 It has also been
shown to bind to copper ions, which can enhance the rate of

lipid oxidation.4 Because of its biological importance and
abundance, creating model lipid bilayer systems that contain
physiologically relevant concentrations of PE would be very
advantageous. Moreover, making supported lipid bilayers
(SLBs) with PE lipids affords the traditional benefits of
heterogeneous assays, such as compatibility with a variety of
surface-sensitive techniques. However, creating fluid SLBs with
physiologically relevant concentrations of PE lipids in the
presence of PC lipids has been a challenge. For example, Hamai
et al. demonstrated that using 20 mol % or more of a PE lipid,
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), in
supported bilayers also containing 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), led to incomplete bilayer forma-
tion.13

Forming stable SLBs via the vesicle fusion method depends
upon the intrinsic curvature of the individual lipids.13 Many
phospholipids, such as PC, have two tails and an overall
cylindrical shape and can readily form planar bilayers (Figure
1B). Typical intrinsic curvature values for PC are close to 0
nm−1. In fact, the intrinsic curvature value for DOPC is −0.1
nm−114 and those for 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC)14 as well as 1,2-dilauroyl-sn-glycero-3-
phosphocholine (DLPC) are 0.0 nm−1.15 By contrast, PE has a

Received: July 4, 2017
Revised: October 14, 2017
Published: November 9, 2017

Article

pubs.acs.org/Langmuir

© 2017 American Chemical Society 13423 DOI: 10.1021/acs.langmuir.7b02323
Langmuir 2017, 33, 13423−13429

Cite This: Langmuir 2017, 33, 13423-13429

pubs.acs.org/Langmuir
http://dx.doi.org/10.1021/acs.langmuir.7b02323
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.7b02323
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.7b02323
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.7b02323


significantly smaller head group, giving it a more conical shape
(Figure 1C). The intrinsic curvature is −0.4 nm−1 for DOPE14

and −0.3 nm−1 for both 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE)14 and 1,2-dilauroyl-sn-glycero-
3-phosphoethanolamine (DLPE).16

The negative curvature of PE lipids leads to a unique phase
behavior that is not observed with PC lipids. Specifically, the
addition of double bonds into the alkyl chains leads to a
conically shaped molecule that will not readily assemble into a
planar sheet (lamellar phase) because of the strain introduced
by the intrinsic curvature of each lipid (Figure 1C, right).13

Instead, a hexagonal phase is often favored, in which the head
groups face toward the center and the tails are splayed outward.
PE lipids undergo a transition from the lamellar to the
hexagonal phase at a temperature that is dependent on the
length of the tails and the number of sites of unsaturation.17 For
example, DOPE, which has two 18:1 lipid tails, has a hexagonal
phase transition temperature, Th, of 10 °C. Therefore, it is not
possible to form a homogeneous SLB at room temperature with
physiologically relevant amounts of DOPE. By contrast, POPE
(16:0, 18:1) and DLPE (12:0, 12:0), which contain 1 and 0
sites of unsaturation, respectively, have gel-to-liquid phase
transition temperatures (Tm) of 25 and 29 °C18 and Th
temperatures of 71 and 131 °C,19 respectively. As such, they
are significantly better candidates. Herein, we show that fluid
SLBs containing up to 70 mol % POPE in POPC or 50 mol %
DLPE in DLPC can be made at room temperature. Moreover,
fluid SLBs containing 90 mol % of these PE lipids in PC can be
assembled at 37 °C. Finally, a nickel-binding fluorescence assay
was performed with 50 mol % POPE in the bilayer (Figure
1D). It was found that Ni2+ bound to POPE with an apparent
dissociation constant, KD, of 0.38 mM. This value is several
orders of magnitude lower than for POPC, indicating a tighter
binding of the transition metal with PE lipids than that with PC
lipids.20

■ MATERIALS AND METHODS
Lipid Vesicle Preparation. Large unilamellar vesicles were made

by the freeze−thaw extrusion method.21,22 Briefly, the lipids were

mixed at the desired ratio in chloroform and then placed under
vacuum for 1.5 h. The lipid film was rehydrated to a density of 1 mg/
mL in an aqueous buffer containing 10 mM dibasic sodium phosphate
and 100 mM NaCl at pH 7.4 and sonicated for 20 min. The lipid
suspensions were then subjected to 10 freeze−thaw cycles and
extruded through a filter with 100 nm pores. Vesicles containing 70
mol % PE or higher were extruded at ∼40 °C to ensure that they were
in the fluid phase. All vesicles were used within 7 days of preparation.

Temperature Control. For experiments conducted at 37 °C, a
programmable temperature controller (VWR) was employed directly
on the microscope stage to heat the glass slide, which served as the
underlying substrate for the bilayer. The temperature was monitored
on the underside of the slide. Vesicles were added to preheated
poly(dimethylsiloxane) (PDMS) wells on the glass slide and incubated
while being heated and then rinsed with heated 18.2 MΩ water. The
well was finally covered with a glass coverslip to prevent evaporation,
and the temperature was allowed to re-equilibrate for 20 min before
being used to ensure temperature homogeneity. For experiments
conducted at 23 °C, vesicles were added to wells, incubated, and rinsed
with 18.2 MΩ water at room temperature.

Fluorescence Recovery after Photobleaching (FRAP).
FRAP23,24 experiments were carried out with a Nikon Eclipse TE-
2000-U inverted microscope through a 10× objective. A 532 nm 300
mW solid-state laser (Dragon Lasers) was used to bleach the Texas
Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethy-
lammonium salt (TR-DHPE) with a power averaging 5 mW for 1 s
at the sample. The average diameter of the laser beam was 20 μm,
yielding 0.016 mW/μm2 as the power per unit area. The average
fluorescence intensity of the spot was analyzed over time as the
bleached fluorophores diffused out and unbleached fluorophores took
their place. Images were initially taken every 3 s, until the fluorescence
in the bleached area no longer visually appeared to change, and then
switched to every 30 or 60 s to minimize photobleaching. The
fluorescence of the bleached spot was normalized to an unbleached
reference spot, and the percentage recovery was plotted over time
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where Ft is the normalized fluorescence at time t and F0 is the
normalized fluorescence at t = 0. The results were fit to a single
exponential
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where A corresponds to the mobile fraction (i.e., percentage of the
bilayer able to recover) and b was used to calculate the diffusion
coefficient, D (how quickly the bilayer recovered)
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where w is the diameter of the laser beam and γ is the correction factor
determined by the beam shape and the depth of bleaching, with a value
of 0.88.23

Nickel Titration Measurements. PDMS/glass microfluidic
devices were fabricated according to procedures described in the
Supporting Information section, Microf luidic Device Fabrication (page
S7) and in previous publications.25 Briefly, 10 μL of the desired vesicle
solution was introduced into each microfluidic channel and incubated
for 30 min to form SLBs. Buffer containing 10 mM Tris and 100 mM
NaCl at pH 8.5 was used throughout the experiment. Buffer with
increasing concentrations of NiCl2 was introduced through plastic
tubing, with each solution flowing continuously for at least 1 h to reach
the steady state before measuring the fluorescence with a Nikon
Eclipse TE-2000-U inverted microscope through a 4× objective. Then,
the tubing at the inlet was removed, drained of solution, and the next
solution was drawn through; then, the tubing was reinserted. The
fluorescence intensity was measured with a line function in
MetaMorph. The background fluorescence was subtracted from the
average fluorescence of each channel and was normalized to the initial

Figure 1. Comparison of PC and PE lipids with schematic
representations of the resulting SLB constructs and assays. (A)
Head group structures of PC and PE. (B) Cylindrical PC lipids form
fluid SLBs. (C) Lipids with a high negative curvature such as DOPE
form hexagonal phase structures. (D) PE lipids with less curvature,
such as POPE or DLPE, can form fluid SLBs when mixed with PC
lipids, allowing for Ni+ binding assays to be performed (PE asymmetry
in the membrane is discussed on page S2 in the Supporting
Information section).
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fluorescence before the addition of NiCl2. Because of significant
collisional quenching of all bilayers at millimolar concentrations, the
fluorescence change from POPC bilayers was subtracted as described
in the Supporting Information section, Subtraction of Collisional
Quenching and Fitting to a Langmuir Isotherm on page S23.

■ RESULTS AND DISCUSSION

POPE Bilayers at 23 °C. In the first set of experiments, we
investigated the SLBs formed by the vesicle fusion method at
23 °C that contained various concentrations of POPE in
POPC. All membranes contained 0.5 mol % TR-DHPE to
visualize the SLBs by epifluorescence microscopy. The SLBs
were quantitatively analyzed by FRAP (Figure 2). Figure 2
shows the representative FRAP curves for supported bilayers

made with (A) 99.5 mol % POPC and (B) 70 mol % POPE
and 29.5 mol % POPC at both 23 and 37 °C. Without POPE, a
single exponential fit agrees reasonably well with the
fluorescence recovery curves at both temperatures (discussion
of double exponential fits are provided in Figures S1 and S2,
which compares the bilayer and monolayer diffusion). At 70
mol % POPE, however, the data diverged more significantly
from a single exponential fit at room temperature, reflecting a
decrease in homogeneity, but was improved at 37 °C, as will be
discussed later.
FRAP results for POPE/POPC compositions ranging from 0

to 90 mol % PE are summarized in Figure 3. Both the mobile
fraction of dye molecules in the membrane (A) and the
associated diffusion constants (B) are provided. When mixed

Figure 2. FRAP curves for two lipid compositions at 23 and 37 °C. (A) Bilayers were formed with 0 mol % POPE, 99.5 mol % POPC, and 0.5 mol %
TR-DHPE. (B) Bilayers were formed with 70 mol % POPE, 29.5 mol % POPC, and 0.5 mol % TR-DHPE. The solid lines are single exponential fits
to the data. For additional fits, see Figure S1.

Figure 3. Diffusivity of SLBs containing POPE and POPC analyzed by FRAP at 23 and 37 °C. (A) Mobile fraction. (B) Diffusion coefficient.

Figure 4. Fluorescent images of POPE-containing SLBs at 100× magnification at room temperature. As the amount of POPE was increased, the
concentration of defects increased. The bright spot indicated by the red arrow in the 50 mol % image was putatively from a three-dimensional
structure, and the dark patch indicated by the white arrow in the 70 mol % image was a liquid-ordered phase domain. For other mol % POPE SLBs,
see Figure S4.
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with POPC, which has a Tm of −2 °C,18 SLBs could be formed
with an approximately 90% mobile dye fraction for PE
concentrations as high as 70 mol % at both 23 and 37 °C.
Moreover, the dye molecules displayed diffusion constants near
to or above 2 μm2/s with up to 70 mol % POPE. Together,
these metrics demonstrate that the supported bilayers were in
the fluid phase with up to 70 mol % POPE.
Under closer inspection, it was possible to see small defects

in bilayers with higher POPE concentrations, such as
unruptured vesicles, and these increased in number with
increasing amounts of PE (Figure 4). The fluorescence images
show bright spots, which are three-dimensional structures
protruding from the surface. Underwater tapping mode atomic
force microscopy (AFM) data also confirmed that the three-
dimensional structures were formed with increasing amounts of
POPE (Figure S3). By contrast, there was little, if any, evidence
for holes or similar defects by either AFM or protein adsorption
measurements, in which a fluorescently labeled protein was
used as a probe for exposed regions of the glass surface (Figure
S4).
At 70 mol % POPE, higher magnification revealed phase

domain formation with characteristic domain sizes on the order
of 1 μm in length (Figures S5 and S6). This was expected, as
Cannon et al. have shown that the melting transition for
vesicles composed of 70 mol % POPE and 30 mol % POPC is
just below the room temperature at 22 °C.4,26 These domains
recovered with a measurable diffusion coefficient (Figure S1
shows the double exponential fit) and therefore are not in the
gel phase but rather represent liquid-ordered domains.
With 80 mol % POPE, the bilayers behaved more unusually,

as reflected in their FRAP and attenuated total reflection
infrared spectroscopy (ATR-IR) data (Figure S7). The data at
80 mol % showed an apparent mobile fraction above 1 (Figure
3A). Such an anomalous behavior arose because the dye
molecule, TR-DHPE, was sequestered into small areas where it
was highly concentrated, resulting in self-quenching.27 When
the bilayer was bleached, self-quenching was reduced, which
allowed recovery above 100% in the 4.5 h image (Figure 5A).
The over recovery occurred because the 80 mol % SLBs were
inhomogeneous. Not only do they have domains, but high
magnification revealed that three-dimensional tubules extended
out from the bilayer (the inset in Figure 5B shows a snapshot

and a full movie is in the Supporting Information). These were
highly curved structures with diameters below the diffraction
limit of light. The tubules were anchored to the SLB at one end
and extended several microns above the surface. The three-
dimensional structures observed by AFM with lower concen-
trations of POPE (Figure S3) may have been precursors to the
tubules seen with 80 mol % POPE. Because POPE can form
highly curved structures,1 it was presumed to be enriched in the
inner leaflet of the tubules. This idea was supported by ATR-IR
data (Table S1), which showed considerably less POPE than
that predicted at the surface, as the tubules extend beyond the
penetration depth of the ATR-IR measurement (∼0.3 μm).
TR-DHPE is also known to prefer highly curved structures

because of its bulky head group,28 and the tubules were clearly
visible against the SLB fluorescence from below (Figure 5B,
inset). During FRAP, both the bilayer and the tubules were
bleached simultaneously. As shown in Figure 5B, the initial
increase and the subsequent leveling off of the recovery curve
were fit to extract the mobile fraction and diffusion coefficient
reported in Figure 3, as this most closely reflects the diffusion of
the lipids in a two-dimensional bilayer with domain structures.
However, when monitored over much longer time periods, the
fluorescence began to decrease again (20 h image in Figure
5A). In fact, the fluorescence attenuated by about one-third
over a time scale of approximately 15 h (see the Supporting
Information section, Fitting Exponential Decay on page S4 for
fitting details). This lower diffusion constant most likely
reflected the diffusion of the dye along the tubules in the z-
direction. As the tubules extended nearly 20 μm in the z-
direction above the SLB (see Movie S1), well outside of the
microscope’s depth of view (∼0.5 μm), the dye needed to
diffuse back to the surface through the tubules above to be
visualized. Indeed, the tubules acted as a sink for the dyes,
requiring significantly more dye and longer times to reestablish
self-quenching.
At 90 mol % POPE, the mobile fraction and diffusion

coefficient were both zero at 23 °C (Figure 3). Under these
circumstances, the level of fluorescence intensity from the
surface was quite low. In fact, it does not appear that the surface
was well-covered with the bilayer material and that the residual
fluorescence arose from adhered vesicles. We also attempted to
form bilayers with 99 mol % POPE and 1 mol % of a variety of

Figure 5. Extended-time FRAP study of 80 mol % POPE bilayers. (A) Fluorescence images of the bilayer before bleaching, just after bleaching, after
4.5, and after 20 h. The bleached area is highlighted with a red circle in each image. (B) Corresponding FRAP recovery curve. The Drecovery values
were calculated from the initial rise (t = 0−5 h) and Ddecay values were calculated from the subsequent decrease (t > 5 h) in the fluorescence
intensity. Ddecay was calculated using an exponential decay curve, as described in the Supporting Information section, Fitting Exponential Decay on
page S4. The inset fluorescent image shows tubules approximately 5 μm above the surface. The red arrows point to tubules. The longer looking ones
are bent and therefore more fully in the focal plane. Others are bright spots from tubules extending through the focal plane, as can be seen in Movie
S1. The scale bar is 10 μm.
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fluorophores. This was not possible because of poor
incorporation of the fluorophores into the bilayer under these
conditions (Supporting Information section, Making 100 mol %
PE SLBs on page S17).
POPE Bilayers at 37 °C. Selecting the tails for PE lipids

that have less intrinsic negative curvature clearly increased the
amount of PE that could be incorporated into fluid SLBs at
room temperature compared to previous reports.13 However,
membranes formed with POPE lipids still have a relatively high
Tm value. As such, one should expect to encounter issues with
fluidity at higher PE concentrations when working at room
temperature. Raising the temperature to 37 °C, which is above
Tm of POPE, should allow fluidity to be restored to the SLBs.
Qualitatively, the visible defects and domains that appeared at
room temperature were no longer evident or greatly reduced at
37 °C (Figure S8). Moreover, with 80 and 90 mol % PE, the
bilayers started out with defects that annealed over time (Figure
S9). The mobile fractions of the 37 °C bilayers were all at least
slightly higher than the corresponding ones at room temper-
ature (red data points, Figure 3). The only exception to this
was 80 mol % POPE, which had a mobile fraction above 1 at 23
°C because of bilayer inhomogeneities. At 37 °C, they no
longer showed over recovery, and no tubules or domains were
observed under these conditions. ATR-IR confirmed that the
lipid composition of the SLBs matched the nominal
composition up to 90 mol % (Table S1).
DLPE Bilayers. To further explore the effects of

unsaturation in lipid tails and corroborate the results seen
with POPE SLBs, we conducted FRAP experiments using

DLPE, which eliminated all double bonds and had a gel-to-
liquid phase transition temperature comparable to POPE.18

Generally, results seen with DLPE were similar to those seen
for POPE (Figures 6 and S10, which provide FRAP data and
fluorescent images, respectively). The SLBs maintained high
mobility and diffusion coefficients with up to 50 mol % PE at
23 °C, whereas higher mol % PE exhibited defects and
irreproducibility (Figure S11). At 37 °C, the behavior of the
DLPE bilayers was similar to that of POPE, showing increased
mobile fractions, less visible defects, and brighter fluorescence
(Figure 6, red points and Figure S12). In fact, the mobile
fraction for 90 mol % DLPE bilayers was 95% at 37 °C. As
such, fluid SLBs with a high mobile fraction for either POPE or
DLPE can be made when working near physiological
temperatures. The diffusion coefficients of both POPE and
DLPE bilayers showed a temperature dependence, which was
independent of the fluorophore used (Figure S13).

Ni2+ Binding Assay. PE-containing bilayers can be used to
investigate a variety of physical properties with PE lipids. Unlike
PC, the primary amine of PE can be deprotonated and
therefore can form metal−ligand binding complexes. Pre-
viously, it has been shown that Cu2+ forms complexes with lipid
head groups by directly binding to amines on phosphatidylser-
ine29,30 as well as with PE.4 Specifically, the primary amine from
PE can directly bind to transition metals to form a metal
coordination complex in its deprotonated form. As such, we
hypothesized that other transition metals from the Irving-
Williams series should also be able to bind.31,32 To test this
hypothesis, we performed experiments with NiCl2 using SLBs

Figure 6. Properties of SLBs with mixed DLPE and DLPC lipids at room temperature and at physiological temperature. (A) Mobile fraction and (B)
diffusion coefficient data.

Figure 7. (A) Ni2+-binding titration curve measured at 23 °C in 10 mM Tris buffer at pH 8.5. (B) Representation of Ni2+-binding to two
deprotonated PE head groups. Bivalent binding is expected at this density of PE.4
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in a microfluidic device, where increasing concentrations of
Ni2+ were introduced above an SLB. Figure S14 shows
fluorescent images in the absence and presence of Ni2+.
When Ni2+ was bound to PE, it quenched the nearby
fluorophores through an energy transfer mechanism.33 This
provided a direct measure of Ni2+-binding to the SLB. Figure 7a
shows the Ni2+-binding curve for a bilayer containing 50 mol %
POPE at room temperature, with a fitted KD value of 0.38 mM
(see Figure S15 and Supporting Information section,
Subtraction of Collisional Quenching and Fitting to a Langmuir
Isotherm on page S23 for fitting details). This is in stark contrast
to Ni2+-binding to a PC head group, which has been reported
to be 1.2 M,20 a value that was more than a factor of 3000
weaker. Because deprotonation of the amine was a crucial step
in binding (Figure 7b), the binding curve was measured at pH
8.5, which increased the available binding sites but should not
affect the intrinsic KD value.4 This experiment represents a clear
but simple demonstration of the differences in the behavior for
membranes containing significant concentrations of PE
compared to membranes that contain just PC.

■ CONCLUSIONS
PE can be employed in SLB studies despite its negative
curvature. PE lipids have often been classified as nonbilayer
lipids because of their conical shape,1 though they can be
incorporated into unilamellar gel phases or liquid-ordered
phases.34,35 Indeed, many studies use PE only to introduce
membrane curvature, ignoring possible effects of hydrogen
bonding. By incorporating PE into planar SLBs, it is possible to
focus on head group interactions instead and minimize the
curvature effects. PE is both a hydrogen-bond donor and
acceptor, whereas PC is only a hydrogen-bond acceptor. This
capability opens up a host of potential interactions both with
other membrane components and with molecules or proteins in
the bulk solution.
It is known that PE can hydrogen bond with the phosphate

and carbonyl groups of the neighboring PE lipids3,36 and has
been predicted to hydrogen bond with other lipids such as
phosphatidylglycerol (PG).37 PE can also form hydrogen bonds
with water, causing differences in hydration as well as allowing
water molecules to bridge neighboring lipids.38 Such intra-
bilayer hydrogen bonds could direct the organization of lipid
domains.3 As demonstrated herein, PE can be used to form
domains of either liquid-ordered or gel (see DLPE Bilayers in
the Supporting Information) phases in two component
systems, where presumably the PE-rich domains contain
many intermolecular hydrogen bonds. Similarly, these hydro-
gen-bonding networks likely extend to PE/PG interactions,
impacting the organization of PG.39 Indeed, Seeger et al. used
AFM to study the phase transitions of individual leaflets of 3:1
PE/PG bilayers.40 With the capability to study PE-enriched
SLBs, it should be possible to gain a better understanding of the
role of PE in two or more component systems that exhibit
phase separation.
There are many basic physiological properties of biological

membranes that exploit PE rather than PC lipids. We expect
that these model systems will be extremely useful for measuring
the affinity of small molecules which bind to the membranes
containing PE lipids. One example involves the use of PE-
enriched SLBs to study the effects of antimicrobial peptides.
Antimicrobial peptides are an important developing area of
research as antibiotic resistant bacteria are on the rise.41 The
effectiveness of antimicrobial peptides is dependent upon lipid

composition,42,43 and a simple model system is needed to
elucidate the individual contributions of different lipids. PE is
the major component of many bacterial membranes, such as
Escherichia coli. As such, it is vital to study the interactions of PE
with antimicrobial peptides to understand the binding and
transbilayer penetration of peptides to formulate improved
peptides for biomedical uses. PE-containing SLBs provide a
direct route to systematic studies of these and other
interactions.
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