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Resolving the structural interactions between
antimicrobial peptides and lipid membranes
using small-angle scattering methods: the case
of indolicidin†

Josefine Eilsø Nielsen, Victoria Ariel Bjørnestad and Reidar Lund *

Using small angle X-ray and neutron scattering (SAXS/SANS) and detailed theoretical modelling we have

elucidated the structure of the antimicrobial peptide, indolicidin, and the interaction with model lipid

membranes of different anionic lipid compositions mimicking typical charge densities found in the

cytoplasmic membrane of bacteria. First, we show that indolicidin displays a predominantly disordered,

random chain conformation in solution with a small fraction (E1%) of fiber-like nanostructures that are

not dissolved at higher temperatures. The peptide is shown to strongly interact with the membranes at

all charge densities without significantly perturbing the lipid bilayer structure. Instead, the results show

that indolicidin inserts into the outer leaflet of the lipid vesicles causing a reduced local order of the lipid

packing. This result is supported by an observed change in the melting point of the lipids upon addition

of the peptide, as seen by differential scanning calorimetry experiments. The peptide does not to our

observation affect the thickness of the membrane or form distinct structural pores in the membrane at

physiologically relevant concentrations as has been previously suggested as an important mode of

action. Finally, using sophisticated contrast variation SANS, we show that the peptide does not affect the

random lateral distribution of anionic lipids in the membrane. Together, these results demonstrate that

the structural aspects of the mode of action of antimicrobial peptides can be elucidated in detail using

SAS techniques with liposomes as model systems.

1. Introduction

Antibiotic resistance is one of the biggest threats to global
health according to the World Health Organisation.1 Anti-
microbial peptides (AMPs) are a group of surface active molecules
which constitute a natural part of the innate immune system
across all domains of life. They are potent antimicrobial agents
shown to have effect against a broad spectrum of pathogens,
including both Gram-positive and Gram-negative bacteria.2 AMPs
seem to be able to evade much of the bacterial resistance
mechanisms and are therefore promising candidates for future
antibiotics. Instead of blocking specific biochemical pathways as
is the mode of action of most commercially available antibiotic
agents, AMPs act physically on the cytoplasmic membrane itself.
The exact microscopic mechanism for the disturbance of the
membrane has not been fully demonstrated. The main consensus
is that the AMPs cause a disruption of the structural integrity of

the bacterial membrane, for example by inducing formation of
pores or transient channels in the membrane.3–5

Indolicidin is a relatively small cationic peptide with only
13 amino acid residues and is believed to be completely
disordered, i.e. without any secondary and higher-order
structure.6 It belongs to the cathelicidin family of antimicrobial
peptides and has a high content of tryptophan and proline. The
peptide exhibits significant antimicrobial effect against both
Gram-positive and Gram-negative bacteria,7 as well as having
anti-fungal properties.8 It is generally believed that the main
mechanism of this activity is related to the formation of small
pores, which cause leakage across the lipid bacterial membrane,
that are formed despite its intrinsic disordered structure in
solution. Circular dichroism spectroscopy (CD) measurements
suggest that indolicidin adopts a disordered extended structure
and either stacks in the membrane or extends across the
membrane as an aggregate.6 Other possible modes of actions have
also been suggested, including inhibition of the DNA synthesis9

and inhibition of nucleic acid and protein synthesis in the bacteria
cells.10

The interaction between antimicrobial peptides and supported
model lipid membranes has been investigated using molecular
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dynamics (MD) simulations11,12 as well as various experimental
techniques including NMR and fluorescence techniques. From
simulation studies, it has been reported that indolicidin induces
local thinning of membranes consisting of unsaturated lipids12

and that incorporation of indolicidin in the membrane interface
results in a decrease of the lipid order parameter for the outer tail
region.11 This is also supported experimentally by NMR and
fluorescence measurements13 on micellar systems consisting of
dodecylphosphocholine (DPC) and sodium dodecyl sulphate
(SDS); these systems do, however, lack the characteristic bilayer
structure of a bacterial inner membrane. Fluorescence spectro-
scopy measurements have shown that indolicidin increases the
permeability of membrane containing anionic lipids.14 By using
techniques like neutron reflectivity (NR),15 quartz crystal micro-
balance with dissipation monitoring (QCM-D) and atomic force
microscopy (AFM),16 it is possible to investigate the detailed
surface interactions between AMPs and supported lipid bilayers
that have a closer resemblance to the prokaryote membrane.
Using these methods, one has been able to obtain an indication
of how some AMPs insert into the membrane and cause pore
formation. The proximity between the solid substrate and the
lipid bilayer inmethods involving supported bilayersmay, however,
affect the membrane in terms of e.g. the mobility and dielectric
properties of the bilayer.17 This problem can be avoided by using
free-floating lipid bilayers such as lipid vesicles.

Lipid vesicles are well-established model systems that can
mimic either eukaryotic or prokaryotic plasma membranes
depending on the phospholipids used. The plasma membrane
of prokaryotic cells contains mainly a combination of anionic
and zwitterionic phospholipids, while eukaryotic cells have
zwitterionic phospholipids as well as cholesterol in their
membranes. The inclusion of anionic lipids in model lipid
membranes used to probe interaction with AMPs is considered
to be important since the negative charge is expected to play
a significant role in the bacterial selectivity of the positively
charged AMPs. It has further been suggested by amongst other
Epand and Epand18 that the mode of action for AMPs is
connected to a clustering of negatively charged phospholipids
around the peptides as it intercalates into the membrane,
resulting in the formation of lipid domains. Interestingly, the
development of an asymmetric distribution of charged lipids in
model membranes caused by a peptide has been observed for
the alpha helical peptides aurein 1.2, melittin and alamethicin.
Although domains are not observed directly in the experiment,
the modelling of the SANS data indicates domain formation.19,20

Lipid domain formations can be studied directly using SANS on
liposomes with partly deuterated lipids and contrast matched
solvent.21

Using small-angle X-ray/neutron scattering (SAXS/SANS)
techniques, it is possible to probe the interaction between lipid
vesicles and peptides in situ in solution on a nanometre scale
without perturbing the system. However, because of the many
components in the system, the technique demands significant
effort in theoretical modelling to extract detailed structural
data. The use of lipid vesicles as model systems for probing
the interactions with antimicrobial peptides is furthermore

complicated by the fact that vesicles may phase separate in
the presence of peptides. Here, we circumvent this problem by
introducing poly(ethylene glycol) (PEG) as a protective layer on
the surface, using ‘‘PEGylated lipids’’, i.e. lipids conjugated
with polyethylene glycol (PEG).22 Only a small fraction of PEG
covalently bound to the surface of the vesicles provides a steric
(entropic) stabilisation of the lipid vesicles which inhibits
aggregation. Using SAXS combined with detailed modelling,
the density profiles of the bilayer as well as the overall vesicular
size can be extracted, giving us real-space information of the
lipid membrane systems.23 From analysis of the obtained data
we can procure information of the position of the head- and
tailgroups of the phospholipids in the bilayer membrane, the
thickness of the membrane, and the surface area per lipid. It is
possible to clearly resolve these features using X-ray scattering
because of the substantial difference in the electron density
of the lipid headgroups, the tails and the surrounding water.
Nevertheless, there are few studies employing SAXS to probe
the interaction between various AMPs and liposomes. In the
study of two alpha helical peptides, LL-37 and PLGa, mixed
with unilamellar lipid vesicles (ULV) a shift in the bilayer
scattering at high q was observed. This was interpreted as
originating from membrane thickening in the case of LL-37,24,25

and membrane thinning in the case of PLGa,26 due to formations
of transient pores. In another SAXS study, surfactant-like peptides
were found to induce a transition from multilamellar (MLV)
to unilamellar lipid vesicles (ULV) due to electrostatic
repulsions.27–29 One study where MD simulations and experi-
mental SAXS data were compared, it was found that alpha helical
alamethicin peptides inserts into the bilayer tail region rather that
in the surface of the outer headgroup, with a resultant thinning of
the membrane.30

In this work we have systematically studied the interaction
between model lipid vesicles and indolicidin, an archetypical
unstructured antimicrobial peptide, using SAXS and applied a
detailed model to extract accurate structural information. The
data provides deep insight into the distribution of the peptide
within the bilayer as well as the structural integrity of the lipid
membranes itself. From the result we gain important insight
into the structural mechanism of the peptide where we
show that the insertion of the indolicidin does not seem to
significantly affect the thickness of the membrane or the lateral
distribution of the anionic lipids. Instead, the peptide causes a
disordering of the tail packing in the membrane, which is also
reflected in a shift of the melting point of the liposomes as seen
by differential scanning calorimetry.

2. Experimental section
2.1. Sample preparation

Synthetic DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine),
DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-(1 0-rac-glycerol)),
and DMPE-PEG (1,2-dimyristoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000]) was purchased
from Avanti Polar Lipids and used as received without further
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purification. The lipids, in the correct proportions (varying the
DMPG to DMPC ratio), were dissolved in a 1 : 3 methanol :
chloroform solution to give the same concentration as would
be in the final vesicle solution. The organic solvents were
removed completely under vacuum using a Heidolph rotary
evaporator with a Vacuubrand vacuum pump. The resulting
lipid film was hydrated with 50 mM Tris buffer, pH 7.4, for at
least one hour at a temperature of B10 1C above the melting
temperature of the lipid mixture. After sonication for 10 minutes,
the lipid dispersions were extruded through a 100 nm pore
diameter polycarbonate filter (421 times) using an Avanti mini-
extruder fitted with two 1 mL airtight syringes.

For the SANS experiments, performed at Oak Ridge National
lab, a combination of lipids with protonated and deuterated
tails and Tris–D2O and Tris–H2O were used to match the
Scattering Length Density (SLD) of the both headgroup and
average lipid tail. This was achieved by mixing 34% d-DMPC
(1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine), 31% h-DMPC,
32.5% h-DMPG and 2.5% DMPE-PEG in 38% Tris–D2O and
62% Tris–H2O. Provided that the lipids are randomly distributed,
vesicles with this composition will essentially be contrast matched
and exhibit very low scattering intensity. In the event of any
nanoscopic domain formation (clustering of DMPG lipids) an
excess scattering signal will be visible due to the residual contrast
between protonated DMPG and partly deuterated DMPC tails.
As a reference, a sample with fully protonated lipid vesicles in
100% Tris–D2O was prepared.

Indolicidin, purchased from Isca Biochemicals Limited,
was dissolved in 50 mM Tris buffer, pH 7.4, to the desired
concentration. The peptide solution was gently heated to 45 1C
for 7 minutes while shaking to ensure full dissolution of the
peptide.

2.3. Differential scanning calorimetry

Thermal analysis was performed using a differential scanning
calorimeter (DSC) for solutions, the TA Instruments ‘‘nano-
DSC’’ instrument, which allows detection of heat flows on a
mJ s�1 scale. The heating rate was 2 1C min�1 and samples were
scanned from 5 to 60 1C. The thermogram was recorded during
both heating and cooling and each sample was measured for
3–5 scans to look for hysteresis effects. The Tris buffer was
measured separately using the same settings and the buffer
curve was subtracted from the thermograms using the Origin
Lab Software. The measured power was converted to specific
heat capacity Cp in J mol�1 K�1. The enthalpy values were
obtained by direct integration of the area under the baseline
subtracted peaks.

2.4. Small angle X-ray scattering

SAXS experiments on mixtures of peptide and liposomes were
performed at the automated BM29 bioSAXS beamline31 at the
European Synchrotron Radiation Facility (ESRF) in Grenoble,
France. The data was obtained using an energy of 12.5 keV and
a detector distance of 2.87 m, covering a q range (q = 4p sin(y/2)/l),
where y is the scattering angle and l is the X-ray wavelength) of
about 0.0047 Å�1 to 0.5 Å�1. The data set was calibrated to an

absolute intensity scale using water as a primary standard. 40 mL
samples were run through a capillary using the flow mode of the
automated sample changer.32 SAXS data were collected in ten
successive frames of 0.5 s each to monitor radiation damage and
the data reduction was done using the standard tool at BM29.33

The SAXS experiments to determine the concentration
dependence of the peptide structure were performed at the
ID02 beamline at ESRF. The X-ray wavelength was 0.995 Å and
the sample-detector distance was set to 3 m, covering a q range
of about 0.005 to 0.5 Å�1. The data were calibrated to absolute
scale using water as a primary standard.

2.5. Small angle neutron scattering

SANS measurements were carried out at the Bio-SANS
beamline34 at the High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory, USA. By using a combination of a
main and a wing detector, one single instrument configuration
was able to cover a q range of 0.003 to 0.8 Å�1. Scattered
neutrons were collected with a 1 � 1 m two-dimensional (2D)
position-sensitive detector having 192 � 192 pixels (ORDELA,
Inc., Oak Ridge, TN). A neutron wavelength of 5 Å and detector
distance of 15.5 m were used in all measurements. The 2D data
set was corrected for detector dark current, pixel sensitivity, and
scattering from backgrounds (Tris–D2O, Tris–H2O and quartz
cell). The scattering intensity profiles I(q) were obtained by
azimuthally averaging the processed 2D images, which were
normalized using water as a secondary standard.

3. Theoretical section
3.1. Free peptide in solution: random polymer-like chains
with fiber-like clusters

In order to extract accurate and detailed structural information,
the SAXS data for the pure peptide chains were analysed using a
combination of free chains and rectangular fibres characterized
by dimensions a o b o c.

I(q) = f�Vp�Dr2�(Pchain(q)�fchain + Np�Psheet(q)(1 � fchain)) (1)

where f is the volume fraction of the polymer, Vp is the volume
of the polymer, Dr is the excess scattering length density and
fchain is the fraction of free chains. Np, the average number of

peptides in each sheet, is defined as Np ¼ abc

Vp
. Pchain(q) is the

form factor of the free peptide chains given by the Debye
expression for Gaussian chains:

Pchain qð Þ ¼
2 � exp � qRg

� �2h i
� 1þ qRg

� �2
qRg

� �4 (2)

where Rg is the radius gyration of the peptide chains.
Under the assumption that the lengths of the peptide sheets

are much greater than the lateral dimension, i.e. c c a, b, the
form factor Psheet(q) is given by

PsheetðqÞ ¼ Fc qð Þ 1
2p

ð2p
0

Asheet q; að Þ2da (3)
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where the amplitude is given by

Asheet q; að Þ ¼ sinðqb cosðaÞ=2Þ
qb cosðaÞ=2 � sinðqa sinðaÞ=2Þ

qa sinðaÞ=2Þ (4)

and

Fc(q) = (2Si(qc)/(qc) � 4 sin2(qc/2)/(qc)2 (5)

where Si xð Þ ¼ Ð x
0t

�1 sin tdt.

3.2. SAXS and SANS model for asymmetric unilamellar lipid
vesicles

From a joint fit of synchrotron X-ray scattering data and
neutron scattering data we can extract detailed information
on the structure of the membrane of the vesicles as earlier
described by amongst others Eicher et al.35 The high-resolution
and the peculiar difference in electron density between the
head- and tail-groups of the lipid and water provides a signi-
ficant sensitivity to changes in the contrast in X-ray scattering.
We therefore chose a scattering model that provides detailed
information on the structure of the bilayer.

The scattering density profile model (SPD), as developed by
Nagle, Kučerka and co-workers,36,37 and later modified to
account for asymmetry in the bilayer,35,38 describes the bilayer
structure in terms of volume probability profiles of quasi-
molecular fragments. The one-dimensional volume probability
profiles for each segment is scaled by the number of electrons
in the case of X-ray scattering and by the neutron scattering
length density (SLD) in the case of neutron scattering. It has
previously been shown39,40 that the coherent scattering from
large unilamellar vesicles (LUV), where the size of the vesicles
and the thickness of the bilayer are well separated, can be
described by the separated form factor (SFF) approximation:

Ilip(q) = n�S(q)|PTS(q)|2|PFB(q)|2 (6)

where n is the number of scatterers, defined as

n ¼ f
Vlipid � Pagg

(7)

with f being the volume fraction and Vlipid the total volume of a
phospholipid given by Vlipid = Mlipid/(NA�dlipid). NA is Avogrados
number, Mlipid is the molecular weight and dlipid is the density.
Pagg is the number of phospholipids in each lipid vesicle,
i.e. the aggregation number of the vesicle, given by

Pagg ¼ 4p Rshellð Þ3�4p Rshell � tshellð Þ3
3Vtail

(8)

where Rshell is the outer radius of the vesicles, tshell is the
thickness of the bilayer and Vtail is the volume occupied by
each double tail of the phospholipid.

S(q) is the structure factor accounting for interaction
between particles (S(q) = 1 in our case because all samples are
sufficiently diluted), PTS is the form factor of an infinitely thin
spherical shell (containing information on the radius of the
lipid vesicles and the polydispersity), and PFB(q) is the form
factor of a flat bilayer sheet (containing information on the
bilayer thickness and the distribution of the phospholipids
segments across the bilayer).

The flat bilayer form factor can be expressed41 as

PFBðqÞj j ¼
ðDo

�Di

Dr zð Þeiqzdz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fcos

2 þ Fsin
2ð Þ

q
(9)

where Dr is the difference in the SLDs of the membrane and
the solvent, and Fcos

2 and Fsin
2 are the real and the imaginary

parts of FFB (cf. eqn (S1) and (S2) in the ESI†). The integral
extends over the full bilayer thickness from the inner distance
Di to the outer distance Do.

Following Kučerka and co-workers,38 we parse the phospho-
lipids into the following segments, as seen in Fig. 1: hydro-
carbon terminal methyl (CH3), hydrocarbon methylene (CH2),

Fig. 1 Illustration of the bilayer parsing for DMPC, DMPG and DMPE-PEG (from top to bottom).
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carbonyl + glycerol (CG) (common for all three phospholipid)
and outer part of head group (HG). The HG-group is different
for the three phospholipids and an average dependent on the
mole fraction of each component in the specific mix is therefore
used in the calculations.

The volume probability distributions of the components are
described by Gaussian functions37

Pn zð Þ ¼ cnffiffiffiffiffiffi
2p

p exp � zþ znð Þ2
2sn2

" #
þ exp � z� znð Þ2

2sn2

" #!
(10)

where sn and zn are the width and position of the distribution,
respectively, and cn = Vn/(ALsn). Vn is the volume of the group
n and AL is the area per lipid, which is equal to the integrated
area under the curve.

The hydrocarbon groups (HC representing the tails) are
modelled using a half period squared sine/cosine function
to account for the asymmetry in the bilayer, e.g. potential
differences in the segmental distribution of the inner and the
outer HC group35

PHC zð Þ¼

sin
z� zMNi

þsMNi

2sMNi

p
2

� �2

for zMNi
�sMNi

� zozMNi
þsMNi

1 for zMNi
þsMNi

� zozMNo �sMNo

cos
z� zMNo þsMNo

2sMNo

p
2

� �2

for zMNo �sMNo � zozMNo þsMNo

8>>>>>>>><
>>>>>>>>:

(11)

where zMNi,o
is the 0.5-probability value for the HC group and

2sMNi,o
is the width of the squared sine/cosine function. The

volume probability distribution of the methylene groups (CH2)
can be expressed separately as

PCH2
(z) = PHC(z) � PCH3

(z) (12)

These expressions for the distributions of the lipid tails comply
with spatial conservation consideration35,37 as the height of the
expression for PHC(z) is equal to one in the central hydrocarbon
region as there is no water present in this region of the
membrane.

The volume probability distribution of the water is chosen to
be the last group and the spatial conservation requirement is
applied to give

Pw zð Þ ¼ 1�
X
n

PnðzÞ (13)

where n = CHi,o
3 , CHi,o

2 , CGi,o, HGi,o.
A number of constrains has been introduced to avoid

nonphysical results. The position of the terminal methyl groups
was fixed to zero (at the centre of the bilayer) and the width of
the methyl group was fixed to the reference value 2.3 Å found by
Kucerka et al.42 for similar systems (the fit is not very sensitive
to sM and this was therefore not varied from the reference
value). To prevent negative probability values for the water
distribution curve, constraints on the z values and the sigma

values for the tail group and the headgroups were incor-
porated in the fitting regime. The positions of the CH2 tails
are limited based on the width of the CH3 Gaussian function
(zCH2

Z sCH3
+ 2sCH2

) to yield physical possible values for the
distribution of the groups in the tail region. Further, the
positions and distributions of the two headgroup parsings
in the inner and outer leaflet are limited by the positions
and widths of the half period squared sine/cosine functions
representing the tails in such a way that the sum of these
functions will be equal to or less than one.

The total volumes of the head group and hydrocarbon chain,
as well as the area per lipid, were constrained according to
values from reported MD simulation of DMPC,42 DMPG43 and
DMPE44 phospholipids in a bilayer at different temperatures
(an averaged value adjusted according to mole fraction of each
lipid was used). To increase the reliability of the fit parameters,
a joint fit of SAXS and SANS data was performed. The smearing
due the experimental resolution effects was taken into account
using standard procedures.45 With varying ratios of DMCP to
DMPG lipids, the changes in fit parameters were mainly limited
to the changes in volume (and resulting scattering length
density) of the outer lipid headgroup, as well as batch to batch
differences in the polydispersity and radius of the vesicles.

3.3. Analytical model for PEGylated liposomes

Because a small amount of PEGylated DMPE lipids was
used to stabilize the lipid vesicles against aggregation, the
scattering from the PEG chains was included in the fit model
for SAXS/SANS data. The PEG chains on the inner and
outer leaflet of the lipid bilayer have a Gaussian random coil
confirmation and can therefore be described by the following
analytical model46,47

IPEG-liposomes(q) = Ilip(q) + Ichain(q) + Icici(q) + Icico(q)

+ Icoco(q) + Isci(q) + Isco(q) (14)

where Ilip(q) is the scattering from the lipid vesicles themselves
(eqn (6)) and Ichain(q) is the scattering from the PEG-chains
alone given by

Ichain qð Þ ¼ nDrPEG
2VPEG

2NPEG

� 2
exp � qRg

� �2h i
� 1þ qRg

� �2
qRg

� �4
(15)

In this expression, n is the number of scatterers as defined
in eqn (7), Dr is the excess scattering length density, VPEG is the
partial specific molecular volume of a single PEG chains, Rg is
the radius of gyration of the chains and NPEG is defined as the
number of PEG chains per liposomes given by

NPEG = fPEG�Pagg (16)

fPEG is the fraction of PEG-modified lipids in the liposomes and
Pagg is the aggregation number of the liposomes (eqn (8)).

The next terms, Icici(q) and Icoco(q), are the interference terms
between PEG chains attached to the inner surface of the
vesicles and between the PEG chains on the outer surface,
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respectively, while Icico(q) is the inter-interference between the
inner and outer PEG chains:

Icici qð Þ ¼ nDrPEG
2VPEG

2NPEGfinner � NPEGfinner�1ð Þ

�
1� exp � qRg

� �2h i
qRg

� �2
2
4

3
5
2

� sin q Rinner�Rg

� �� �
q Rinner�Rg

� �
" #2

(17)

Icoco qð Þ ¼ nDrPEG
2VPEG

2NPEG 1� finnerð Þ � NPEG 1� finnerð Þ�1ð Þ

�
1� exp � qRg

� �2h i
qRg

� �2
2
4

3
5
2

� sin q Router�Rg

� �� �
q Router�Rg

� �
" #2

(18)

Icico qð Þ ¼ nDrPEG
2VPEG

22NPEG
2finner � ð1� finnerÞ

�
1� exp � qRg

� �2h i
qRg

� �2
2
4

3
5
2

� sin q Rinner�Rg

� �� �
q Rinner�Rg

� �
" #2

� sin q Router�Rg

� �� �
q Router�Rg

� �
" #2

(19)

Here, finner is the fraction of PEG in the inner leaflet, while
Rinner and Router are the inner and outer radius of the lipo-
somes, respectively, defined as

Rinner = R + zHGi
� ddisp (20)

Router = R + zHGo
+ ddisp (21)

where ddisp is a displacement factor for the centre of mass of
the PEG polymer chains. This was incorporated to account for
the partial mixing of the polymer and the bilayer at the inter-
face, since close packing of polymers has been reported for
PEGylated lipid micellar systems in the past.48

The last remaining terms Isci(q) and Isco(q) are the interfer-
ence cross-terms of the outer and inner chains with the bilayer:

Isci qð Þ ¼ nAbAs � DrPEGVPEG2NPEGð1� finnerÞ
� NPEG 1� finnerð Þ � 1ð Þ

�
1� exp � qRg

� �2h i
qRg

� �2
2
4

3
5 � sin q Rinner � Rg

� �� �
q Rinner � Rg

� �
" #

(22)

Isco qð Þ ¼ nAbAs � DrPEGVPEG2NPEGfinner � NPEGfinner � 1ð Þ

�
1� exp � qRg

� �2h i
qRg

� �2
2
4

3
5 � sin q Router � Rg

� �� �
q Router � Rg

� �
" #

(23)

where ATS and AFB are the scattering amplitudes corresponding
to scattering form factors FTS(q) and FFB(q) respectively.

3.4. Incorporation of the peptide contribution to the bilayer
scattering

To be able to use the analytical scattering models to quantita-
tively describe the interaction between antimicrobial peptides

and lipid vesicles, the described model for the liposomes was
modified to account for the scattering of the peptide, either
inserted in the membrane or as free chains. It was decided to
introduce the peptide as an additional pseudo-parsing group
across the bilayer (in comparison to parsing of the lipids into
four groups as shown in Fig. 1) and model the volume prob-
ability of the peptide as an additional Gaussian function
(eqn (10)). The integral under the curve was scaled by the total
volume fraction of added peptides and the fraction of peptide
bound to the liposomes, fbp, in the following way

cpep ¼ Vp � fp � fbp
AL � sp (24)

Further, to account for the changes in contrast as a result of the
peptide potentially integrating into either the head-region, tail-
region of the phospholipids or somewhere in the interface
between the two areas of the bilayer, the difference in contrast
is weighed by a fraction, fp_tail, which gives the fraction of
peptide in the tail region

Drp(z) = fp_tail�(rp � rCH2
) + (1 � fp_tail)�(rp � rw) (25)

where r(p), r(CH2) and r(w) are the SLDs of the peptide,
methylene groups, and water, respectively.

The fp_tail is expressed as the integral of the overlap of the
peptide Gaussian function with the half period squared sine/
cosine function expressing the volume probability of the HC
groups in the following way

fptail ¼
Ð zCH2

þsCH2
zinter

PHCdzþ
Ð zinter
Zp�5sp

PpdzÐ
Ppdz

(26)

where zinter is the intersect between the two overlapping curves
found numerically by the Brent–Dekker method49 and PHC is
the function described in eqn (11). Pp is the Gaussian function
expressing the volume distribution of the peptide (details are
given in ESI†).

The form factor for the flat bilayer including the peptides is

PFBpep qð Þ�� ��
¼

ðDo

�Di

Dr zð Þeiqzdz

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Fcos;lipid þ Fcos;peptid

� �2þ Fsin;lipid þ Fsin;peptid

� �2� 	r
(27)

where

Fcos;peptide ¼ cpepspDrp cos qzp
� � � exp qsp

� �2
2

" #�����
����� (28)

and

Fsin;peptide ¼ cpepspDrp sin qzp
� � � exp qsp

� �2
2

" #�����
����� (29)

To account for potential free peptide chains that are not
bound to vesicles, an additional term was added to the model

Ifp(q) = j�(1 � fbp)�Drp2�Vp�Pchain(q) (30)
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where j is the total volume fraction and P(q)chain is the form
factor of a Gaussian chain expressed by the Debye formula50

given in eqn (2).
The full expression for the intensity, including peptide in

the bilayer, the PEGylation, and the free peptide chains is then

I = n((PTS(q))
2(PFBpep

(q))2 + Ichain(q) + Icici(q)

+ Icico(q)+ Icoco(q) + Isci(q) + Isco(q)) + Ifp(q) (31)

In the fit analysis, we allowed the concentration to vary
slightly due to uncertainties in the determination of the exact
value during the sample preparation.

4. Results and discussion
Structure and conformation of indolicidin in solution

The chemical structure of the antimicrobial peptide indolicidin
is displayed in Fig. 2(A) together with the amino acid sequence.
Fig. 2(B) shows the obtained SAXS scattering data from
indolicidin in Tris buffer at 37 1C at different concentrations
together with the fits of the model described in Section 3.1.
At intermediate to high q we observe the typical polymer-like
scattering which can be accurately described with the Debye
function for random Gaussian chains (eqn (2)). At all concen-
trations we see an upturn at low q that can be described by a
power-law, q�x, with x E 2. This indicates formation of some
large extended or plate-like structures. Interestingly, these
structures are still present for the whole concentration range
of 5–0.65 mg mL�1. In addition, as shown in the inset, the
larger structures are not broken up at higher temperatures,
persisting at temperatures up to 45 1C.

More quantitatively, the data can be described using scattering
expressions for single polymer-like chains with a contribution
from aggregated peptide filaments as described in Section 3.1.
The result from the fit analysis indicates that the peptides
predominantly form disordered polymer-like structures, but that
there is also a small amount (about 1 percent) of filament sheet
peptide structures.

Although it is difficult to extract accurate structural informa-
tion on the presumably heterogeneous and large structures,
we obtain an apparent width of around 450–1500 Å depending
on the concentration, and a thickness of about 90–100 Å. The
length is about 700 Å at the lowest concentration, increasing
to a value above the visible size in the measured q range (less
than 4000 Å) for the other concentrations. For the free peptide
chains, we obtain a radius of gyration of about 12 Å.

Based on circular dichroism (CD) experiments,6 indolicidin
was found to adopt a random coil conformation without
any secondary structure. Our data confirm the existence of 99
percent largely disordered peptide chains but also show that a
small amount of the peptide assembles into filament sheet
structures. This structure has been also observed for synthetic
antimicrobial peptides in the past.51

Structural SAXS characterization of vesicles with varying charge
densities

In order to investigate the detailed nanostructure of the
membrane system, including the segmental distribution in
the bilayer, we proceed to a detailed joint SAXS and SANS
analysis of the vesicles. The SAXS and SANS data on liposomes
of the same composition used for a joint fit analysis are shown
in Fig. 3A. In order to increase the accuracy of the fits, the SANS
and SAXS data were simultaneously analysed using the pre-
viously described fit model yielding excellent agreement. SAXS
data for the liposomes with increasing amount of negatively
charged lipids (DMPG) are presented in Fig. 3B together with
the corresponding fits, as well as the SANS data obtained with
‘‘full contrast’’ of hydrogenated lipids in D2O. The data resemble
the typical scattering for vesicles, with strong scattering at low q
where the overall size of the liposomes and the polydispersity can
be extracted. For the SAXS data, a rather pronounced minimum is
visible at intermediate q; this minimum is highly sensitive to the
negative contrast, i.e. lower electron density than water, of
the lipid tails and positive contrast (higher electron density) of
the headgroups. The minimum is rather shallow, indicating
an asymmetry in the bilayer which is confirmed through the fit

Fig. 2 (A) Chemical structure of indolicidin, cationic antimicrobial peptide from bovine, with the amino acid sequence below. (B) Scattering data of
indolicidin with altering concentration and model fit. Results indicate predominantly free unstructured peptide chains with a small fraction of sheet like
filaments. Inset graph shows how the enlarged structures cannot be broken up with increasing temperature to 45 1C (concentration shown is 5 mgmL�1).
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analysis; this analysis did not provide accurate fits using symme-
trical bilayers (see Fig. S1 in the ESI†). This slight asymmetry is
displayed in the calculated volume probability plot presented in
Fig. 4A. It shows that the CG and HG groups on the outer leaflet
have a slightly longer distance from the hydrocarbon chain than
they have on the inner leaflet. The asymmetry can be explained by
an interplay between the electrostatic interactions and curvature38

caused by the charged phospholipids as well as changes caused by
the PEG chains connected to the surface of the outer and inner
leaflet of the bilayer. At higher q, we see a pronounced maximum
which provides the detailed bilayer structure. From the joint fits
we obtain both the volume probability functions, depicted in
Fig. 4A, as well as the corresponding electron density profiles
across the bilayer, depicted in Fig. 4B.

As seen in Table S1 in the ESI,† although the size and
polydispersity vary slightly from batch to batch, the structure
of the bilayer itself is not affected by increasing the amount of
negatively charged lipids, most likely because DMPC and DMPG
are of similar sizes. This is clearly visible from the electron density
plot presented in Fig. 4A, where the curve overlaps. As seen from

the table, the major change with increasing amount of DMPG
compared to DMPC in the liposomes is the systematic decrease in
the average volume of the HG group. This is in good agreement
with previously reported MD simulations of the headgroup
volume which show that the volume of DMPG is lower than
for DMPC.

The structural fit parameters are generally in very good
agreement with previously reported data for the same lipids, but
the sHG is slightly higher than reported for DMPC liposomes in
the past.52 This could be explained by the introduction of the
covalently bound PEG group to the outer headgroup of some of
these lipids. The fit for the bilayer is shown to be reliable by its
ability to fit all five systems with the same structural parameters,
providing us a solid starting point for quantitative analysis of the
bilayer’s interaction with peptides.

Interaction between indolicidin and model membranes

Differential scanning calorimetry (DSC). The interactions
between indolicidin and model lipid membranes were first
probed using differential scanning calorimetry (DSC). Fig. 5
shows the effect of indolicidin on the thermal behaviour of
liposomes with the typical lipid mixture of 90 mol% DMPC,
7.5% DMPG and 2.5% DMPE-PEG. As seen in the figure, the
addition of the peptide has a significant effect on the heat
capacity, Cp, which displays a significant shift and broadening
of the peak as compared to the neat lipid vesicles, where the
melting peak is relatively sharp corresponding to a Tm = 24.2 1C.
The melting temperature is progressively decreasing with the
amount of peptide added with a concomitant increase in the
width of the melting transition. The shift in the peak indicates
an intercalation of the peptide in the membrane tail region
or displacement of the lipid head groups, which affects the
packing of the phospholipid tails in the bilayer. The latter
was also found in reference53 where indolicidin was directly
incorporated into DMPC and DMPG lipids in organic solvents
during the sample preparation. In contrast, we chose to mix
the extruded lipid vesicles and peptide in the buffer directly
before conducting the experiment to mimic the biological
situation where antimicrobial peptides are introduced to bacteria.

Fig. 3 (A) SANS and SAXS data for 25% DMPG liposomes and the result
of a simultaneous model fit analysis of the data (different batches of
liposomes but same composition and preparation). (B) Scaled SAXS
data for DMPC–DMPG–(DMPE-PEG) liposomes with altering amounts of
negative charge (DMPG) along with fit model (red line).

Fig. 4 (A) Illustration of the volume probability distribution for an asymmetric bilayer, 25 mol% negatively charged liposomes as an example. (B) Electron
density distribution profile for liposomes with altering amount of negatively charged phospholipids showing that they overlap.

Paper Soft Matter

View Article Online



8758 | Soft Matter, 2018, 14, 8750--8763 This journal is©The Royal Society of Chemistry 2018

The values for the melting temperatures (Tm) and the enthalpies
(DH) are listed in Table 1.

Structural SAXS and SANS results: peptide–lipid interactions

The effect of adding indolicidin to the lipid membranes is
qualitatively illustrated in Fig. 6 where the scattering curves of
peptide–lipid mixtures is compared to the calculated average
expected in the absence of interactions. The latter is obtained
by averaging the scattered intensity of the individual unmixed
solutions.

An interaction between the peptide and the lipid vesicles
is clearly present since the scattering curves are different, in
particular at low and intermediate q. Notably, the minimum in
the intermediate q range is shifted. In order to determine these
structural effects, the data were analysed using the detailed
model described in Section 3.4.

The results from the fit analysis of X-ray scattering data from
liposomes mixed with increasing amounts of indolicidin are
shown in Fig. 7. From Fig. 7A we see that the joint fit analysis
gives good agreement between the fitted model and the experi-
mental SAXS and SANS data. As seen from the SANS data
in Fig. 7, where the curves overlap at intermediate and high q
(when not scaled), the insertion of the peptide in the bilayer
cannot be resolved using SANS alone. The SAXS curves in
Fig. 7(B and C), however, we clearly see that increasing amounts
of peptide addition result in systematic shifts of the minima,
showing the strength of using SAXS to describe the insertion of
a substance into the bilayer.

The resultant fit parameters presented in Table 2 show that
the insertion of the peptides changes the overall size and
polydispersity of the vesicles; this is seen as a shift and
smearing of the slight oscillations at low q in all the SAXS
and SANS curves in Fig. 7. More interestingly, the fit analysis
showed that the bilayer structure remains mostly intact upon
exposure of moderate amounts of the peptide (up to 1 : 10
peptide–lipid ratios) leading to moderate changes in the
volume probability curves shown in Fig. 7(A and B). For
the peptide : lipid ratios of 1 : 10 and less, the shift in the
experimental scattering curves could be accounted for by
simply implementing the scattering contribution for the peptide.
This is due to substantially larger electron density of the peptide
compared to that of the lipid tails which thereby alters the
contrast within the bilayer and the surrounding solvent. The
change in electron density with increasing amount of indolicidin
is visually illustrated by the electron density (ED) plots obtained
from the fits in Fig. 8(C and D).

By quantitatively considering the change in the contrast,
the detailed model fit analyses reveal that the structure of the
bilayer remains essentially unaltered for moderate peptide
additions. By increasing the peptide concentration up to a 1 : 5

Fig. 5 DSC heating scans illustrating the effect of indolicidin on the
thermal phase behaviour of DMPC–DCPG–DMPE-PEG lipid vesicles. The
peptide : lipid ratios are indicated and the measurement of the pure lipids is
included for reference.

Table 1 The estimated melting temperature (Tm) and the enthalpy of the
transition (DH) for each peak. For the 1 : 10 and 1 : 5 ratios a range from the
first to the last maximum of the overlapping peaks is provided

Sample Tm (1C) DH (kJ mol�1)

No peptide 24.2 33.5
1 : 20 23.9 34.2
1 : 10 23–25 34.6
1 : 5 22–25 31.8

Fig. 6 Qualitative comparison of the measured data of 10 (A) and 25 (B) mol% negatively charged lipid vesicles mixed with indolicidin to the calculated
average where the scattering from the liposomes and the peptide have been measured separately and summed together. The measured curves show
clear shifts in the minimum at intermediate q indicating a significant interaction between the peptide and the liposomes.
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ratio, however, we observe that completely satisfactorily fits can no
longer be obtained without a slight modification of the bilayer
structure: reducing the thickness of hydrocarbon layer in the outer
leaflet by 0.7 Å. Interestingly, this becomes more pronounced with
increasing DMPG content, where we find a 3 Å reduction in the
thickness. We should, however, keep in mind that these concen-
trations correspond to physiologically irrelevant values of about
100� the MIC (minimal inhibitory concentration).6 Some degree
of change in the thickness of the bilayer caused by the introduc-
tion of AMPs has also been found in other SAXS studies at higher
peptide–lipid ratios.24,26 Although membrane thinning has been
proposed as an important mechanism of action for AMPs,54 our
data do not seem to support a significant detectable effect at the
lowest concentrations, which are at more physiological relevant
conditions. Nevertheless, the peptide interaction can be clearly
detected at these low concentrations using SAXS.

From the volume probability plots in Fig. 8A and B we see
that indolicidin seems to be located at the interface between
the tail and head region of the outer leaflet of the membrane.
While the quality of the fits is highly sensitive to the peak
position of the peptide, indicating a strong preference to the
lipid tail/head interface, it is less sensitive to the width of the
peptide distribution. Nevertheless, with increasing amounts
the peptide seems to be able to insert slightly deeper into the
tail region of the bilayer, causing the shift of the Gaussian
function representing the peptide group in the volume

probability plot as well as the ED curve towards lower z values.
The insertion partly into the lipid tail region of the bilayer is
supported by the thermal analysis presented above (Fig. 5),
where the peptide was shown to lower the melting point and
broaden the melting peak of the lipids, indicating significant
alteration of the packing of the tails.

Contrast variation SANS: peptide-induced lateral segregation
of lipids?

In order to further investigate the structure of the liposomes
after peptide addition, SANS experiments with contrast varia-
tion were used to detect potential lateral segregation of lipids
induced by the peptide. This experiment, complementary to
SAXS which provides the radial distribution, tests the hypo-
thesis that AMPs induce local clustering of anionic lipids due
to the electrostatic charge neutralization, an effect which may
play a role in their mode of action.18 To this end, we designed
the experiment based on the work by Heberle et al.21 where
DMPC lipids with perdeuterated tails were mixed with regular
proteated DMPG lipids so that the average contrast of fully mixed
tails matches that of the headgroup (SLD 2.01 � 1010 cm�2).
By placing these liposomes in a H2O/D2O buffer mixture which
matches both the tails and head groups, a very low scattering
signal is expected as the residual scattering only origins from the
contrast between individual lipids as well as the PEG chains. If the
anionic lipids would cluster together with the peptide and form

Fig. 7 (A) Simultaneous fit of SANS and SAXS data of 1 : 10 peptide addition (different batches of liposomes but with the same composition and
preparation). (B and C) Scaled SAXS and SANS data for DMPC–DMPG–(DMPE-PEG) liposomes of differing amounts of negatively charged phospholipids
with added peptide in an increasing peptide : lipid mol-ratios from 1 : 100 up to 1 : 5 along with fit model (red line). Liposomes in (B) have 10 mol% DMPG
while liposomes in (C) have 25 mol% DMPG (latter matches amount of negative charge in E. coli bacteria).

Table 2 Important fit parameters from the analysis of liposomes with added indolicidin. Values outside of the experimental q-range noted with (�), and
joint SAXS/SANS fits noted with §. The error of the fits is found to be less than 5%

Liposomes with 10 mol% PG/PE Liposomes with 25 mol% PG/PE

Fraction peptide 1 : 100 1 : 50 1 : 20 1 : 10 1 : 5 1 : 100 1 : 50 1 : 20 1 : 10§ 1 : 5
ULV radius [Å] 261 265 267 — — 430 — — — —
Bilayer thickness [Å] 38.8 � 0.5 38.8 � 0.5 38.8 � 0.5 38.8 � 0.5 37.9 � 0.5 38.8 � 0.5 38.8 � 0.5 38.8 � 0.5 38.8 � 0.5 35.7 � 0.5
Zpeptide [Å] 12 9.2 9.2 9.7 9.7 14 13.7 12 12 9.6
speptide [Å] 3 3 3 3 3 3 3 3 3 3
ffp 0 0 0 0 0.25 0 0 0 0 0.18
sSD 0.29 0.32 0.31 0.35 0.45 0.4 0.4 0.45 0.45 0.45
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microdomains, a significant signal is expected at intermediate to
high q. As seen in Fig. 9, however, the scattered signal remains very
low upon addition of indolicidin. Similar results were obtained for
various charge densities, temperatures and even upon replacing
the anionic lipid with a shorter DLPG. From these limited data we
conclude that both the peptides and the lipids are homogenously
distributed in the vesicles and that indolicidin does not seem to
promote any lateral segregation of the lipids in these model
membranes. This agrees with the earlier observed tendency that

a substrate that changes the crystallinity of the membrane locally
(for example cholesterol) has to be introduced to observe the
formation of lipid domains.21

Structural insight into the mode of action of indolicidin

From the analysis of the data presented above, the structural
interaction between indolicidin and the model lipid bilayers
gives insight into a possible mode of action of the peptide.
Although SAXS measurements of the pure peptide revealed
some degree of clustering, indolicidin is predominantly dis-
ordered with a random coil formation. Hence, it seem likely
that insertion of the peptide into the bilayer occurs without
any higher order structures as implied in the barrel-stave or
toroidal pore models.54 This is consistent with our SAXS results
of the peptide lipid mixtures, which do not provide evidence for
any folding or significant structuring within the lipid bilayer,
but rather an insertion primarily of the outer leaflet and a
perturbation of the lipids in the outer region. Indolicidin
remaining a random coil structure in the presence of mem-
branes has also been seen from CD measurements e.g. by Falla
T. J. et al.6 The high tryptophan content of indolicidin and the
presence of the partially charged and bulky indole side group
provides a possible explanation of the preferred positioning
in the outer leaflet, in close proximity to the lipid–water
interface.55 Our experimental data are consistent with the MD
simulation study where indolicidin was found to be located in
the outer leaflet resulting in a decrease in the ordering of the
lipids.11 In this study some degree of membrane thinning
(at the most B4.1 Å) was observed, consistent with our results

Fig. 8 Volume probability distribution for lipid membranes of (A) 10% and (B) 25% negatively charged lipids with increasing amount of indolicidin. The
area of the Gaussian function of the peptide (grey coloured peaks) increases with increasing amounts of indolicidin added to the sample. Electron density
profiles for the volume probabilities in (A) and (B) can be seen (C) and (D), respectively, showing that the addition of peptide increases the electron density
in the outer bilayer leaflet.

Fig. 9 Neutron scattering results for lipid vesicles with peptide at 37 1C.
Contrast matched liposomes in D2O/H2O solvent show no lateral
segregation of anionic lipids upon addition of the cationic peptide.
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at high peptide–lipid ratios. Interestingly, we observed the
strongest effect in DMPG rich lipids, where the fraction of
bound peptides is high (82% bound peptide compared to 75%
for the lipids with less PG). This indicates that the positively
charged indolicidin has a higher affinity for membranes with
more negative charge. This is consistent with the MD simula-
tions where the same effect was observed when comparing pure
PC membranes with pure PG membranes.

The present work thus points towards a scenario where the
lipids are disordered rather than forming a distinct ‘‘pore’’ or
‘‘channel’’ as is suggested in e.g. the ‘‘barrel-stave’’ model.
Instead, our data support the ‘‘interfacial activity’’ picture
presented by Wimley.56 Here, it was suggested that the
insertion of the peptide into the bilayer results in a change in
the packing of the tails which leads to a disruption of the
permeability barrier imposed by the hydrocarbon core in the
membrane. This may cause leakage of polar solutes across
the membrane resulting in lysis and death of bacteria cells.
This is compatible with the present SAXS study, where the
peptide partitions into the interfacial region between the
head- and tail-groups in the outer leaflet, also reflected in
the significant shift in the melting temperature from the DSC
measurements. A simple illustration for the structure and
distribution of indolicidin causing disordering of the packing
of the lipids in the membrane within the bilayer of the ULV is
given in Fig. 10.

The incorporation of 2.5 mol% PEGylated lipids in the
preparation of the vesicles used in this study prevents peptide-
induced fusion and aggregation of the vesicles and the formation
of multi-lamellar vesicles observed in other studies.28,29 This
enables us to maintain the integrity of the vesicle which facilitates
the study of single membrane bilayers and the interaction of
the peptide in great detail using scattering methods. Although the
joint fit analysis of SAXS and SANS data shows that the struc-
ture of the bilayer is largely unaffected by the introduction of
indolicidin, the overall size of the lipid vesicles and the poly-
dispersity is increased systematically with increasing peptide
concentration without the observation of aggregation. This may
be explained by an accelerated lipid exchange that leads to an
Ostwald-type ripening process with an overall growth into larger
vesicles that are energetically more favourable, as well as an

accompanying increase in the overall size distribution (sSD).
An increase in the lipid dynamics might be related to the mode
of action of the peptide as this could affect the transport of ions
over the membrane14 but further studies are needed in order to
make any concluding statement.

5. Conclusion and outlook

In this work, we have developed a methodology using SAXS
and SANS to investigate the structural interaction between
antimicrobial peptides and lipid model membranes in detail.
Our data suggest that indolicidin, a natural occurring anti-
microbial peptide, forms predominantly random coil structures
in solution, although a slight tendency (about 1%) to form
larger plate-like structures was found. By using a minor fraction
of PEGylated DMPE lipids we show that we can form unilamellar
DMPC/DMPG vesicles that are stable towards aggregation upon
interactions with the peptide for a large tuneable range of anionic
charge densities. This allows us to carefully in situ characterize
the structural aspects of the peptide–lipid interactions in model
membranes that mimic cytoplasmic bacterial cells in situ
in dilute solutions without resorting to any bilayer support
that may perturb the membrane. Moreover, by modifying a
theoretical model to take into account the scattering contribu-
tion from both the peptide and lipid membrane components,
we are able to determine both the bilayer structure as well
as the location and distribution of the peptide within the
lipid bilayer. By using these techniques, we have shown
how indolicidin inserts in the outer leaflet of lipid vesicles,
positioning at the interface between the lipid headgroups and
the lipid tail region. The insertion of indolicidin into this
region of the bilayer affects the packing of the lipid tails in the
membrane, resulting in a change in the melting temperature
as seen from DSC measurements and increased lipid exchange
seen as a growth in size from SANS and SAXS. Interestingly,
we only observe significant changes in the bilayer structure
above physiologically relevant concentrations corresponding
to 100� MIC (1 : 5 peptide–lipid ratio). The results support the
‘‘interfacial activity’’ scenario presented by Wimley56 over other
frequently presented mechanisms involving pore formation in the
membrane caused by distinct channels of highly structured
peptides. Additionally, by using SANS we have shown that the
anionic lipids are homogenously distributed among the zwitter-
ionic lipids without any detectable clustering around the cationic
peptide as it inserts into the membrane.

In summary, we have developed a convenient approach to
accurately determine the structural interaction between peptide,
or other surface-active molecules, and lipid vesicles. This may
provide valuable insight into the structural aspects related to the
mode of action of peptides complementary to other methods
based on e.g. NMR, fluorescence and AFM, where the relevant
structural length scales are missing. Furthermore, the methodology
presented is versatile and is not limited to antimicrobial peptides
but can also easily be applied to other lipids, as well as other
peptide or surface-active (bio)molecules.

Fig. 10 Illustration of the structure of indolicidin as it inserts into the outer
leaflet of the membrane, locally changing the packing of the lipid tails.
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37 N. Kučerka, J. F. Nagle, J. N. Sachs, S. E. Feller, J. Pencer,
A. Jackson and J. Katsaras, Biophys. J., 2008, 95, 2356–2367.

38 N. Kucerka, J. Pencer, J. N. Sachs, J. F. Nagle and J. Katsaras,
Langmuir, 2007, 23, 1292–1299.

39 J. Pencer, S. Krueger, C. P. Adams and J. Katsaras, J. Appl.
Crystallogr., 2006, 39, 293–303.

40 M. Kiselev, P. Lesieur, A. Kisselev, D. Lombardo and V. Aksenov,
Appl. Phys. A: Mater. Sci. Process., 2002, 74, s1654–s1656.

Soft Matter Paper

View Article Online



This journal is©The Royal Society of Chemistry 2018 Soft Matter, 2018, 14, 8750--8763 | 8763

41 M. R. Brzustowicz and A. T. Brunger, J. Appl. Crystallogr.,
2005, 38, 126–131.
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A B S T R A C T

The naturally occurring peptide indolicidin from bovine neutrophils exhibits strong biological activity against a broad spectrum of microorganisms. This is believed
to arise from selective interactions with the negatively charged cytoplasmic lipid membrane found in bacteria. We have investigated the peptide interaction with
supported lipid model membranes using a combination of complementary surface sensitive techniques: neutron reflectometry (NR), atomic force microscopy (AFM),
and quartz crystal microbalance with dissipation monitoring (QCM-D). The data are compared with small-angle X-ray scattering (SAXS) results obtained with lipid
vesicle/peptide solutions. The peptide membrane interaction is shown to be significantly concentration dependent. At low concentrations, the peptide inserts at the
outer leaflet in the interface between the headgroup and tail core. Insertion of the peptide results in a slight decrease in the lipid packing order of the bilayer,
although not sufficient to cause membrane thinning. By increasing the indolicidin concentration well above the physiologically relevant conditions, a deeper
penetration of the peptide into the bilayer and subsequent lipid removal take place, resulting in a slight membrane thinning. The results suggest that indolicidin
induces lipid removal and that mixed indolicidin-lipid patches form on top of the supported lipid bilayers. Based on the work presented using model membranes,
indolicidin seems to act through the interfacial activity model rather than through the formation of stable pores.

1. Introduction

Antimicrobial peptides (AMPs) show promising potential as future
antibiotics with potent activity against a broad spectrum of pathogens.
AMPs are part of the innate immune response found in all classes of life,
including humans, animals, fungi, and bacteria. A wide range of AMPs
extracted from different species found in nature have so far been stu-
died for their potential as future antibiotics. The mode of action of
antimicrobial peptides has extensively researched creating a consensus
that membrane binding and membrane destabilization is a key function
in the AMPs ability to kill bacteria [1–4]. Overcoming non-specific
membrane destabilization would require a more profound redesign of
the bacteria which is difficult to achieve through mutation and there-
fore AMPs have a significantly lower risk of developing resistance.
Despite a great number of scientific studies, the precise molecular
mechanism for the membrane interaction is not yet fully unveiled. This
is mainly due to the experimental challenges in detecting the peptide
insertion and associated small structural alterations within the mem-
brane, in particular at physiologically relevant concentrations.

Scattering and imaging techniques, as small-angle X-ray/neutron

scattering (SAXS/SANS) for solutions [5–24], neutron reflectometry
(NR) for surfaces [25–32] and atomic force microscopy (AFM) [33,34]
have been extensively used to study the structure of model lipid
membranes. Moreover, the internal structure of living bacteria (in-
cluding the cytoplasmic membrane) has been resolved using a combi-
nation of small and wide angle X-ray scattering [35]. With these
methods, the interaction between peptides and model membrane can be
investigated with high resolution in situ at low peptide concentrations.
Lipid bilayers are often used as models of cellular membranes either in
the form of free floating bilayers in solution or as supported lipid bi-
layers (SLBs) on solid surfaces. SLBs in combination with a set of surface
sensitive techniques enable morphological, overall binding and detailed
structural investigation of peptide interaction with model cellular
membranes [32,36]. On the other hand, free floating lipid bilayers such
as unilamellar lipid vesicles (ULVs) give complementary insight into the
interaction between model membranes and AMPs that lack the un-
avoidable influence of the supporting substrate [5,6,23,24,37,38]. De-
spite its simplicity, the scattering signal from the bulk solution ap-
proach gives the orientational average structures. This complex system
thus demands significant effort in theoretical modelling in real space to
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extract detailed structural data from the experimental results. Here, we
combine bulk scattering and surface scattering techniques to overcome
the limitations of these techniques and exploit their complementarities.

Ideally to fully mimic the cell membrane of bacteria the lipid
composition of the model membranes should include the natural lipids
found in bacteria membranes, for example a lipid extract with mainly
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) lipids and
cardiolipin in the case of the gram-negative bacteria Escherichia coli.
However, simpler membrane mimics including pure lipids with known
molecular volumes and chemical structure are necessary in order to
extract detailed structural information from the scattering data.
Conventionally, either pure phosphatidylcholine (PC) lipids or a com-
bination of PC and PG lipids have been used as a substitute in formation
of supported lipid bilayers as model membrane systems
[25,27,29,33,39–44]. Recently, it was shown that stable SLBs can be
formed with a combination of PE and PC lipids [45], although a pre-
paration of model supported bilayers with both PE and negative
charged PG lipids is to the authors' knowledge yet to be reported in
literature. Therefore, in this study we use PC-PG lipids as a simple
model bacterial membrane.

Most conventional AMPs are α-helical peptides, and these have been
vastly studied using various scattering techniques and model mem-
branes resulting in the proposal of several possible molecular modes of
actions. The literature is quite extensive in this respect so we will briefly
describe a few examples: Maculatin 1.1 (21 residues, net charge +3)
was found to cause a slight thickening of the membrane and the peptide
translocated through passive diffusion as measured by neutron re-
flectometry [46]. The shorter aurein 1.2 (13 residues, net charge +2),
on the other hand, led to a slight degree of membrane thinning with the
peptide being integrated into the lipid tail region rather than translo-
cating across the membrane [25]. This led to the conclusion that aurein
1.2 acts via the carpet model. In the carpet model, the peptide initially
binds to the lipid surface and covers the membrane as a carpet, which
over time and upon increased peptide surface concentration results in
disintegration of the membrane in a detergent like manner [1,25]. A
study using grazing incidence diffraction (GID) on multilamellar lipid
membranes on solid supports, demonstrates that magainin 2 (23 re-
sidues, net charge +5) adsorb to the bilayer at low peptide-lipid ratio,
while translocation of the peptide occurred at higher amounts of pep-
tide [39,47]. The peptide was also found to promote significant dis-
ordering in the lamellar stacking of the lipids in the membrane [42].
However interestingly, no experimental evidence for pore formation
was found in this study [39] contrary to what has been reported in the
past using neutron off-specular scattering [48]. A similar concentration
dependency was also seen for alamethicin (20 residues, net charge −1)
[49], which perturbs the membrane by causing non-lamellar lipid
structures as observed by X-ray diffraction [50]. A combination of
diffuse X-ray scattering at small and wide angles in stacked multi-
layered membrane samples and NR of single lipid bilayers showed that
the cyclic peptide colistin (11 residues, net charge +5) partitions
deeper towards the hydrocarbon middle region of membranes mi-
micking the outer membrane of Gram negative bacteria [7]. As seen
from the literature the proposed mechanism of AMPs does not only vary
according to the conformational shape of the peptides, but can also be
linked to the size of the peptide. Comparing synthetic peptides with
varying size has indicated that smaller peptides are able to penetrate
into the bilayer affecting the lipid phase and ordering [25,29], while
larger sized peptides situated on the surface of the membrane [27]. The
effect of peptide size, conformational shape and hydrophobicity needs
to be further studied to get a better understanding of the impact on the
mechanism of action.

Here, we systematically study the structural interaction between
AMP, indolicidin (13 residues, net charge +4) extracted from bovine
neutrophils, and model lipid membranes made of PC and PG lipids.
Contrary to the peptides used in the studies mentioned above, in-
dolicidin has been found to be largely unstructured in solution

[6,51,52] and retains a Gaussian chain structure with ~1% fibers as
seen by SAXS [6]. Earlier studies suggest that addition of indolicidin
results in local membrane thinning and solubilisation as determined by
AFM [34], while partial insertion into the bilayer and removal of lipids
at higher concentrations (≥5 μM) was suggested by quartz crystal mi-
crobalance with dissipation monitoring (QCM-D) [40]. However a re-
cent SAXS study revealed that at physiologically relevant low peptide to
lipid ratios, no significant perturbation of the lipid bilayer was detected
[6]. In this work we will investigate these interactions in more detail
using a multitude of experimental techniques with different structural
resolution using the same model lipid membrane. This is achieved by
comparing high resolution neutron and X-ray scattering techniques; NR
and SAXS with AFM and QCM-D. Apart from comparing the methods
and investigating the structural interactions of flat versus curved bi-
layers, this allows us to gain detailed insights into the lipid interaction
of indolicidin. Indolicidin was chosen for this study because of its
simple structure and small size enabling us to more straightforwardly
model and deduce its interaction with membranes. Furthermore, in-
dolicidin is one of the most studied natural AMPs. However, its lipid
interaction has not previously been studied using neutron re-
flectometry. The data reveal that the peptide perturbs the lipid mem-
brane without any clear pore formation as previously suggested [51],
without causing significant thinning of the bilayers as observed for
other small peptides [29,53].

2. Experimental section

2.1. Materials and sample preparation

Synthetic DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine),
DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol)), and
DMPE-PEG(1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000]) were purchased from Avanti
Polar Lipids and used as received without further purification. Lipid
stocks were prepared in volume ratios of 1:3 methanol:chloroform and
mixed in the correct proportions to give the same mass as the aimed
final vesicle solution.

The SLBs for the NR, QCM-D and AFM experiments were created
through fusion of tip sonicated vesicles as previously described [54]. In
short, the lipid were dissolved in chloroform/methanol and mixed ac-
cording to the desired molar ratio. The solvent was then removed under
a stream of nitrogen, and the vials left in vacuum for at least 1 h. Lipid
films were then kept at −20 °C until use. Immediately prior to the
experiments, the lipid films were hydrated with MilliQ water to a
concentration of 0.2mg/ml and incubated for 1 h at 35 °C. The solution
was then sonicated using a tip sonicator for 10min on a 50% duty cycle
(5 s on/off). The solution was mixed 1:1 with a 4mM CaCl2 solution
immediately prior to formation of lipid bilayers. The lipid suspension in
CaCl2 was injected into the cell and left for approximately 10min to
equilibrate prior to extensive rinsing with buffer. In all the experiments,
both the clean surface and the pristine lipid bilayer were fully char-
acterized prior to peptide injection.

For preparation of 100 nm unilamellar liposomes for SAXS experi-
ments, 2.5 mol% of DMPE-PEG was added in addition to DMPC and
DMPG to sterically stabilize the liposomes against phase separation
upon peptide addition. In the preparation, the organic solvent was re-
moved completely under vacuum using a Heidolph rotary evaporator
with a Vacuubrand vacuum pump. The resulting lipid film was hy-
drated with 50mM tris(hydroxymethyl) aminomethane buffer (tris-
buffer), pH 7.4, for at least 1 h at ~10 °C above the melting temperature
of the lipid mixture (35 °C). After sonication for 10min, the lipid dis-
persions were extruded through a 100 nm pore diameter polycarbonate
filter (> 21 times) using an Avanti mini-extruder fitted with two 1ml
airtight syringes.

Indolicidin (ILPWKWPWWPWRR-CONH2) was synthesized using
standard 9-fluorenylmethyloxycarbonyl protecting group (Fmoc)
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chemistry with 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) and N-Methylmorpholine (NMM) as
coupling reagents on an automated peptide synthesizer (ResPep SL;
Intavis Bioanalytical Instruments AG) in a 15 μmol scale in micro-
columns using a 4-Methylbenzhydrylamine hydrochloride (MBHA)
resin (0.65 mmol/g). After completion of the peptide chain, the peptide
were cleaved from the resin using TFA:H2O:TIS (95:2.5:2.5) for 2× 1 h.
Crude peptide was purified by preparative reverse-phase HPLC system
consisting of Waters™ 600 Pump, In-line Degasser, 600 Controller and
2996 Photodiode Array Detector, the column used was a Waters™
XSelect® Peptide CSH C18 OBD™, 5 μm, 19×250mm on an acetoni-
trile-water gradient. The peptide purity was determined by analytical
reverse-phase High-performance liquid chromatography (HPLC) system
consisting of Waters™ 717 plus Autosampler, In-line Degasser AF, 600
Controller and 2996 Photodiode Array Detector, the column used was a
Waters™ Symmetry™ C18, 5 μm, 4.6×250mm on an acetonitrile-water
gradient. The peptide mass was determined using a Bruker Microflex™
(MALDI-TOF-Mass Spectrometry) (see Supplementary material).

2.2. Quartz crystal microbalance with dissipation monitoring

QCM-D experiments were performed using a Q-SENSE E4 system
(Qsense, Biolin Scientific, Stockholm, Sweden) with 50 nm Qsense
Silicon Oxide sensors. The fundamental frequency and six overtones
(3rd, 5th, 7th, 9th, 11th and 13th) were recorded during the experi-
ment. The instrument was set to equilibrate at 37 °C before performing
any measurements. The lipids were prepared using the method de-
scribed above in MilliQ water and injected using a peristaltic pump
(Ismatec IPC-N 4) at a flow rate of 100 μL/min. After following the SLB
formation (upon reaching a frequency of −24 Hz and dissipation close
to 0), the remaining lipids in the cells were rinsed off with MilliQ. Upon
stabilization of the baseline, the solvent was exchanged to tris-buffer
and again left to stabilize under flow. The peptide was injected in the
desired concentration dissolved in tris-buffer. The experiments were
performed in duplicates to validate the results.

2.3. Neutron reflectometry

Neutron reflection (NR) measurements were performed using flow-
through cells and 80× 50×15mm Silica crystals from SIL'TRONIX
Silicon Technologies. The reflectometer FIGARO [55] at Institut Laue-
Langevin (Grenoble, France) was used to record the time-of-flight re-
flectivity at two angles of incidence (0.8 and 3.2°) to cover the Q-range
(Q=4π sin (θ/2)/λ where θ is the scattering angle and λ is the neutron
wavelength). The instrumental resolution was set to = 7%λ

λ
Δ . Flow

through solid-liquid cells were provided by the neutron facility. They
were composed by a plastic water reservoir in close contact with the
polished surface of the silicon substrates. The water reservoir was
equipped with inlet and outlet connections to exchange the aqueous
solution. Substrate and reservoir were sandwiched between two alu-
minium plates connected to a water bath for temperature regulation.
The temperature, measured by a thermocouple in close contact with the
silicon substrate, was maintained at 37 °C. Prior to the experiment, the
crystals were fully characterized in D2O and H2O to determine the
structural parameters of the silicon oxide layer present on the surface.
After injection, the lipids were equilibrated in the cell for ~20min
before rinsing with tris-buffer, and the bilayers were characterized in
three contrasts (D-tris, H-tris and 50:50H/D-tris hereafter referred to as
CM3). Then, 10 ml of the peptide solution (in D-tris, CM3 and H-tris
sequentially) in the desired concentration were injected into the cell at
a flow rate of ~2ml/min using a syringe pump, and the resulting
system was fully characterized in all three contrasts. Finally, the
membranes were measured again after rinsing with H-tris and D-tris.
The use of different contrast conditions is known as the contrast var-
iation method and it allows for simultaneous fitting of multiple

reflectivity data sets, leading to an unambiguous solution and a more
precise structural determination [56].

All NR profiles were analysed using an optical matrix method where
the surface is modelled as sequential layers representing the substrate
and lipid bilayer (three layers: one for the lipid tail and two for the
hydrated head groups) as well as peptide and solvent which were al-
lowed to penetrate the different layers freely. The fit analysis was done
using the Motofit package taking into account the experimental re-
solution [57]. The NR data analysis provides information on the in-
ternal structure of thin films at an interface [58]. In particular, for SLBs,
it allows to determine thickness, composition and surface coverage not
only of the entire bilayer but of the different regions composing it, such
as headgroups and hydrophobic tails. For this reason, the lipid bilayer
before and after interaction with 0.8 μM indolicidin and rinsing were
fitted using a 5 layer model (distinguishing silicon oxide – water –
head– tail – head), while the 10 μM indolicidin bilayer after rinsing was
fitted using an 8 layer model in which the 3 extra layers account for
indolicidin/lipids patches forming on top of the bilayer (as single or
double layers). During the fitting analysis, a model dividing the tail
region into two layers to simulate asymmetric bilayers was considered.
As discussed in the Supplementary material, this did not improve the
quality of the fit significantly and therefore a symmetric model for the
bilayer composition was chosen.

The error of the fit parameters for the thickness and solvent amount
was determined by the Monte Carlo error analysis fitting algorithm
included in the Motofit package [57] and reflects the quality of the fit.
The area per molecule is calculated based on the fit parameters as

=A V
φ·tmol

where V is the volume of the lipid head/tail group (see table S1), φ is
the lipid volume fraction (1-solvent [%]) and t is the thickness of the
layer. The error in the area per molecule, δAmol, was calculated as
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⎝
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2.4. Atomic force microscopy

Measurements were carried out on a Nanoscope IV multimode AFM
(Veeco Instruments Inc.). Images were generated in the PeakForce
Quantitative Mechanical Property Mapping® (QNM) mode with a si-
licon oxide tip (Olympus micro cantilever OTR8 PS-W) having a spring
constant of 0.15 N/m and a radius of curvature of< 20 nm. Peak Force
Tapping™ mode is different from contact and traditional tapping mode
since it allows for precisely controlling the imaging force in order to
keep indentations small, thus enabling non-destructive and high-re-
solution imaging. This mode is ideal for imaging of soft matter in liquid
environments at high resolution. A liquid flow cell (glass probe holder,
MTFML, Bruker Corporation) was used to scan the surfaces in a liquid
environment and to exchange solution in situ. The setup was optimized
for real-time continuous flow imaging where the solution constantly
exchanges via a slow gravity feed [33].

First, a freshly cleaved mica surface was imaged in ultrapure water
in order to ensure a clean and smooth surface (RMS:< 500 pm) prior to
bilayer measurements. Small unilamellar vesicles were introduced into
the AFM liquid flow cell and vesicle attachment and bilayer formation
were imaged. The lipids were incubated in the AFM for at least 30min
and imaged to secure high coverage before rinsing the membrane with
water. Before introducing the peptide, the membranes were rinsed in
excess tris-buffer. The peptide solution was introduced to the mem-
brane and the flow was maintained while imaging for at least 90min. In
this way, new peptides were continuously brought to the interface
during scanning. Then, the membrane was rinsed with tris-buffer while
imaging. All images were recorded at a resolution of 256×256 pixels
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with a scan rate of 1 Hz. The z-setpoint and differential gains were
manually optimized during each scan. Images were analysed and pro-
cessed in the Gwyddion 2.22 software. The experiment was performed
in duplicates to validate the results.

2.5. Small angle X-ray scattering

SAXS experiments of mixtures of peptide and liposomes were per-
formed at the automated BM29 bioSAXS beamline [59] at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. The data
was obtained using an energy of 12.5 keV and a detector distance of
2.87m, covering a Q range of 0.0047 Å−1 to 0.5 Å−1. The data set was
calibrated to an absolute intensity scale using water as a primary
standard. 45 μL samples were run through a capillary using the flow
mode of the automated sample changer [60]. SAXS data was collected
in ten successive frames of 0.5 s each to monitor radiation damage and
the data reduction was done using the standard tool at BM29 [61]. The
SAXS results were analysed using the theoretical model described in
detail in Ref. [6]. In short, the model provides a detailed description of
the membrane by dividing into probability functions for each compo-
nent (lipid sub-units/peptide) across the bilayer.

3. Results and discussion

3.1. Concentration dependent interaction between indolicidin and SLB

QCM-D constitutes a useful technique to screen different experi-
mental conditions for biomolecular interaction with model membranes.
The simultaneous measurement of both changes in frequency and dis-
sipation allows us to extract information on the viscoelastic properties
of the membrane due to the direct relationship between the frequency
and the mass adsorbed to the surface, while the dissipation is dependent
on the rigidity of the layer. For example, the typical QCM-D signal
observed from an adsorption process of a rigid film is a decrease in
frequency due to the addition of mass on the surface without any sig-
nificant changes in the dissipation due to the rigidity. For a soft and
heterogeneous film (containing water), however, an increase in the
dissipation will follow the adsorption due to the dampening of the os-
cillations of the QCM-D sensor. Upon desorption of material from the
surface, for example removal of lipids due to solubilisation, the fre-
quency increases as a result of mass removal, while the changes in
dissipation depend on the hydration and rigidity of the remaining
material.

Fig. 1A–C shows the QCM-D signals upon increasing concentrations
of indolicidin (1, 5 and 10 μM) added to an SLB made of DMPC-DMPG.
Immediately after peptide injection, there was a significant decrease in
the frequency and an increase in the dissipation for all the samples,
indicating peptide adsorption to the membrane. However, the point at
which the QCM-D signals reached steady state was concentration de-
pendent. At 1 μM, the dissipation reached an inflection point and then
flattened at values higher than for the original SLB. For 5 μM, on the
other hand, both frequency and dissipation reached an inflection point
that was followed by a slow increase in the frequency. For the highest
concentration of 10 μM, the frequency and dissipation displayed dif-
ferent steps where a peak in frequency (and the dissipation) was fol-
lowed by equilibration at values slightly higher in frequency (and lower
in dissipation) than before peptide addition. These signals are typical
indicators of significant lipid removal from the membrane.

Plots of Δd versus Δf with the 7th harmonic were constructed and
shown in Fig. 1D to better visualise the different d/f regimes related to
various steps in the indolicidin interaction with the lipid membrane.
For the lower concentrations of 1 μM and 2 μM, two regimes were ob-
served: in regime 1) there was a large increase in the dissipation that
was accompanied by a large decrease in the frequency, and in regime 2)
there was a region where the dissipation decreased without any sig-
nificant change in the frequency that stabilized around −8 to −10 Hz.

The former indicates penetration of the peptide into the bilayer while
the latter signal indicates the formation of a stiffer absorbed layer. For
2 μM, the slope of the first regime was less steep than in the case of
1 μM, with a smaller increase in the dissipation over the same decrease
in frequency. This behaviour might indicate a deeper insertion into the
bilayer at the higher concentration, while at lower peptide concentra-
tions the peptide occupies a more superficial location on the membrane
which is reflected in an apparent less rigid structure. Similar behaviour
was seen for PAMAM dendrimers at higher concentrations (up to 8 μM)
[27].

For the higher indolicidin concentrations (5 and 10 μM) close to the
reported minimum inhibitory concentration (MIC) value of indolicidin
(8–16 μM dependent on the type of bacteria) [62], the slope for regime
1 was similar to the one observed for the lower concentrations
(Fig. 1D), although the rate of the initial binding was significantly
higher than the lower concentrations (Fig. 1A–C). The initial rapid
binding at higher concentrations agreed with reported data for zwit-
terionic PC membranes and indolicidin [40]. However, regime 2 dif-
fered from the one observed for the lower concentrations giving an
increase in frequency which was accompanied by a small dissipation.
The inflection points between regime 1 and 2 occurred at −6 Hz and
−8 Hz for 5 and 10 μM, respectively. Finally, for 10 μM indolicidin
steady state was achieved at a higher frequency than the original bi-
layer. Regime 2 for the highest peptide concentrations indicated a loss
of wet mass at the surface, pointing towards peptide-induced solubili-
sation of the phospholipid membrane. Similar results were previously
obtained for higher indolicidin concentrations on pure PC membranes
[40]. The difference in the behaviour of the dissipation between 5 and
10 μM might be a result of the peptide penetrating deeper into the bi-
layer resulting in more rigid membranes. Aurein 1.2, that resembles
indolicidin in size, was shown to cause similar behaviour by QCM-D
where addition of high concentrations (20 μM) resulted in a steady state
frequency higher than the initial baseline [25].

Although the QCM-D measurements point towards different steps in
the molecular mechanism of action between indolicidin and lipid
membranes as a function of peptide concentration, they could not
provide any structural information on the changes induced in the lipid
membrane. Therefore, experiments were carried out using NR on the
same system to provide higher resolution information of the structural
interaction of the AMP. Fig. 2A, B and C show the reflectivity profiles,
best fits and SLD profiles for DMPC/DMPG (90/10) bilayers before and
after exposure to either 0.8 (1:10 peptide-lipid ratio) or 10 μM (~1:1
peptide lipid ratio) indolicidin in two solvent contrasts (H2O and D2O).
The structural parameters for the pristine SLBs were similar and thus
only one of the SLB reflectivity curves are shown in Fig. 2 (Table 1 gives
the parameters used to fit the data). The full data sets for the two SLBs
are given in the Supplementary material Fig. S2.

From the fit analysis of the pristine SLBs NR data, we obtained a
thickness and area per lipid that was comparable with literature values
based on MD simulations and SAXS data on DMPC/DMPG phospholi-
pids [9,13,63]. Moreover, the SLDs obtained were in agreement with
the theoretical SLD values for the lipid mixture as shown in Table S1.
Moreover, the total bilayer thickness seemed unaffected by exposure to
0.8 μM peptide, while a slight decrease from 38 to 36 Å was seen for the
bilayers exposed to 10 μM indolicidin. This slight thinning is, however,
within the error of the fit analysis. Furthermore, peptide addition
caused a change in the fitted SLD values for both lipid headgroup and
core as compared to that for pure lipid bilayers. For 10 μM indolicidin,
peptide addition resulted in changes of the SLD profile throughout the
whole bilayer, while 0.8 μM mainly affected the SLD profile for the
outer headgroup and the tail region. The observed changes in SLD are
explained by the peptide having a different SLD than the lipids thus
resulting in a change in the average SLDs of the modelled layers upon
insertion of the peptide (see Table S1).

The NR fit analysis of the 0.8 μM indolicidin data (1:10 peptide to
lipid ratio) indicates that the peptide inserted into the outer headgroup
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and tail region of the bilayer and did not affect the inner headgroup. For
10 μM (approximately 1:1 ratio) indolicidin, the peptide penetrated
deeper into the bilayer which could be observed as a change in the
average SLD of the inner headgroup region in Fig. 2B. The amount of
peptide inserted in the head region of the membrane could readily be
calculated from the SLD values and it increased significantly from 0 to
60% in the inner head group and 13 to 36% in the outer headgroup
when increasing the concentration of the peptide from 0.8 to 10 μM. On
the other hand, the amount of peptide incorporated in the tail region
did not seem to be affected by the peptide concentration and remained
at 17%. This points towards a clear affinity of the peptide for the head-
tail interface also upon penetration to the inner leaflet.

3.2. Lipid removal caused by peptide insertion

Table 1 shows that the bilayer coverage decreased significantly for
10 μM indolicidin, implying that more lipids were removed from the
membrane as the peptide (surface) concentration increased. Lipid re-
moval is in agreement with our QCM-D experiments (Fig. 1), where
injection of 10 μM indolicidin led to a decrease in mass on the sensor
explained as removal of phospholipids from the bilayer. The changes in

the thickness and solvent fraction of the tail region indicated that the
peptide significantly disturbed the ordering of the tails, which is also
corroborated by DSC experiments published in a recent work by Nielsen
et al. [6].

In Fig. 3, the NR and SLD profile of the bilayer exposed to 0.8 μM is
shown before and after extensive rinsing with tris-buffer using three
contrasts (D-tris, H-tris and cm3-tris). Note that this is different from
Fig. 2 where we only compare the samples in the presence of peptide
and prior to rinsing with buffer. The corresponding fit parameters for
the SLB in the presence of indolicidin and extensive rinse are shown in
Table 1, while those fit parameters for the data of 0.8 μM showing the
bilayer before rinsing is given in Table S1 in the Supplementary ma-
terial. The inset in Fig. 3 shows the reduced reflectivity, RQ4, plotted
against Q to highlight the appearance of a distinct peak at the Q range
of 0.10–0.13 Å−1 upon incubation with indolicidin (marked with an
arrow in Fig. 3A). This peak was clear for the H-tris data due to the high
contrast towards the deuterated lipids. This contribution was modelled
by addition of two mixed lipid/peptide layers (it was seen that two
extra layers were needed to fully explain the data), separated by a thin
water layer (6 Å). The coverage of the middle lipid/peptide layer (in
direct contact with the SLB) was 27% for 0.8 μM, while the outer lipid/

Fig. 1. QCM-D results showing addition of in-
dolicidin to supported lipid bilayers composed of
DMPC and DMPG in a molar ratio of 9:1. Three
concentrations of indolicidin 1 μM (A), 5 μM (B) and
10 μM (C) were added to the bilayers at t=0 s in a
continuous flow. Changes in frequency are shown in
blue and dissipation in red. For clarity, four over-
tones are plotted (see legend in panel A). Both the
frequency and dissipation at all the harmonics are
normalized to zero before addition of the peptide.
The supported lipid bilayer formation is not shown in
the plot (see the Supplementary material Fig. S1 for
an example of typical SLB formation). (D) Change in
dissipation against change in frequency with in-
creasing concentration (1 μM, 2 μM, 5 μM and
10 μM). For clarity, only the 7th harmonic is shown,
and the frequency and dissipation are offset to 0 be-
fore addition of the peptide. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 2. NR measurements of DMPC-DMPG
SLBs before and after addition of 0.8 and
10 μM indolicidin. (A) Reflectivity profiles
together with the best fits (lines) to the de-
scribed models. SLD profiles obtained from
the fit analysis against distance from the
interface for an SLB before and after being
exposed to indolicidin in the indicated con-
centration of D-contrast (B) and H-contrast
(C). In this case, 10ml of the peptide was
flushed into the cell and rinsed off with
buffer prior to the NR measurements (the
experiments with the two concentrations
were performed in separate cells). The slight
difference in the SLD of the bulk is due to
incomplete exchange of the solution when
changing contrast (and typically accounts
by for example 3% H2O presence in the D2O
contrast).
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peptide layer had a low coverage of only 2%. The SLD for both of these
layers were found to be 5.6 10−6 Å2 indicating that these patches
mainly are composed of phospholipids, with only around 4% peptide.

Rinsing with buffer induced major changes in the reflectivity profile
with disappearance of the peak at intermediate Q. Therefore, these
patches seem to be relatively loosely attached structures. The thickness
of the patches was similar to the thickness of one bilayer i.e. 37 Å. These
patches might originate from peptide/lipids complexes (for example
mixed micelles) as suggested from the SLD values obtained from the
analysis. Their low surface coverage is compatible with the amount of
lipids removed from the bilayer by the insertion of the peptide (17%).
Indeed, we observed a change in the composition of the lipid core layer
allowing to include the inserted peptide as described above. This me-
chanism is illustrated in Scheme 1. Lipid removal can be explained by
the decrease in the energy barrier against solubilisation of individual
lipids in the outer leaflet of the bilayer upon peptide integration in the
bilayer. This is a typical behaviour for the interaction of biosurfactants
with lipid membranes including surfactin, which is a natural lipopep-
tide surfactant with antibiotic properties. In this case, progressive lipid
removal takes place upon reaching a threshold biosurfactant con-
centration [43]. The removal of lipids due to peptide insertion is
characteristic for the detergent-like interaction mechanism that has
been reported for a series of linear amphipathic cationic peptides re-
sulting in gradual membrane disintegration [64].

No evidence of distinct pores or channels in the membrane was
observed at 0.8 μM indolicidin, a concentration that can be considered
as physiologically relevant. Under this condition, the peptide did not
seem to affect the inner headgroup and the bilayer coverage remained
stable even as lipids were exchanged by peptides. These results on

simple model membranes might suggest that the mechanism of in-
dolicidin is linked to disordering of the lipids in the bilayer upon
peptide insertion rather than defined pore formation. A possible ex-
planation of why pore-formation could not be seen in the case of in-
dolicidin may be linked to the lack of a secondary structure in solution.
Both melittin [44] and magainin [48] are examples of peptides with an
alpha-helical secondary structure that have shown to form pores by
quasi elastic neutron scattering (QENS) together with AFM and off-
specular neutron reflectometry. The alpha-helical secondary structure
may be essential for the clustering of the peptides in the membrane
resulting in the formation of barrel-stave or toroidal pores. Peptide
induced lipid disordering, as we observe for indolicidin, was suggested
by Wimley, among others, to cause lysis of bacteria and eventually, cell
death [2].

The formation of lipid/peptide patches upon addition of indolicidin
could visually be followed by time resolved AFM imaging, and analysis
of the corresponding height profiles (Fig. 4). In Fig. 4A and B, the pre-
formed SLB is shown as evidenced by the presence of a few defects of
~4 nm in depth, which is in agreement with the fit parameters from NR
on the same type of SLBs as shown in Table 1 and typical for a DMPC/
DMPG bilayer [9,13,63]. The bilayer defects disappeared immediately
after a continuous flow of 0.8 μM indolicidin solution was flushed over
the bilayer, and new patches were formed on top of the bilayer (seen as
light dots in Fig. 4C). This suggests that indolicidin readily integrated
and filled the defects present in the SLB. From the height profile in
Fig. 4D, the height of these patches could be determined to be 3.5–4 nm
and 7–8 nm and thus correspond to a single or double peptide-lipid
bilayer in perfect agreement with the results from the fit analysis of the
NR data. The formation of these patches happened on the time scale of

Table 1
Fitted parameters for tail-deuterated DMPC/DMPG membranes prior to and after exposure to 0.8 μM and 10 μM indolicidin and extensive rinse with buffer. Amol is
the molecular area per lipid component including solvent. The amount of indolicidin incorporated in the different layers is estimated based on the change in SLD
observed after exposure to the peptide. As seen from the table, increasing the concentration of indolicidin from 0.8 to 10 μM results in deeper penetration of the
peptide into the bilayer causing higher lipid removal.

Layer d [Å] Solvent [%] SLD [10−6 Å−2] Indolicidin % d [Å] Solvent [%] SLD [10−6 Å−2] Indolicidin %

Pristine SLB
Water 3 100 – – 4 ± 1 100 – –
Head (inner) 6 ± 1 18 ± 3 1.83 – 6 ± 1 13 ± 3 1.83 –
Tail 25 ± 1 4 ± 1 6.7 – 26 ± 1 1 ± 1 6.7 –
Head (upper) 6 ± 1 18 ± 3 1.83 – 6 ± 1 13 ± 3 1.83 –
Total thickness (Å) 37 ± 2 Amol 64 ± 2 Å2 38 ± 2 Amol 60 ± 1 Å2

SLB after addition of 0.8 μM indolicidin 10 μM indolicidin
Water 3 100 – – 4 ± 1 100 – –
Head (inner) 6 ± 1 19 ± 3 1.83 – 8 ± 1 13 ± 3 2.6 60 ± 3
Tail/indolicidin 25 ± 1 6 ± 1 6.1 17 ± 1 21 ± 1 15 ± 2 6.1 17 ± 1
Head/indolicidin 6 ± 1 10 ± 4 2 13 ± 2 7 ± 1 13 ± 3 2.3 36 ± 2
Total thickness (Å) 37 ± 2 Amol N/A 36 ± 2 Amol N/A
Indolicidin/lipid – – – – 27 ± 5 98 ± 1 5.2 ± 0.4 10±
Water – – – – 6 ± 1 100 –
Indolicidin/lipid – – – – 34 ± 1 98 ± 1 6.0 ± 0.4 0

Fig. 3. NR measurements of a DMPC-DMPG
SLB after being exposed to 0.8 μM in-
dolicidin and after rinsing with buffer. A)
Reflectivity profiles for the measurements
together with the best fit. Inset shows the
same curves plotted in a RQ4 against Q to
increase the visibility of the change in high
Q after rinsing. B) SLD profiles resulting
from the fit analysis against distance from
the interface for an SLB before and after
rinsing with buffer. Inset illustrates the
proposed position of the peptide in the
membrane resulting from the fit. The arrow
marks the peak that arises from the repeti-
tion of peptide/lipid patches on top of the
SLB.
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minutes in the AFM experiment and did not change appearance with
incubation with the peptide over a time period of approximately 2 h.
When the membrane was subsequently rinsed with tris-buffer, however,
most of the mixed lipid/peptide structures were removed as seen in
Fig. 4E and F, also in agreement with our NR results. In contrast to the
NR experiment, not all the single bilayer patches were removed as seen
from the AFM image and the corresponding height profile. An ex-
planation to this discrepancy could be that the flow rate in the AFM
experiment was significantly lower than for NR. A very low flow rate
(~50 μL/min) in AFM is necessary in order to enable imaging under
flow. This might lead to less efficient removal of the lipid/peptide
patches.

3.3. Comparing reflectivity results for supported lipid bilayers with SAXS
data of unilamellar lipid vesicles

In order to compare the SLB results with unilamellar lipid vesicles,
we performed SAXS experiments on peptide-vesicle samples with si-
milar lipid: peptide ratios. The SAXS results for DMPC-DMPG-DMPE-
PEG liposomes with and without added indolicidin (1:10) are shown in
Fig. 5A. DMPE-PEG was added in the vesicle formulation to prevent
aggregation of vesicles upon peptide addition, but that should not affect
the interaction with peptides due to the low molar ratio of 2.5%. The
data was fitted using the asymmetric scattering density profile model
(SDP), as developed by Nagle, Kučerka and co-workers [8,10,11,15]
modified to account for the peptide scattering as described by Nielsen
et al. [6]. Fit analysis of the scattering curves for the liposomes gave a
membrane thickness of 37.4 Å and an area per lipid of 60 Å2, in
agreement with the results found in the NR data analysis (Table 1). In

Fig. 5, the SLD profiles calculated from the fit parameters from both
SAXS and NR are shown for comparison. The curves representing the
peptide-free membrane (red) found from the two methods virtually
overlap except for the oscillation in neutron SLD at the inner leaflet for
NR representing the silicon surface below the bilayer. The latter is not
relevant in the case of SAXS where free floating unilamellar vesicles
(ULVs) are used.

Upon addition of indolicidin, a shift in the X-ray scattering curve at
intermediate Q took place as shown in Fig. 5A. For SAXS data of lipid
bilayers the minimum in the scattering curve at intermediate Q is
highly sensitive to the negative contrast, i.e. lower electron density than
water of the lipid tails and positive contrast (higher electron density) of
the headgroups. Through theoretical modelling, it was found that this
shift in the minima upon peptide addition was caused by a change in
the scattering contrast as the peptide inserted into the bilayer. The in-
sertion is clearly visible due to the peptide having a higher electron
density than the lipids (as seen in Table S1 of the Supplementary ma-
terial). The SAXS data analysis suggests that the peptide inserted at the
interface between the head and tail region on the outer leaflet of the
membrane as a random coil. This is illustrated in the volume prob-
ability curve showing the membrane structure with the additional
Gaussian peak representing the peptide inserting in the membrane
(Fig. 5B).

To facilitate the comparison between the SAXS and NR results, the
electron density profile from our SAXS measurements was converted to
a neutron SLD profile in H2O and plotted together with the SLD profile
obtained from NR analysis (for 0.8 μM as the lipid: peptide ratio in these
two cases were similar) and plotted in Fig. 5C. Both NR and SAXS data
did not show major changes in the bilayer structure, as the overall

Scheme 1. Illustration of concentration dependent
interaction of indolicidin with lipid bilayers based on
fit analysis of SAXS and NR results.

Fig. 4. Time-lapse series of AFM images of a lipid bilayer made of DMPC and DMPG captured under continuous flow of the indicated solution. The scale bar in A
applies to all images. A) SLB formed on a Mica surface with good coverage but some remaining holes allowing for measurements of the thickness of the bilayer from
the height profile of two indicated pores as seen in B). C) 0.8 μM indolicidin flowed over the surface resulting in disappearance of the visible holes in the bilayer and
formation of bilayer patches with height profiles shown in graph D). E) SLB after rinsing with buffer resulting in removal of most of the patches and a decrease in the
height of the patches shown in graph F.
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thickness of the bilayer remained constant. However, in SAXS experi-
ments, peptide to lipid ratios above 1:10 showed a ~3 Å thinning of the
bilayer [6], which is also supported by molecular dynamics simulations
for this peptide [53,65].

The model used to analyse the NR data is the traditional slab model
that does not allow to extract the exact position of the peptide. Instead
each layer is averaged with a common SLD. Further division of the lipid
core layer into two layers to model peptide asymmetry did not lead to
an improved fit quality but rather over-parametrization. This might be
due to the lack of contrast, in particular between the peptide and lipid
head (see the SLD values given in Table S1). Therefore, we used the
symmetric profile to analyse the data to prevent over-interpretation of
the data and to minimise the number of fitting parameters. However, a
fit to a model allowing for an asymmetric peptide position in the bilayer
(see details of the model in Fig. S3) is included in the Supplementary
material to show that the NR data does not contradict the SAXS mod-
elling of an asymmetric distribution (Fig. S4).

In Fig. 5C, a comparison of the peptide effect on the bilayer as seen
for both NR and SAXS is presented by the corresponding SLD profiles
for the 1:10 peptide-lipid samples. The SLD profile from the NR results
showed a decreased plateau of the SLD in the middle of the bilayer
representing the tail region when compared to the pure bilayer. This is
due to the peptide having a lower SLD than the deuterated tail. The
effect that the peptide insertion had on the outer headgroups of the
lipid bilayer was not easily detected using NR, as mentioned above. For
SAXS, the sensitivity to changes in electron density as the peptide in-
corporates in the bilayer allowed us to determine the specific peptide
location [6]. When comparing the SLD profile from NR with the one
from SAXS we could see that the effect indolicidin had on the SLD
profile was localised in the outer leaflet (interface between head and
tail). The deeper penetration of the peptide seen from the NR SLD
profile, might be due to lack of sensitivity of the method as described
above. However, the deeper penetration might also additionally be
explained by the use of SLBs formed on negatively charged silicon oxide
surfaces that could attract the positively charged peptide deeper into
the bilayer. Although the NR fit allowed only up to 4 ± 1 vol% solvent
in the tail region prior to peptide interaction, small pre-existing defects
(holes) in the SLB (as seen visually by AFM in Fig. 4) could facilitate
deeper peptide penetration into the membrane. However, as indolicidin
has some polar sidechains, as well as hydrophobic aromatic groups, it is
likely from a physical chemical perspective that the peptide will insert
in the interface between the head group that is partly hydrated and the
lipid tail region. It is less likely that indolicidin will position only in the
non-hydrated tail region.

4. Conclusion

The combination of NR, QCM-D, AFM and SAXS allowed us to es-
tablish the structural interaction of indolicidin, a naturally occurring
antimicrobial peptide, with a model lipid bilayer. Our data suggest that
the insertion of indolicidin in the bilayer is strongly dependent on the
concentration. From QCM-D and NR, we conclude that indolicidin in-
teracts mainly with the outer headgroup and tail region at lower con-
centrations (≤2 μM) while the peptide penetrates deeper into the bi-
layer diffusing also into the inner headgroup at higher concentrations
(≥5 μM). Interestingly, the resulting effect on the bilayer thickness is
also concentration dependent. Low concentrations of indolicidin cause
no changes to the thickness or overall structure of the bilayer, while
higher concentrations result in a disordering of the bilayer and a slight
thinning of the bilayer. Similar trends were observed for lipid vesicles
probed by SAXS. Combination of the information of the peptide inser-
tion from these methods provides good evidence in support of the
“interfacial activity” scenario presented by Wimley [2] where the
peptide causes a disordering of the lipids in the bilayer by inserting in
the interface between the lipid head and tail region. This is believed to
result in lysis of bacteria and eventual cell death, however, further
studies using lipid compositions closer mimicking bacteria membrane
needs to be studied to fully elucidate the mode of action. Further, in-
dolicidin seems to dissolve lipids in the membrane resulting in the
formation of lipid/peptide patches on the supported lipid bilayer as
seen by AFM and NR and in an increase in the size of the vesicles as seen
by SAXS.

In this work we show how detailed analysis of scattering techniques
on supported lipid bilayers as well as unilamellar lipid vesicles, together
with QCM-D and AFM imaging, are high resolution biophysical tech-
niques for the study of peptide interactions with model lipid mem-
branes.
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Hypothesis: Most textbook models for antimicrobial peptides (AMP) mode of action are focused on struc-
tural effects and pore formation in lipid membranes, while these deformations have been shown to
require high concentrations of peptide bound to the membrane. Even insertion of low amounts of pep-
tides in the membrane is hypothesized to affect the transmembrane transport of lipids, which may play
a key role in the peptide effect on membranes.
Experiments: Here we combine state-of-the-art small angle X-ray/neutron scattering (SAXS/SANS)

techniques to systematically study the effect of a broad selection of natural AMPs on lipid membranes.
Our approach enables us to relate the structural interactions, effects on lipid exchange processes, and
thermodynamic parameters, directly in the same model system.
Findings: The studied peptides, indolicidin, aurein 1.2, magainin II, cecropin A and LL-37 all cause a

general acceleration of essential lipid transport processes, without necessarily altering the overall struc-
ture of the lipid membranes or creating organized pore-like structures. We observe rapid scrambling of
the lipid composition associated with enhanced lipid transport which may trigger lethal signaling pro-
cesses and enhance ion transport. The reported membrane effects provide a plausible canonical mecha-
nism of AMP-membrane interaction and can reconcile many of the previously observed effects of AMPs
on bacterial membranes.
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1. Introduction

Antimicrobial peptides [1–6] show significant broad-spectrum
antibacterial activity. Several bacterial resistance mechanisms
e.g. extracellular proteases, [7] sequestration, [8] cell surface mod-
ifications [9,10] and increased efflux activity, [11] have been
described. However, it is apparent that the microbes rarely develop
resistance traits similar to what render many conventional antibi-
otics ineffective [12]. Contrary it is evident that antimicrobial pep-
tides and bacterial resistance mechanisms have evolved in
symphony to stabilize a host-pathogen balance [13]. It is believed
that the peptides target multiple hydrophobic sites, and have a
combined immunomodulatory activity making resistance develop-
ment more difficult [14]. It is suggested that the peptides owe their
antimicrobial properties to the disruptions of the cytoplasmic
membrane, [2,15,16], although a few peptides also are described
to have intracellular targets [15,17]. Chongsiriwatana and co-
workers recently suggested a combination of membrane permeabi-
lization with flocculation effect on internal ribosomes, RNA and
DNA causing the bactericidal effects in a study of a wide range of
natural and synthetic peptidomimetics [18]. Two physical charac-
teristics are regarded as fundamental for most AMPs: their cationic
charge and hydrophobic amino acids. The amphiphilic nature pro-
vides surface affinity towards lipid membranes and the basis of
selectivity is likely to be related to electrostatic attraction between
positively charged AMPs and the residual negative charge of micro-
bial cell surfaces [19]. These properties combined with their small
sizes promote easy translocation of the peptides through the outer
membrane of Gram-negative and the cell wall of Gram-positive
bacteria [20,21].

Although their membrane interactions are believed to be an
important component of their antimicrobial activity, the mecha-
nism is not yet fully understood. In the classical view, peptides
are thought to permeabilise the membrane, causing essential
molecules to leak through the cytoplasmic membrane through dis-
tinct channels [2,6,22]. Several suggested mechanisms involve var-
ious degrees of pore formation or deformations of the membrane.
Many of these have been criticized [4,23] for their high peptide-
lipid (P:L) ratios because these would be unrealistic under physio-
logical conditions [24]. Experimental data indicating clearly
defined pore structures at low concentrations are very limited
[4]. Most evidence comes indirectly from membrane permeability
studies where AMPs generally cause a release of dyes in liposomes
[25]. Screening experiments have also failed to show any clear
relationship between the AMP-induced membrane permeability
and the antimicrobial activity of the AMP, [18,26] questioning
the existence of nanometre pores. Similar confusion is observed
in biological assays, where a wide spectrum of fluorescent probes
is available for determination of membrane damage [27,28]. The
conclusions drawn from these studies often contradict the classical
growth experiments. This suggests that very subtle membrane
changes might be enough to prevent bacterial growth [29] or that
the effect on the membrane is the first step in a mechanism that
involves intracellular targets [18]. These observations have also
been confirmed with electron microscopy, where clear membrane
damage is observed only as subsets of the exposed bacterial cells at
concentrations well above the minimal bactericidal concentration
[30,31].

While most textbook examples emphasize the importance of
the peptide structure formation in pore formation, [1] the nano-
scopic nature of these pores is not clear. Recently, Wimley and
co-workers suggest an ‘‘interfacial model” where the peptide
rather perturbs the lipid bilayer, creating pores of a transient nat-
ure that would still allow some transport through the membrane
[4,15]. Within this picture well-defined structural peptide folds
are not necessary. Beyond the structural defects imposed by the

peptides several studies have reported that the peptides may also
affect the motion of the membrane lipids [23,32–37]. Hereunder,
lipid flip-flop, transport of single lipids between leaflets, which
without influence of peptides or proteins is known to be extremely
slow [38].

In this work we have used advanced X-ray and neutron scatter-
ing techniques to study the effect of peptides on the basic proper-
ties of the cell membrane mimics. We have used unilamellar lipid
vesicles that have been shown to be a simplified yet relevant
model for studying antimicrobial peptide-membrane interactions
[39]. Contrary to previous studies, we have focused both on
changes in the structure and the dynamics of the lipid membrane
upon interaction with the antimicrobial peptides as illustrated in
Fig. 1. Using a wide range of natural antimicrobial peptides, vary-
ing in size, charge, degree of helicity and origin, we show how
the peptides have a profound impact on the exchange processes
of the phospholipids constituting the membrane. Except colistin
(polymyxin E), which is known to mainly target the lipopolysaccha-
rides (LPS) on the outer membrane of Gram-negative bacteria [40],
all of the investigated peptides significantly accelerates both the
flip-flop motion and the molecular transport of phospholipids
without changing the overall structure of the membrane in any sig-
nificant way. We speculate that this is a general feature of a broad
range of antimicrobial peptides and that it is important for their
mode of action. Alteration of the lipid exchange processes would
have a significant impact on many fundamental properties of the
lipid membrane such as the lipid composition and distribution in
the inner and outer leaflets and transport processes, including
ion transfer. The results we present may offer an explanation as
to why leakage across the membrane has been seen in experiments
without clear evidence of pore-formation.

2. Materials and methods

2.1. Vesicle preparation

Unilamellar lipid vesicles were prepared by making a lipid film
of DMPC (75%), DMPG (22.5%) and DMPE-PEG (2.5%) by dissolving
the lipids in methanol:choloform and removing the solvent by vac-
uum using a Heidolph rotary evaporator with a Vacuubrand vac-
uum pump. The lipid film was hydrated in a 50 mM Tris buffer
of pH 7.4, then sonicated for 15 min and the resulting lipid disper-
sion was extruded through a through a 100 nm pore diameter
polycarbonate filter (>21 times) using an Avanti mini-extruder fit-
ted with two 1 mL airtight syringes.

2.2. Small angle X-ray scattering

SAXS experiments were performed at the bio-SAXS BM29
beamline at European Synchrotron Radiation Facility (ESRF) in
Grenoble in France, with a detector distance of 2.87 m and energy
of 12.5 keV, covering a Q range of 0.0047 Å�1 to 0.5 Å�1 at 37 �C.

The SAXS results on the pure lipid vesicles were analysed using
t-he scattering density profile (SDP) model presented by Kučerka
and co-worker, which allow the bilayer structure to be described
in terms of one-dimensional volume probability profiles of quasi-
molecular lipid fragments [41–43]. Each leaflet of the membrane
is parsed into the hydro- carbon terminal methyl (CH3), hydrocar-
bon methylene (CH2), carbonyl + glycerol (CG) (common for all
three phospholipid) and outer part of head group (PC/G head),
and the volume probability distributions of the components are
described by Gaussian functions (equation 6 in the supplementary
information). However, based on prior work from Eicher et al. the
volume probability of the hydrocarbon methylene (CH2) group
(calculated by subtracting the volume probability of the CH3 from

794 J.E. Nielsen et al. / Journal of Colloid and Interface Science 582 (2021) 793–802



the hydrocarbon groups (HC representing the tails)) is modelled
using a half period squared sine/cosine function to account for
eventual asymmetry in the bilayer [44]. To analyse the lipid-
peptide mixtures the contribution from the peptide was added in
the model as a pseudo-parsing group across the bilayer, and the
volume probability of the peptide as an additional Gaussian func-
tion [45]. For a detailed mathematical description of the theoretical
scattering model used to analyse the SAXS data, see the supple-
mentary information.

2.3. Time resolved small angle neutron scattering

TR-SANS experiments were performed on the KWS-2 beamline
at the Heinz Maier-Leibnitz (FRM II) center, MLZ in Garching, Ger-
many using detector distance of 20 m and a wave length of 5 Å,
covering a Q range of 0.0032 Å�1 to 0.039 Å�1.

3. Results and discussion

3.1. Most natural antimicrobial peptides do not change the overall
structure of lipid membranes

To study the membrane interaction of different AMPs we did
SAXS experiments on peptide-lipid mixtures which allows us to
precisely investigate structural changes in the lipid bilayer as well
as the overall effect on the vesicle morphology. As shown in a pre-
vious study [45,46] the SAXS patterns of lipid vesicles are extre-
mely sensitive to the insertion of antimicrobial peptides due to
the significant contrast in electron density between the tail region
in the core of the lipid membrane and the peptide. Of the wide
range of AMPs found in nature we chose to study four well known

a-helical AMPs: LL-37 [47], a human peptide, cecropin A [48] found
in moths, and magainin II [49] and aurein 1.2 [50] found in frogs. In
addition, we have previously performed an in-depth study of the
unstructured peptide indolicidin of bovine origin [45,46]. The
chemical structures of the AMPs are shown in the supplementary
information Figure S1 and the helicity of the peptides in the pres-
ence of our lipid model system has been confirmed with circular
dichroism spectroscopy as seen in Figure S2 and Table S1. The
effect on the scattering pattern depends on the peptide concentra-
tion as seen in Fig. 2, with an increasing shift in the first minima
(dotted line) to higher Q with increasing peptide to lipid ratio.
The shifts in the scattering pattern is due to the peptide penetrat-
ing into the bilayer, but the exact position of the peptide cannot be
deduced frommere visual inspection. To extract detailed structural
information from the SAXS data we have therefore used an analyt-
ical scattering model which is described mathematically in the
supplementary information [45]. Parameters related to the lipid
bilayer have been constrained within the previously found values
(see supplementary information for details). From these analysis,
we may deduce the volume probability profiles which show the
distribution of the different chemical groups, including the pep-
tide, across the bilayer. The main fitting parameters used to
describe the changes in the scattering pattern upon peptide addi-
tion are the position Zpeptide and distributionrpeptide of the peptide,
which describes the insertion in the membrane.

The fit analysis of the scattering patterns reveals important dif-
ferences in the peptide-lipid interactions of the four peptides. This
can be seen from the volume probability distribution plot in Fig. 3
and key fit parameters in Table 1. The larger peptide cecropin A
with 37 residues does not penetrate into the bilayer and is dis-
tributed mainly on the surface of the vesicles, while the smaller
magainin II with 23 residues penetrates into the interface between

Fig. 1. Methodology used to study peptide-membrane interactions on both a structural and dynamical level. A) Illustration of lipid vesicles used as model systems for bacteria
membrane. B) Example of SAXS data used to determine structural peptide-membrane interaction. C) Illustration of the TR-SANS method where deuterated and proteated
liposomes are re-suspended at time zero and then the gradual mixing of lipids through exchange and flip-flop are tracked over time through detection of increased scattering
intensity. D) Example of TR-SANS data for DMPC/DMPG at 37 �C.
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the tail and head region of the outer leaflet. The latter shows high
similarity to indolicidin [51], a natural, unstructured AMP with 13
residues that has previously been studied in detail using the same

SAXS technique [45] as well as with Neutron Reflectometry [46].
Aurein 1.2with 13 residues penetrates deeper into the bilayer, with
a symmetric distribution of peptides spanning across the entire
bilayer. In the scattering patterns in Fig. 2 these changes can be
seen as subtle difference in the position and depth of the minima.
A symmetric distribution of peptides within the membrane results
in a depth of minimum that is more similar to that of the unper-
turbed bilayer structure while the asymmetrical distribution of
the other peptides results in shallower minima. A comparison of
the simulated scattering curves from different peptide distribu-
tions has been included in the supplementary information, Fig-
ure S3. Here we considered i) a single Gaussian in the outer
leaflet, ii) symmetric double gaussian with peptide in outer and
inner leaflet, and, iii); a broad transmembrane distribution pf the
peptide. Although the distribution of aurein 1.2 spans over the core
of the bilayer, the short peptide is not long enough to form distinct
pores, [52] an observation which is in agreement with earlier stud-
ies using neutron in-plane scattering [53]. Nano-DSC experiments
included in supplementary information Figure S4 and S5 confirms
that all peptides disturbs the packing of the lipids resulting in a
lowered melting temperature (Tm), the same behaviour has previ-
ously been seen for peptides known to insert into the hydrophobic
region of the lipid membrane [45].

At the lower peptide ratios depicted in Fig. 2, the scattering pat-
tern does not reveal any notable effect of LL-37with 37 residues on
the overall structure of the membrane. The insertion of the peptide
in the bilayer at this concentration range seems highly concentra-
tion dependent, where increased concentration leads to a deeper
insertion as illustrated in the volume probability plot in Fig. 3.
The scattering pattern of the higher concentrations of LL-37, how-
ever, is remarkably different than the effect of the other peptides
(supplementary information Figure S6). Here the entire shape of
the scattering curve is altered, and the slope at low Q follows a

Fig. 2. Small angle X-ray scattering data with model fits (–––) for peptide-lipid
mixtures at ratios 1:100, 1:50, 1:20 and 1:10. Peptide insertion result in a change in
the bilayer contrast (scattering length density of the bilayer compared to the buffer)
seen as a shift in the minima at intermediate Q-values. A line has been added at the
minima to visualize the shift.

Fig. 3. Volume probability distributions for the lipid membranes with various amounts of peptide (aurein 1.2, cecropin A, magainin II and LL-37). The area of the Gaussian
function of the peptide (grey coloured peaks) increases with increasing amounts of peptide added to the sample. Inset drawing illustrates the proposed position of the
peptides (PDB ID): Aurein 1.2: 1VM5, Magainin II: 2MAG, Cecropin A: 2LA2 (the PDB structure of a close Cecropin analog used as an illustration as the PDB of Cecropin A from
1988 [56] is not available in the PDB database), LL-37: 2K6O [57–60] in the membranes resulting from the fit (peptide is not in scale to lipids in drawing).
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power law of Q-1 compared to the steeper slope of the scattering
curves for the other peptides. This indicates that the peptides par-
tially solubilize the membrane and causes the formation of mixed
micelles of peptide and lipids. The same behaviour has previously
been reported by Sevcsik and co-workers based on SAXS where the
resulting structures were reported to have a disc-like shape
[54,55]. At peptide-lipid ratios of 1:100, 1:50 and 1:20 analysis of
the scattering curves indicates only a 0–0.03 fraction of mixed
micelles (see Table S2).

3.2. The phospholipid transport in bacterial membranes are
accelerated by natural AMPs.

Studies of the lipid exchange processes in the model mem-
branes by time resolved SANS contrast variation technique (Fig. 1
C/D) provide evidence that both the intra-vesicular flip-flop and
inter-vesicular exchange of lipids is greatly affected by the addition
of various AMPs. This technique exploits the fact that neutrons are
scattered differently by hydrogen and deuterium, so that mixing
identical, but differently labelled vesicles with H-lipids and
D-lipids in H2O/D2O buffer mixtures that match the average scat-
tering length density of the liposome mix after full exchange (zero
average contrast) result in decreased scattering intensity over time
(see Fig. 1E) due to the exchange of lipids between the vesicles
[61–68]. In other words, the liposomes gradually become matched
to the background, and therefore progressively become ‘‘invisible”
for neutrons with time. The experimental method and analysis of
the data is described in detail in the supplementary information.
Previously, it has been shown that the exchange and flip-flop rates
are directly dependent on the acyl chain length due to changes in
solubility and fluidity [69,70]. All the experiments presented are
done at temperatures above the melting temperature of the lipids
(above 24�) as the membrane is then in the fluid liquid crystalline
phase.

Comparing the rate of intensity decay, R(t) presented in Fig. 4A
reveal a clear impact of addition of various peptides at 37 �C. Fit
analyses of the R(t) curves by the model described in the supple-
mentary information reveal two independent processes: a fast
exchange process and a slower flip-flop process. Rates for both of
these processes can be extracted from the fit analysis. The rate of
exchange being higher than the flip-flop rate has also been
reported previously for the same lipids [61,70,71]. As a positive
control we used colistin [72], a commercially available peptide
antibiotic that is known to have another target than the cytoplas-
mic membrane [40], contrary to what is suggested for a range of
other AMPs as described in the introduction. The absence of any
membrane interaction with colistin in the used concentration range
was confirmed using SAXS (see Figure S7) and DSC (see Figure S5B).
Contrary to what we see with our model system, Dupuy and co-
workers have observed some colistin interaction with model mem-
branes mimicking Gram-positive and Gram-negative bacteria, [73]
however the model system and more importantly, the methodol-
ogy in this study differs from ours. There the peptide was mixed
in the organic lipid solution before preparation of lipid films for
hydration, while in our case the peptide was mixed with the lipid
vesicles directly prior to the measurement.

As can be seen from the decay curves, R(t), shown in Fig. 4. All
the peptides tested except colistin significantly accelerate the lipid
transport in our model membranes. The model liposomes used for
the experiments also include a small amount of PEGylated lipids to
prevent fusion and aggregation of vesicles upon peptide addition.
To validate this, vesicles with 2.5 and 5% PEGylated DMPE with
and without 1:10 indolicidin were measured. The results show
no difference in lipid exchange processes between the two systems
(Fig. 5A). Furthermore, in order to provide further evidence that the
evolution of the intensity over time is due to single chain exchangeTa
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and flip-flop, and not fusion of vesicles or other collision induced
mechanisms, identical samples with different overall concentra-
tions were tested at the same temperature. The curves overlap

perfectly and we can conclude that there is no effect of fusion in
the investigated concentration range (Fig. 5B).

Indolicidin, aurein 1.2, maganin II, cecropin A and low ratios of
LL-37 (1:50 peptide:lipid ratio) are seen to significantly accelerate
the lipid exchange process in the same order while the effect on
the lipid flip-flop varies considerably amongst the peptides. Given
the very different nature of the peptides in terms of molecular
weight, secondary structure, flexibility, and surface characteristics,
it may appear that lipid exchange is the outcome of an early initial
electrostatic interaction between the peptides and the lipid mem-
brane. A firmer anchoring of the peptide in the membrane on the
other hand assists lipid flip-flop, and the architectural differences
amongst the peptides mirror the diverse flip-flop rates we report.
Furthermore, we do not, find a direct correlation between the frac-
tion of peptide localized in the head or tail region of the mem-
brane, or the size of the peptides, and the effect they infer on the
lipid flip-flop. Nguyen and co-workers found that peptides that
tend to localize at the surface of the membranes accelerated the
flip-flop to a higher degree than peptides that insert into the
bilayer [35]. This supports our observation of a significant acceler-
ation of the flip-flop process by cecropin A, magainin II and indoli-
cidin which all were found to localize on the membrane surface in
the analysis of the SAXS data. They seem to accelerate the lipid
transport to the same degree, corresponding well with insertion
into the interface of the head and tail region of the outer leaflet
However, although aurein 1.2 inserts deep into the core of the
membrane, the peptide also gives a dramatic effect on the flip-
flop rate. Fernandez and co-workers have previously suggested
that aurein 1.2 acts in a detergent like manner by neutron reflec-
tometry and nuclear magnetic resonance experiments [74]. Here
we do not, in contrast to LL-37, observe membrane dissolution
and micelle formation in our SAXS experiments. However, the sig-
nificant amphiphilic nature of aurein 1.2 would explain the strong
observed effect on lipid transport. Although the localization within
the bilayer vary with the peptide, the overall effect on the dynam-
ics is similar. This demonstrates that although the peptide interacts
in varying manner with the membrane structurally and displays
different interaction strength and concentration dependence, the
overall effect on the lipid dynamics is similar. Combined this point
towards a canonical effect of the peptides that likely constitutes an
important part of their antibacterial mode of action.

It is interesting to compare the results for LL-37 and indolicidin
in more detail. For LL-37 we find a strong concentration depen-
dence on both the structure and lipid dynamics. At a 1:10 pep-
tide:lipid ratio, when the vesicles still persist, LL-37 causes a
dramatic acceleration of both lipid exchange and flip-flop from

Fig. 5. A) R(t) curve for different PEG amounts, 5 and 2.5% DMPE-PEG, with and without peptide showing that PEGylation in this range does not seem to significantly affect
the dynamics.B) R(t) curve for liposomes with and without peptide, with liposome concentration of 2.5 mg/mL and 5 mg/mL. The results reveal no concentration dependency
in this range indicating that the loss of intensity is due to single chain exchange of lipids, not fusion of vesicles.

Fig. 4. Results from TR-SANS studies on the effect of natural antimicrobial peptides
on the lipid dynamics in membrane model systems at 37 �C. A) Rate of contrast
decay, R(t), of lipid vesicles after mixing D- and H-labelled vesicles with addition of
indicated peptides in the ratio 1:10. LL-37, as indicated in the legend, is shown at a
mixing ratio 1:50. Solid curves are fitted curves according to equation 36 in
supplementary information. B) Rate constants for exchange (dark colours) and flip-
flop (light colours) based on the curve fitting of R(t) data for various natural
peptides. The inset dotted lines indicate the k values for exchange (kex) and flip-flop
(kflip) of pure lipid vesicles for comparison.
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hours to a few minutes that is faster that the time resolution of the
measurement. When the peptide concentration is lowered to 1:20,
a profound acceleration is still observed. Here the end state is
reached within 20 min, thereby giving fewer data points and there-
fore large error bars in the calculated exchange and flip-flop rates.
For indolicidin we do not see the same clear concentration depen-
dency, but only a slight decrease in the rate of flip-flop with
decreasing concentration of peptide. As seen from SAXS [45] indoli-
cidin only inserts into the bilayers outer leaflet without any notably
change in the overall structure of the bilayer at all tested concen-
trations. Although all peptides, except colistin have similar levels
of this effect, it is challenging to correlate the structural and
dynamic effects quantitatively. A very weak concentration depen-
dence of the flip-flop rate is seen from indolicidin, without a corre-
sponding marked concentration dependent effect on the exchange
rate.

3.3. The acceleration of the lipid exchange processes can be explained
by a reduction of the activation energy or effectively reduced friction

The difference we see in the structural interaction of LL-37 and
indolicidin provides an explanation of the variance observed in
their impact on the lipid transport. A deeper look into the thermo-
dynamic parameters extracted from measurements at different
temperatures might provide a more thorough understanding on
the phenomenon.

From TR-SANS experimental data on identical samples at differ-
ent temperatures we can extract the activation temperatures (Ea)
and an attempt time (s0) through the Arrhenius equation:

k ¼ 1
s0

exp � Ea

RT

� �

From the fitted data depicted in Fig. 6, we find for LL-37, a large
decrease in the activation energy of the exchange kinetics from

103 kJ/mol without peptide to 77 kJ/mol after peptide addition.
For the flip-flop process, however, the activation barrier is constant
about 75 kJ/mol with and without peptide while at the same time
the characteristic diffusion time, s0, is reduced by 5% The latter
points towards a reduction of the effective friction coefficient or
entropic effect experienced when the peptide transverses the
bilayer. Indolicidin on the other hand, affects the activation energy
of the flip-flop which decreases from 74 kJ/mol to 64–66 kJ/mol
after peptide addition without a significant effect on the activation
energy of the lipid exchange. With this we can conclude that the
increases in the rates of flip-flop for LL-37 and exchange for indoli-
cidin are not due to a change in the activation energy of the pro-
cesses but rather in the pre-exponential factor. This effect can be
explained by a reduction in the effective friction factor as the lipid
passes the bilayer, e.g. through defects, or, possibly a lower entro-
pic barrier upon peptide interaction. Applying an Eyring approach
(see supplementary information for details and Table S4), we do
find a small increase in the TDS, for flip-flop with addition of the
peptides. This possibly indicates complexation between the lipid
and peptide. It has previously been hypothesized by, amongst
other Conboy and co-workers, that peptides can facilitate
increased flip-flop through defect-driven lipid translocation or
increased entropy of the transition state resulting in a lower bar-
rier for flip-flop [34,75]. Further it has been hypothesised in the
past that AMPs may cause formation of lipid domains consisting
of anionic lipids in the outer leaflet of the membrane due to their
cationic charge [76]. One could imagine that the increased trans-
membrane transport of lipids observed in this study was linked
to this process where insertion of peptides in the surface of the
outer layer induces an asymmetric distribution of anionic lipids
between leaflets, a lipid scrambling process. However, we have
earlier showed that domains of anionic lipid could not be observed
in similar model vesicles upon addition of indolicidin, using a con-
trast variation and SANS [45].

Fig. 6. Results from TR-SANS experiments on the effect of natural antimicrobial peptides on lipid dynamics in membrane model systems at four different temperatures. A)
Rate of contrast decay, R(t), of lipid vesicles after mixing D- and H-vesicles with addition of 1:50 indolicidin (A) (inset graph shows concentration effect of indolicidin at 37 �C)
and 1:50 LL-37 (C). Solid points represent the data for pure lipid vesicles, while open dots represent the vesicle samples upon peptide addition. Solid curves are fitting curves
according to equation 36 in supplementary information. B) Arrhenius plots of the rates of exchange (kex) and flip-flop (kflip) for samples with indolicidin 1:10, 1:20 and 1:50
(B) and LL-37 (1:50) (D).
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For LL-37 on the other hand both the SAXS and TR-SANS data
already reveal more pronounced effects and concentration depen-
dence. LL-37 inserts deeper into the core dependent on concentra-
tion of peptide to lipid. The effect on the dynamics is also highly
concentration dependent. When the peptide inserts into the core
of the membranes the local polarity of the hydrocarbon region
might be increased due to the hydrophilic charged sidechains of
LL-37. This results in a reduced energy barrier for the lipid head-
groups to pass through the hydrocarbon region resulting in
increased flip-flop [77]. Furthermore, LL-37 is seen to partly solu-
bilise the lipid bilayers resulting in a dramatic increase in lipid
exchange, this can be associated with introduction of defects in
the membrane supporting translocation of lipids over the
membrane.

4. Conclusion

In this work we employed multiple techniques to investigate
the effects of various representative natural antimicrobial pep-
tides on membrane model systems. With a combination of struc-
tural and topological information obtained from SAXS
measurements and comparison of kinetic parameters describing
the lipid transport as measured by time-resolved SANS experi-
ments we are able to compare the effects of the peptide on the
membrane structure with the effects on lipid exchange and flip-
flop directly. To our knowledge this study is the first of its kind,
systematically using both static and time resolved techniques to
look at the effect of antimicrobial peptides with a single model
system allowing for direct comparison of the effects. These results
give significant insight into how the membrane effect of antimi-
crobial peptides is rather complex and cannot be correlated
directly to molecular size, structure or charge independently.
Instead, it is related to the structural interactions that cannot
easily be predicted from the isolated chemical characteristics.
While the presented results show that acceleration of the lipid
transport is a general feature of these peptides, the level of effect
on lipid flip-flop and exchange varies between peptides. A direct
comparison of the activation energies of lipid exchange and lipid
flip-flop in membranes interacting with LL-37 and indolicidin
reveal how the overall general increase in transport seen for both
peptides have different origins. While indolicidin lowers the acti-
vation energy for lipid flip-flop due to insertion in the outer leaf-
let of the lipid bilayer, LL-37 has a more significant impact on the
intervesicular lipid exchange which can be explained by the pep-
tide acting partially as a solubilising agent at higher, non-
biologically relevant, concentrations. The latter also questions
the detergent model often proposed as an AMP mechanism
although it shows that peptides that act like potent amphiphiles
also have profound, most likely stronger, impact on the lipid
membrane exchange processes.

Beyond the results presented here we confirm that the same
trend of a general peptide induced acceleration of lipid transport
also can be observed in model systems closer mimicking the mem-
brane of a real bacteria cell, consisting solely of PE-PG lipids [78].
The comprehensive results reported here, together with previous
independent studies on structure and lipid exchange processes,
support a coherent scenario in which acceleration of lipid flip-
flop is an important part of the membrane destabilization without
the combined observation of significant structural changes in the
membrane. Bacterial death due to an increase in lipid dynamics
might both be linked to scrambling of lipid composition within
(flip-flop) and between (exchange) neighbouring membrane,
increased transport of ions and other solutes across the membrane
and solubilisation and permeability of the membrane as has all
been observed in literature [32,79]. Moreover, the effects seen here
may be the first step of a more complex mechanism where

increased lipid flip-flops allows the peptide to enter the bacteria
cells to target intracellular RNA, DNA or ribosomes as previously
suggested [18]. In order to fully understand their biological func-
tion, more in depth studies using complex membranes consisting
of more realistic lipid mixtures and addition of membrane proteins
are needed. Nevertheless, given the general effect of AMPs and
their profound canonical acceleration of the lipid dynamics give
valuable insight into the microscopic mechanisms and reconcile
many of the previously observed effects of AMP on bacterial
membranes.
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Lipid membrane interactions of self-assembling
antimicrobial nanofibers: effect of PEGylation†

Josefine Eilsø Nielsen, a Nico König, ab Su Yang,c Maximilian W. A. Skoda, d

Armando Maestro, e He Dong, c Marité Cárdenasf and Reidar Lund *a

Supramolecular assembly and PEGylation (attachment of a polyethylene glycol polymer chain) of peptides

can be an effective strategy to develop antimicrobial peptides with increased stability, antimicrobial efficacy

and hemocompatibility. However, how the self-assembly properties and PEGylation affect their lipid

membrane interaction is still an unanswered question. In this work, we use state-of-the-art small angle

X-ray and neutron scattering (SAXS/SANS) together with neutron reflectometry (NR) to study the

membrane interaction of a series of multidomain peptides, with and without PEGylation, known to self-

assemble into nanofibers. Our approach allows us to study both how the structure of the peptide and

the membrane are affected by the peptide–lipid interactions. When comparing self-assembled peptides

with monomeric peptides that are not able to undergo assembly due to shorter chain length, we found

that the nanofibers interact more strongly with the membrane. They were found to insert into the core

of the membrane as well as to absorb as intact fibres on the surface. Based on the presented results,

PEGylation of the multidomain peptides leads to a slight net decrease in the membrane interaction,

while the distribution of the peptide at the interface is similar to the non-PEGylated peptides. Based on

the structural information, we showed that nanofibers were partially disrupted upon interaction with

phospholipid membranes. This is in contrast with the considerable physical stability of the peptide in

solution, which is desirable for an extended in vivo circulation time.

1. Introduction

The increase in bacterial resistance to low molecular weight
antibiotics has encouraged research into the use of larger
peptide or polymer-like molecules as therapeutics, which
employ a different antimicrobial mechanism to overcome the
existing antibiotic problem. Supramolecular assemblies of
antimicrobial peptides (AMPs) have the potential to provide
higher efficacy,1–5 decreased hemolytic response and enhanced
stability to serum proteins.1–3,5–8 Increased activity has been re-
ported by Beter et al. upon comparing self-assembled C12-
VVAGKKKGRW-NH2 and KKKGRW-NH2 nanobers with their

corresponding soluble peptide molecules.9 Similar results were
reported by Chang et al. for self-assembled cylindrical nano-
structures made from C16–V4K4 functionalised with an
(AKKARK)2 heparin binding Cardin-motif, which displayed
strongly enhanced activity against Gram-negative bacteria
above the critical micellar concentration (CMC). In the latter
case it was suggested that self-assembly promotes the bacterial
cytoplasmic leakage, causing blisters on disorganized
membranes of Gram-negative bacteria.10 Contrary to the
mentioned systems, Chu-Kung et al. found for YGAAKKAA-
KAAKKAAKAA (AKK) peptides, conjugated to fatty acids of
varying length, that the antimicrobial activity was lost when the
minimal active concentration is higher than CMC. While the
conjugation of AKK with a fatty acid was shown to increase its
affinity to lipid membranes, at concentrations above the CMC
the self-assembled structure inhibits binding of the peptide to
cell membranes.11 These inconsistencies indicate a required
balance between hydrophobicity and assembly to optimise the
antimicrobial activity, as was also reported by Molchanova and
co-workers. These authors found that assembly in itself was not
the cause of lowered activity for halogenated peptoids but was
rather associated with increasing hydrophobicity.12

Cytoplasmic membrane interaction is an important feature
of AMPs, either as a mechanism of action in itself, or as a step in
the transmembrane transport to exert intracellular activity.13,14
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In self-assembled peptides, the surface charge density and
charge to surface area ratio differs from that of the single
peptide molecules.15 Indeed, self-assembly has been related to
both the “detergent mechanism”, where the peptides remove
lipids from the membrane forming mixed micelles,16,17 and
membrane pore-formation.18,19 However, the detailed effect of
larger supramolecular assembly and how they structure in the
presence of membranes is still an open question.

In this study we investigate the membrane interaction of
a series of multidomain peptides (MDPs) previously introduced
by Dong and co-workers,20 which exhibit antimicrobial activity
against are range of different bacteria.1 For these MDPs the self-
assembly properties have been found to directly relate to their
efficacy and cytotoxicity.1 The MDPs are based on an ABA motif
where the B group consist of a b-sheet motif of alternating
hydrophilic glutamine (Q) and hydrophobic leucine (L) groups,
while the A groups consist of positively charged lysine (K) resi-
dues, with the general formula Kx(QL)yKz. MDP self-assembly is
driven by intermolecular hydrophobic interactions and
hydrogen bonding between the peptide subunits leading to
a supramolecular brous structure.21 A MDP analogue used by
Xu et al. was shown to remain stable in the presence of phos-
pholipids, although they presented bacterial lytic abilities.22

Thus, it is likely that MDP membrane interaction is inuenced
by their self-assembly properties.

Further than affecting the antimicrobial activity and selec-
tivity, self-assembly of AMPs affects the pharmaceutical prop-
erties of the molecules. Self-assembled antimicrobial peptides
may act as a vehicle-free self-controlled delivery system, where
the peptide is gradually released from the “nanoscopic
depot”.5,15,21,23,24 This approach has the advantage of eliminating
the physical encapsulation or covalent conjugation of pharma-
ceutical excipients in traditional formulations since it is no
longer necessary to insert the active peptide in a delivery
vehicle.25 The self-assembly approach allows for the release of
active molecules without having to overcome issues related to
steric hindrance or diffusion barriers.21 However, physical
stability of the self-assembly structures under various condi-
tions is a key parameter in the use of these systems as drug-
delivery systems. König et al. recently showed using time
resolved small angle neutron scattering (TR-SANS) that MDPs
composed of Kx(QL)yKz are extremely stable at physiological
relevant conditions, without any signicant exchange of peptide
chains in-between nanobers over a timeframe of 2–3 days at
37 �C.26 This is a signicant attribute for the development of
long-circulation peptide-based biomaterials. However, it is yet
to be determined whether the presence of a phospholipid
membrane affects the physical stability of the peptides and
their implication for the biological activity, which is the focus of
current study.

The lack of in vivo stability, due to protease susceptibility,
and hemocompatibility toward red blood cells remains one of
the main challenges associated with using peptides in anti-
bacterial treatment in the clinics. The Kx(QL)yKz MDPs are
designed to tackle these issues both through their self-
assembling nature and also due to the additional attachment
of polyethylene glycol (PEG) groups to the N-terminus of the

peptides. PEG improves the hemocompatibility of these
peptides because it minimizes non-specic interactions with
various cells, proteins and lipids in a biological environment.6

PEGylation has been also reported to lower the antibacterial
activity in some instances depending on the length of the PEG
group bound to the peptides. Singh et al. have shown that
PEGylation of KYE28 reduces peptide binding to lipid
membranes with increasing molecular weight of the PEG block,
resulting in a lowered antimicrobial effect,27 indicating
a needed balance between the reduced hemolysis and activity in
the design of the peptide with regards to PEG chain length.
Beyond reduction in hemolysis, PEGylation is a well-known
modication of both low molecular weight drug molecules
and biomacromolecules to enhance their pharmaceutical
properties.28 For example, it's known to increase the in vivo half-
life of parenteral drugs as well as reduce immunogenicity.28–30

In this work, we study the effects of MDPs with and without
PEGylation on model lipid membranes using SAXS/SANS and
specular neutron reectometry (NR) at solid–liquid interfaces.
NR is a powerful tool for studying peptide–membrane interac-
tions due to the ability to resolve the detailed structure of
membranes on length scales from a few Ångstrøms to tens of
nanometres. NR also allows to simultaneously resolve potential
lipid removal as well as peptide insertion into partly deuterated
supported lipid bilayers (SLBs).31–38 In an earlier work, we
showed that NR results can be directly compared to results from
detailed modelling of small angle X-ray scattering (SAXS) data
on monomeric peptide lipid bilayer using SLBs or unilamellar
vesicles respectively.31 For supramolecular nanobers in
particular, NR has an advantage over bulk methods since it
lacks 3D orientation averaging and enables precise structural
determination of complex MDP–membrane structures. Here,
MDPs made of K3W(QL)6K2 with and without PEGylation are
used in combination with SLB constituted of DMPC/DMPG and
studied by contrast variation NR. The results are compared to
a shorter, monomeric unstructured K3W(QL)3K2 thereby allow-
ing a direct comparison of the role of self-assembly on peptide–
membrane interactions.

2. Experimental section
2.1 Materials and sample preparation

Peptide synthesis. 4-Methylbenzhydrylamine (MBHA) rink
amide resin, Fmoc-protected amino acids, 2-(1H-benzotriazol-1-
yl)-1,1,3,3-tetramethyluronium hexauorophosphate (HBTU),
piperidine, diisopropylethylamine (DIPEA) and PEG2000 were
purchased from Sigma-Aldrich. Dimethylformamide (DMF),
acetic anhydride, triuoroacetic acid (TFA), triisopropylsilane
(TIS) and acetonitrile (ACN) were purchased from Fisher
Scientic and used as received. The synthetic procedure fol-
lowed the standard Fmoc-solid phase peptide synthesis method
on a Prelude® peptide synthesizer. In brief, all the syntheses
were set up at a 50 mmol scale using MBHA rink amide resin.
The Fmoc group was deprotected utilizing 20% (v/v) piperidine/
DMF for 5 minutes and repeated once. The coupling reaction
was carried out for 30 min by adding 4 equivalents of Fmoc-
protected amino acid, 4 equivalents of HBTU and 8
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equivalents of DIPEA with respect to Fmoc-protected amino
acids. Aer the completion of the synthesis, the N-terminus of
the peptides were acetylated using DIPEA and acetic anhydride
in DMF for 1 h. The completion of the coupling reaction was
conrmed by the Kaiser test. The acetylated peptide was cleaved
in a mixture of TFA/TIS/H2O (95/2.5/2.5 by volume). Aer 3 h,
cleavage solution was ltered, and the ltrates were collected.
The resins were washed three times with neat TFA and the TFA
was combined with ltrate solutions and evaporated under
airow. The residual peptide solution was precipitated in cold
diethyl ether, followed by centrifugation and cold diethyl ether
washing for three times. The crude peptide was dried under
vacuum overnight before HPLC purication. Peptides were
puried using a preparative reverse phase C4 column with
a linear gradient of H2O/ACN (5% to 95% of acetonitrile in 30
min) containing 0.05% TFA and the elution was monitored at
both 230 nm and 280 nm. The HPLC fraction was collected,
combined and lyophilized for 2 days. PEGylated peptide was
synthesized as follows. Aer the nal deprotection of the Fmoc
group, peptide resins were treated with 4 equivalents of carboxyl
terminated PEG, 4 equivalents of HBTU and 8 equivalents of
DIPEA in DMF. The reaction mixture was stirred overnight.
Kaiser test was performed to conrm the completion of the
PEGylation reaction. The cleavage and purication steps fol-
lowed the same procedure as those for acetylated peptides.

Peptide N-terminus Peptide sequences C-terminus

3W32 CH3CO– KKKWQLQLQLKK –CONH2

3W62 CH3CO– KKKWQLQLQLQLQLQLKK –CONH2

D–P–3W62 D–PEG2000– KKKWQLQLQLQLQLQLKK –CONH2

H–P–3W62 H–PEG2000– KKKWQLQLQLQLQLQLKK –CONH2

Preparation of lipid lms. Synthetic DMPC (1,2-dimyristoyl-
sn-glycero-3-phosphocholine), D54-DMPC (1,2-dimyristoyl-d54-
sn-glycero-3-phosphocholine), DMPG (1,2-dimyristoyl-sn-glycero-
3-phospho-(10-rac-glycerol)), D54-DMPG (1,2-dimyristoyl-d54-sn-
glycero-3-[phospho-rac-(1-glycerol)] (sodium salt)) and DMPE-
PEG (1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt)) were
purchased from Avanti Polar Lipids. Lipid lms where prepared
by dissolving the lipids in a methanol: chloroform solution to
a 1 : 3 volume ratio, followed by solvent removal under a stream
of nitrogen ow. The vials where then le under vacuum for at
least one hour to ensure complete removal of organic solvents.
Lipid lms were then kept at �20 �C until use.

Matched out lipid vesicles. For the SANS and SAXS experi-
ments the lipid lms were rst hydrated in a Tris buffer solution
for at least one hour at 24 �C, followed by sonication in a soni-
cation bath for 15 min, and extrusion using an Avanti mini
extruder equipped with two 1 ml syringes and a 100 nm pore
diameter polycarbonate lter. The lipid solution was pushed
through the lter >21 times to make unilamellar lipid vesicles.
For these experiments a combination of lipids with protonated
and deuterated tails and D2O (D-) or H2O (H-) based 50 mM Tris
buffer pH 7.4 (Sigma Aldrich) were used to match the Scattering
Length Density (SLD) of both the headgroup and average lipid

tail (match out vesicles). This was achieved by mixing 32 mol%
d-DMPC (1,2-dimyristoyl-d54-sn-glycero-3-phosphocholine),
53 mol% h-DMPC, 10mol% h-DMPG and 5mol%DMPE-PEG in
10 mg ml�1 36% D–Tris and 64% H–Tris. Addition of 5%
PEGylated DMPE lipids was necessary in order to stabilise the
vesicles against aggregation upon peptide addition. Provided
that the lipids are randomly distributed, vesicles with this
composition will essentially be contrast matched for neutrons,
and thus exhibit very low scattering intensity. This enables
a direct comparison of the scattering from the partly deuterated
peptide D–P–3W62 in the absence or presence of lipid vesicles
to detect structural changes to the peptide.

Supported lipid bilayers. SLBs for the NR experiments were
created through fusion of tip sonicated small unilamellar vesi-
cles (SUVs) as previously described.39 Prior to the experiments,
the lipid lms were hydrated with MilliQ water to a concentra-
tion of 0.2 mg ml�1 and incubated for one hour at 35 �C. The
solution was then sonicated using a tip sonicator for 10 min on
a 50% duty cycle (5 s on/off). The solution was mixed 1 : 1 with
a 4 mM CaCl2 solution immediately prior to formation of lipid
bilayers. The lipid suspension in CaCl2 was injected into the NR
cell and le for approximately 10 minutes to equilibrate prior to
extensive rinsing with buffer. In all the experiments, both the
clean surface and the pristine lipid bilayer were fully charac-
terized prior to peptide injection.

2.2 Small angle neutron scattering

SANS experiments were carried out at the time-of-ight instru-
ment Sans2d located at the STFC ISIS Neutron and Muon
Source in Didcot, United Kingdom. The sample solutions were
lled into quartz cuvettes with a sample thickness of 1 mm and
placed into a thermostatted sample holder rack at 37 �C. Using
neutron wavelengths 2–14 Å and a detector distance of 4 m, a Q
range of 0.004–1 Å�1 (Q ¼ 4p sin(q)/l where q is the scattering
angle and l is the neutron wavelength) was covered, with
a resolution of roughly dQ/Q z 2–10%. The data were reduced
according to instrument standard protocols and tted with
a geometrical scattering model outlined in the ESI.†

2.3 Small angle X-ray scattering

The synchrotron SAXS data was collected at beamline P12
operated by EMBL Hamburg at the PETRA III storage ring
(DESY, Hamburg, Germany).40 The data was obtained using
a radiation wavelength of 1.24 Å and a detector distance of 3.0
m, covering a Q range of 0.0032 Å�1 to 0.73 Å�1. Data reduction
was done automatically with the soware available at the beam
line and the 1D data were brought to absolute intensity scale
using water as a primary standard.

The data were tted with geometrical scattering models
outlined in the ESI.†

2.4 Neutron reectometry

NR measurements were performed using custom-made solid/
liquid ow-through cells and 80 � 60 � 15 mm silicon crys-
tals that were cleaned for 15 minutes in Piranha (3 : 1 H2SO4/
H2O2) solution at 80 �C prior to the experiment. NR experiments
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were performed on FIGARO41 at Institut Laue-Langevin (Gre-
noble, France) and INTER at ISIS neutron source (Didcot,
United Kingdom). Both instruments were used to record the
time-of-ight reectivity at two angles of incidence (Figaro: 0.8
and 3.2 degrees and Inter: 0.7 and 2.3 degrees) to cover the Q-
range �0.01–0.33 Å�1. The instrumental resolution for Figaro

was set to
DQ
Q

¼ 7% and Inter
DQ
Q

¼ 3%: The temperature,

controlled by a circulating water bath, was maintained at 37 �C.
First, the silicon crystals were fully characterized in D2O and

H2O to determine the structural parameters of the silicon oxide
layer present on the surface (see ESI Fig. S1†). Second, SUVs
were added and equilibrated in the cell for �10 min before
rinsing with H–Tris. The resulting SLBs were characterized in
three contrasts (D–Tris, H–Tris and a H/D–Tris mixture that
matches the SLD of silicon, 62 : 38 v/v H2O : D2O, hereaer
referred to as CMSi). Third, 10 ml solution (in D–Tris, CMSi and
H–Tris sequentially) at the desired peptide concentration were
injected into the cell at a ow rate of 1 ml min�1 using a syringe
pump, and the resulting system was fully characterized in all
three contrasts previously described. Finally, the membranes
were measured again aer extensive rinsing with H–Tris, CMSi
and D–Tris. The use of different isotopic contrast conditions is
known as the contrast variation method and it allows for
simultaneous tting of multiple reectivity data sets, leading to
reduced ambiguity and a more precise structural determina-
tion:42 the different contrasts highlight or suppress different
parts of the system. For example, the deuterated lipid tails and
deuterated PEG moieties are suppressed (or matched out) while
the peptide and lipid headgroups are highlighted in D–Tris.

All reectivity proles were analysed using the Motot
package taking into account the experimental resolution.43 The
NR data analysis provides information on the internal structure
of thin lms at an interface44 and, in for SLBs, this includes the
composition, thickness and coverage of the different layers that
compose the membrane: inner heads, lipid tails and outer
heads. For t analysis, the optical matrix method was used
where the surface is modelled with three layers: one for the lipid
tail and two for the hydrated head groups representing the
membrane as well as solvent which were allowed to penetrate
the different layers freely before peptide addition. The rough-
ness was constrained to be the same for each interface across
the whole bilayer. Upon MDP addition, the reectivity proles
were tted using one additional layer to account for peptide
bres absorbed on top of the bilayer (with different orienta-
tions, see sketch in Fig. 3). SLD values are calculated and xed
as given in Table S1 in the ESI.†

The error of the t parameters for the thickness and solvent
amount was determined by the Monte Carlo error analysis
tting algorithm included in the Motot package43 and reects
the uncertainty of the t. The area per molecule is calculated
based on the t parameters as

Amol ¼ V

4� t

where V is the volume of the lipid head/tail group, 4 is the lipid
volume fraction (1-solvent [%]) and t is the thickness of the

layer. The error in the area per molecule, dAmol, was calculated
as

dAmol ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
d4

4

�2

þ
�
dt

t

�2
s

Amol

The amount of peptide inserted into the different layers of
the membrane is calculated from the changes in the SLD by�

robserved � rlipid
��

rpeptide � rlipid
� � 0:01� 4

where robserved is the tted SLD of the lipid/peptide layer, and
rlipid and rpeptide is the theoretical SLD of lipid and peptide
respectively.

3. Results and discussion
3.1 SANS/SAXS data conrming peptide–lipid interaction

Given that earlier results suggested that there were minimal
interactions between MDPs and lipids,22 we performed a range
of small-angle neutron and X-ray scattering (SANS/SAXS)
studies. We aimed to qualitatively detect whether the MDPs
interact with the membranes by comparing the calculated
average scattering proles for the individual components and
the actual mixtures. Here, SANS enables us to focus on the
peptide structure in the presence of lipids, since the lipid
vesicles were matched out by the solvents and therefore do not
contribute to the scattering curve (Fig. 1A). The scattering
intensity for the vesicles measured by SANS alone was very low,
conrming that the vesicles were properly matched out under
these conditions (64% H–Tris 36% D–Tris). In contrast, the
SAXS data shows a clear scattering pattern characteristic for
large unilamellar vesicles, and has been tted with an estab-
lished theoretical scattering model as described in a previous
publication.45 The neutron and X-ray scattering curves for the
peptide solutions are similar to other reported results26 and
were also tted with a scattering model for core–shell sheet
structures. Themodels are briey outlined in the ESI†where the
t parameters are reported as well.

The fact that the lipid vesicles are practically matched out in
the SANS experiments enables us to highlight the scattering
from peptide molecules and gives an indication of how their
supramolecular structure changes upon mixing with lipid
vesicles. Fig. 1A demonstrates that there is a slight change in the
scattering signal when comparing the peptide in the presence
(“mix”) and absence of lipid vesicles (“calculated average”). This
indicates an interaction between the peptides and the
membrane slightly affecting the overall structure of the peptide.
This is conrmed by complementary SAXS data on the exact
same samples, where the scattering from the calculated average
and the actual mixture differs (Fig. 1B). However, the exact
peptide–lipid structures are hard to extract due to the orienta-
tional average andmany components and degrees of freedom of
the system. A tentative t of the SANS data for the mixed
sample, where the vesicles are practically matched out, with the
scattering model used for the pure peptide yields structural

35332 | RSC Adv., 2020, 10, 35329–35340 This journal is © The Royal Society of Chemistry 2020

RSC Advances Paper

View Article Online



parameters in good agreement with the pure peptide (compare
Tables S3 in the ESI†) – with two exceptions: (1) while the free
peptide in solution exhibits a uniform PEG shell of da � db � 30
Å thickness around the peptide bre, the PEG distribution
becomes asymmetric in the presence of lipid vesicles. The PEG
layer on the longer side of the peptide core becomes
compressed (da � 13 Å) while the PEG layer on the shorter bre
side is slightly extended (db � 35 Å). Assuming that the bers
adsorb on the surface of the vesicle, this result makes sense. (2)
The apparent peptide concentration drops to �60% of the ex-
pected value, indicating that some peptide bers disintegrate
upon contact with the vesicles. While these ndings are spec-
ulative given the structural complexity of the mixed vesicle/bre
sample, it provides additional information to the interactions.
In order to investigate the membrane peptide structure, we
therefore proceeded to NR.

3.2 Comparing the membrane interactions of shorter
monomeric analogues with self-assembled peptide nanobers

Quantitative details on the MDP–membrane interaction were
instead obtained by NR. Here, we varied the peptide length,

presence of PEGylation and peptide concentration systemati-
cally. First, the peptide–membrane interaction of shorter
monomeric peptides (3W32) and longer self-assembling
peptides with the same basic motif as 3W32 (3W62) were
used. Fig. 2 shows the reectivity prole and best ts for DMPC/
DMPG bilayers at a 9 : 1 molar ratio before and aer exposure to
both of these peptides in H–Tris, cmSi and D–Tris contrast,
together with the corresponding SLD proles based on best t
analysis (Fig. 2B). The thickness and area per lipid calculated
for the pristine bilayers (Table 1) are comparable with literature
values based on MD simulations on DMPC/DMPG phospho-
lipids46–48 and previous NR results.31

Addition of the shorter 3W32 peptide had only a slight effect
on the membrane structure (Fig. 2). The overall bilayer thick-
ness was unaffected (when taking into account the t error) by
peptide addition. Some peptide insertion occurs as evidenced
by the fact that the SLDs of the tail layer and the outer head layer
in the SLBs changed upon peptide addition. Based on the
changes in SLDs and the surface coverage, the amount of
inserted peptide is calculated to be 5 vol% in the tail and 8 vol%
in the outer head region (Table 1). These peptides exist as free
chains in monomeric form in solution (as conrmed by SAXS

Fig. 1 Scattering data of D–P–3W62 mixed with match-out DMPC–DMPG lipid vesicles comparing the scattering from the pure vesicles, pure
peptide, mix of peptide and vesicle 9 : 10 (weight ratio) and the calculated average (average scattering from peptide and lipids measured
separately). Where possible, data have been fitted with geometrical scattering models (solid lines). (A) SANS results (B) SAXS results.

Fig. 2 (A) NRmeasurements of a DMPC–DMPG (all tail deuterated) SLB at a molar ratio of 9 : 1 before and after being exposed to 1 mM 3W32 and
3W62. Reflectivity profiles for the measurements plotted together with the best fit. (B) SLD profiles resulting from the fit analysis against distance
from the interface for an SLB before and after exposure to peptide. The data has been shifted in y-axis for clarity.
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data presented in the ESI Fig. S3†) and probably they insert as
single chains in the membrane similar to other AMPs having
a random coil structure such as indolicidin.31 However, when
comparing to indolicidin, not only is the amount of inserted
3W32 in the hydrophobic lipid region signicantly lower,31 but
3W32 seems unable to penetrate into the inner head group of
the bilayer at this concentration. This might suggest that the
amount of hydrophobic leucine groups is too low to provide
sufficient driving force for membrane penetration. This is also
reected in the lack of assembly observed in solution, where
SAXS results show that 3W32 exist as random coils rather than
nanosheets as the longer 3W62 peptides (see ESI† for more
information).

Contrary to 3W32, the longer peptide 3W62 had a more
pronounced effect on NR data and corresponding SLD prole of
the membrane for the best ts as seen from Fig. 2. Peptide
addition results in a slight shi in the reectivity curve of the D–
Tris curve to lower Q indicating a thickening of the peptide–

lipid membrane. This thickening cannot be explained by
a uniform increase in the lipid membrane thickness due to
peptide penetration for 3W32. Rather, addition of an uneven
adsorbed peptide layer on the membrane's surface is necessary:
best ts are obtained when assuming a peptide layer absorbed
on top of the SLB (comparative best ts for model with and
without uneven adsorbed peptise layer are shown in ESI
Fig. S4†). Indeed, the SLB thickness is unaffected by peptide
addition although the SLB's SLD change reveal that there is
about 11% and 14% peptide insertion in the tail region and the
outer head group respectively. These amounts are comparable
to the inserted amounts of the shorter peptide 3W32. The
additional peptide layer is 46 � 1 Å thick with a coverage of
12 vol%.

What is the origin of the extra layer on top of the SLB? As
determined by SAXS, the dimensions of the peptide nanobers
are found to have an approximate cross-section of 26 � 58 Å2

and a length of $500 Å with some dispersity (see Fig. S2 and

Table 1 Fitted parameters for tail-deuterated DMPC/DMPG membranes prior to and after exposure to 1 mM 3W32 and 3W62 peptide. The
amount of peptide incorporated in the different layers is estimated based on the change in SLD observed after exposure to the peptide

Layer d [Å] Coverage [%] SLD [10�6 Å�2] Peptide vol% d [Å] Coverage [%] SLD [10�6 Å�2] Peptide vol%

Pristine SLB
Water 3 0 — — 4 � 1 0 — —
Head (inner) 6 � 1 85 � 3 1.83 — 6 � 1 83 � 3 1.83 —
Tail 26 � 1 95 � 1 6.7 — 27 � 1 94 � 1 6.7 —
Head (upper) 6 � 1 85 � 3 1.83 — 6 � 1 83 � 3 1.83 —
Total membrane
thickness (Å)

38 � 2 Amol ¼ 63 � 3 Å2 39 � 2 Amol ¼ 61 � 2 Å2

SLB aer addition of 1 mM 3W32 1 mM 3W62
Water 3 0 — — 4 � 1 0 — —
Head (inner) 6 � 1 85 � 3 1.83 — 6 � 1 85 � 3 1.83 —
Tail/peptide 26 � 1 95 � 1 6.25 5 � 1 26 � 1 90 � 1 6.0 11 � 1
Head/peptide 7 � 1 75 � 4 1.75 8 � 2 6 � 1 72 � 4 1.78 13 � 2
Total membrane
thickness (Å)

39 � 2 Amol N/A 38 � 2 Amol N/A

Peptide layer — — — — 46 � 1 12 � 1 1.5/2.2/3.2 � 0.2a 100

a SLD of peptide taking into account D/H exchange, see ESI Table S1. Fixed parameters during tting.

Fig. 3 Illustration of possible positioning of the peptide nanofibers on the SLBs based on NR fit results: (A) vertical orientation (B) horizontal
orientation (C) monomeric insertion. (D) Embedded orientation. The peptide nanofibers were found to have the following cross-section 26� 58
Å2 with an estimated length$500 Å. For simplicity, the drawings are out-of-scale with respect to the long axis (peptide length). (E) Illustration on
how the model used to analyse reflectivity data in Fig. 2B).
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Table S3 of the ESI†). Thus, we can imagine the nanober as
a thin and long cuboid. Taking into account the structure of the
peptide26 with the lysine residues located at the short end of the
bres, an orientation with the nanober cuboid standing on its
thin side on the SLB should facilitate the favourable electro-
static interaction between the positively charged lysine and the
negatively charged DMPG headgroups on the surface of the SLB
(as illustrated in Fig. 3A and hereby renamed to “vertical
orientation”). However, the thickness of the peptide layer
determined by t analysis of NR data was 46 � 1 Å rather than
�61 Å. One possible explanation is that the peptide sheets are
randomly placed on both the “thin” (Fig. 3A), and “thick” face
(Fig. 3B, hereby named to “horizontal orientation”) or in
a slightly tilted position. A more complex model dividing the
layer into two distinct peptide layers allowing the density of
each layer to vary freely is included in the ESI (Fig. S5 and Table
S4†). These results give a combination of approximately 50 vol%
of the adsorbed bres positioning in the vertical orientation
(�60 Å thick layer) and 50 vol% in the horizontal orientation
(�30 Å thick layer) with the surface coverage of 15% and 7%,
respectively. However, because the overall surface coverage of
the absorbed bilayer is so low the resolution of the NR method
used does not allow us to fully conclude on the orientation of
the peptide at this low concentration. Monte Carlo error anal-
ysis (see ESI Fig. S6†) showed a signicant level of correlation
between the thickness of the two upper peptide layers using this
model and therefor the simpler model of only one 46 � 1 Å has
been included in the manuscript.

The described peptide nanober adsorption on top of the
SLB does not explain the changes observed in the SLD of the
bilayer core and outer head layer. Rather this could be explained
by a fraction of free peptides being able to penetrate into the
bilayer either as smaller fragment of a bre or as monomers
(Fig. 3C). However, recent TR-SANS experiments on these
nanobers showed that no signicant peptide release from the
bres occurred under similar experimental conditions26 or by
NMR in the presence of a lipid membrane.22 For example,
peptide exchange could take place directly between the absor-
bed peptide bres on the surface and the lipid bilayer. In
addition, the peptide bres are formed due to intermolecular
hydrogen bonds along the sheets and these bonds might be

broken by competing hydrogen bonds with the phospholipid
head groups.

An alternative scenario to explain the change in the SLB of
the lipid bilayer is that some intact nanobers penetrate into
the SLB with its short axis facing down the membrane (Fig. 3D).
This partly embedded position would explain the 46 � 1 Å
peptide layer observed on the surface of the membrane being
thinner than the height of the peptide in the vertical orienta-
tion. In this scenario the peptide nanobers are protruding 15
� 5 Å from the SLB (with 7% surface coverage). The sum of the
thickness of the membrane tail and outer head layer is
approximately 33 Å, indicating that in the embedded position of
the peptide the lysine residues on the bottom part of the peptide
bre positions in close proximity to the hydrated inner head
region of the membrane but do not penetrate into them. This
hypothesis concurs with results seen by negative stained TEM
from a peptide with similar structure, where an intact peptide
nanobers was observed inserting into the outer membrane of
Escherichia coli bacteria.22 Additionally, this scenario concurs
with the extreme physical stability of these peptides in the
absence26 and presence of a lipid.22 Additional experiments
such as Cryo-EM, SANS or uorescence microscopy could be
useful to further support whether peptide sheet penetration
into the lipid membrane takes place or not. Beyond the static
measurements to determine the structural peptide–lipid inter-
action, time-resolved NR measurements showed that the
interaction happens quite fast, certainly in less than 5 minutes,
aer which the structure has reached equilibrium (see ESI
Fig. S7†). In summary, the analysis of our NR data suggests that
the self-assembled peptides have a stronger membrane inter-
action than the monomeric peptide, conrming the increased
antibacterial activity for the former ones seen in the past by Xu
and co-workers.1

3.3 The effect of PEGylation on the peptide–membrane
interaction

Earlier results by Xu and co-workers showed that MDP PEGy-
lation does not signicantly affect the antimicrobial efficacy of
the resulting nanobers.6 However, increased steric hindrance
and solubility as well changes in hydrogen bonding in PEGy-
lated MDPs might lead to changes in how these interact with

Fig. 4 (A) NRmeasurements of a DMPC–DMPG SLB before and after being exposed to 1 mMH–P–3W62 and D–P–3W62. Reflectivity profiles for
the measurements plotted together with the best fit. (B) SLD profiles resulting from the fit analysis against distance from the interface for an SLB
before and after exposure to peptide with buffer. The data has been shifted in y-axis for clarity.
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biological membranes. To explore such effects, a PEGylated
version of 3W62 was synthesized in both hydrogenated or
deuterated PEG versions and are hereby named as H–P–3W62
and D–P–3W62 respectively. These peptides (1 mM) were added
to pre-formed DMPC–DMPG SLB and NR data were collected
(Fig. 4). The use of deuterated and hydrogenated PEGylated
peptides enables more precise determination of the positioning
of PEG upon peptide–membrane interaction since it provides,
otherwise non-existing, contrast between the peptide and the
PEG group. During data analysis, co-renement of both the H–

and D–P–3W62 systems was not possible due to small differ-
ences in the initial underlying silica surfaces and pristine
bilayer structure prior to peptide addition. Across the replicates,

the lipid membrane thickness of the pristine bilayers (compare
Tables 1 and 2) was comparable although the surface coverage
was slightly higher for one of the samples (B in Table 2 with 98%
coverage while the other SLBs had 94–95% coverage).

For both H– and D–P–3W62, only relatively small changes in
the reectivity proles were observed (Fig. 4). However, the
same model applied for the non-PEGylated peptide allowed to
obtain satisfactory ts for the PEGylated peptides (Fig. 4): there
was peptide adsorption on the membrane's surface, peptide
insertion into the membrane as well as a slight membrane
thickening. However, the extent of adsorption was lower for
PEGylated peptides: the additional peptide layer was �64 Å
thick and presented a SLD in between that of pure peptide and

Table 2 Fitted parameters for tail-deuterated DMPC/DMPG membranes prior to and after exposure to 1 mM H–P–3W62 and D–P–3W62
peptide. The amount of peptide incorporated in the different layers is estimated based on the change in SLD observed after exposure to the
peptide

Layer d [Å]
Coverage
[%]

SLD
[10�6 Å�2]

Peptide
[%]

d
[Å]

Coverage
[%]

SLD
[10�6 Å�2]

Peptide
[%]

Pristine SLB
Water 3 0 — — 3 � 1 0 — —
Head (inner) 7 � 1 82 � 3 1.83 — 7 � 1 84 � 3 1.83 —
Tail 25 � 1 94 � 1 6.7 — 26 � 1 98 � 2 6.7 —
Head (upper) 7 � 1 82 � 3 1.83 — 7 � 1 84 � 3 1.83 —
Total membrane
thickness (Å)

39 � 2 Amol ¼ 62 � 3 Å2 40 � 2 Amol ¼ 60 � 3 Å2

SLB aer addition of 1 mM H–P–3W62 1 mM D–P–3W62
Water 4 100 — — 4 � 1 0 — —
Head (inner) 7 � 1 82 � 3 1.83 — 6 � 1 84 � 3 1.83 —
Tail/peptide 25 � 1 92 � 1 6.39 6 � 1 26 � 1 92 � 2 6.37 6 � 1
Head/peptide 7 � 1 70 � 4 1.56 a 7 � 1 68 � 3 1.95 a

Total membrane
thickness (Å)

39 � 2 Amol N/A 39s � 2 Amol N/A

Peptide layer 64 � 3 6 � 1 1.1/1.4/1.9 � 0.3 64 � 3 6 � 1 4.3/4.6/5.2 � 0.2
PEG layer 28 � 4 2 � 1 0.7 � 0.3 28 � 4 2 � 1 7.2 � 0.4

a Cannot be determined with accuracy due to lack of contrast.

Fig. 5 (A) NRmeasurements of a DMPC–DMPG SLB before and after being exposed to 10 mM 3W62 (measured at Inter beamline, ISIS, UK), H–P–
3W6 and D–P–3W62 (measured at Figaro beamline at ILL, France). Reflectivity profiles for the measurements plotted together with the best fit.
The differences at highQ for the two upper curves arise from different background subtraction at Figaro beamline at ILL as compared to Inter. (B)
SLD profiles resulting from the fit analysis against distance from the interface for an SLB before and after exposure to peptide with buffer. The data
have been shifted in y-axis for clarity.
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pure PEG. On top of this mixed peptide-PEG layer, there was an
additional 28 Å layer with an SLD matching pure PEG. This
suggests that the peptide nanosheets absorbed to the surface in
the vertical orientation (Fig. 3A) with a highly hydrated PEG
layer facing the bulk solution. The size of the PEG layer is in very
good agreement with SAXS results for this peptide showing
a thickness of �30 Å.26 The peptide layer's surface coverage was
signicantly lower than for the non-PEGylated 3W62 (12%).
This might be a consequence of the increased steric hindrance
and the increased peptide solubility due PEGylation making the
peptide nanobers less prone to interact with the hydrophobic
part of the membrane.

Interestingly, the SLD of both the lipid core and outer lipid
headgroup changed upon peptide addition (Table 2). This
decrease in SLD is likely due to peptide penetration since it is
unlikely for the hydrophilic PEG groups to be fully immersed
into the lipid membrane core and the change in SLD was
similar for both H– and D–P–3W62 (6.39 � 10�6 Å�2 or 6.37 �
10�6 Å�2, respectively). Assuming that only peptide integrates
into the SLB's core, the estimated peptide insertion is 6%, and
thus lower than for the non-PEGylated peptide of the same
length (11%).

In contrast to the change in SLD of the SLB core region, the
SLD of the outer lipid headgroup differed for H–P–3W62 (a
decrease from to 1.56 � 10�6 Å�2) and D–P–3W62 (an increase
to 1.95 � 10�6 Å�2). Thus, PEG inserted into the headgroup
region leading to a net SLD decrease in this layer (H-PEG has
a lower SLD), while the opposite is true for the deuterated PEG
(with higher SLD). This suggest that the peptide inserts into the
hydrophobic core of the membrane with the charged lysins
positioned on the surface of the membrane partially embedded
in the hydrated lipid head groups with PEG group sticking out.
This suggests that the sheet nanostructures probably are
destabilised and peptide insertion into the membrane probably
occurs either as single chains or smaller fragments. Substantial
interaction between PEG and lipid membranes with POPC and
POPG lipids was reported earlier by Zhang W. and co-workers
and suggested to arise from hydrogen bonding between the
PEG polymer and the lipid headgroups.49 In summary, some
peptide insertion and adsorption onto lipid membranes occurs
although to a lower extent that non-PEGylated peptides, even
though peptide PEGylation was reported to have no effect on the
antimicrobial activity of the peptides.6

3.4 The effect of concentration on the peptide–membrane
interaction

To determine whether the membrane interaction for these
peptides is cooperative or concentration dependent, separate
experiments were performed at 10 mM. The reectivity proles
for 3W62, H–P–3W62 and D–P–3W62 are shown in Fig. 5A. All
pristine membranes were 38–40 Å thick with surface coverage
ranging between 92 and 96%. The changes in the reectivity
proles for the membranes before and aer 10 mM peptide
addition were substantially larger than for 1 mM. When
comparing the PEGylated and non-PEGylated peptide it is
obvious that the latter (Fig. 4A) induced a larger change inT
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reectivity for the D–Tris contrast. Based on t analysis of the
data for the non-PEGylated peptide 3W62, signicant peptide
adsorption on the membrane's surface occurred (as seen from
the SLD prole in Fig. 5B): the peptide layer had a surface
coverage of 34%. Moreover, substantial peptide insertion in the
membrane occurred (9% in the inner headgroup leaet, 12% in
the core and 35% in the outer headgroup leaet) with conse-
quential lipid removal (the coverage of the tail region decreases
from 96 to 88%). Similar concentration dependent effects were
observed for other AMPs in the past.31,33 The surface coverage of
the additional nanosheet layer of the 3W62 peptide is signi-
cantly higher when comparing with the 1 mM sample of the
same peptide (35% compared to 12%). The thickness of the
peptide layer of 60 Å corresponds with the peptide sheet
adsorbing in the vertical orientation (as illustrated in Fig. 3A).
Comparing with the lower concentration, we see that the higher
concentration affects the inner head group (see Table 3) which
seems to be adsorbing deeper into the membrane either as
intact sheets, as fragments or as monomers.

As for the data described in Section 3.3 on the PEGylated
peptides, the change in the membrane core SLD seems to be
mainly due to peptide insertion and not PEG (estimated to be 5
� 1% for H–P–3W62 and 6� 1% for D–P–3W62 as seen in Table
3), while a combination of PEG and peptide positions in the
head region of the outer leaet. Interestingly, the estimated
amount of inserted peptide for the PEGylated peptide seems to
be independent of the concentration in this range. This is
opposed to the non-PEGylated peptide which exhibited a much
more concentration dependent insertion. This suggests
a concentration threshold above which there is no further

nanosheet destabilization takes place possibly due to steric
effects caused by the large PEG chain.

While the inserted peptide amount seems to be concentra-
tion independent, the adsorbed amount of peptide on top of the
SLB increased with peptide concentration. Due to the increased
amount of adsorbed nanosheets on the surface with increased
peptide concentration, the independent positioning of PEG and
peptide can be resolved in this case: there is a three-layer system
comprised of a relative thin inner PEG layer (5–8 Å), followed by
a peptide layer (29 Å) and a thicker outer PEG layer (26–27 Å)
(see illustration in Fig. 6). Thus, at lower peptide concentration,
similar mixed PEG/peptide layer structure should be found but
cannot be resolved due to low surface concentration. This
suggest a horizontal orientation positioning (as illustrated in
Fig. 3B) which enables strong interaction between the PEG
closest to the membrane and the lipid headgroups, leading to
both partial insertion and lateral extension of PEG chains over
the membrane surface. These results agree with the SANS data
presented in Fig. 1 where a thinning of the PEG layer (ap) was
observed when comparing data from pure peptide with data on
mixed peptide–liposomes samples. Moreover, the outer PEG
layer is highly hydrated and extend for 26–27 Å regardless of
concentration in agreement with the dimensions found for
these peptides by SAXS (hydrated PEG layer of �30 Å).6,26

4. Conclusions

Combining data from SANS, SAXS and NR enabled us to study
the peptide–membrane interactions of MDPs, varying both the
peptide's length and concentration as well as the effect of
PEGylation. The results suggested that the peptide interaction is

Fig. 6 Illustration showing a comparison of the peptide position for 10 mM 3W62 and P–3W62 based on fit results of NR profiles shown in Fig. 5.
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stronger for the longer peptides that self-assemble into well-
dened ber as compared to the shorter monomeric peptides.
This supports the claim that self-assembled peptides have
a higher antimicrobial activity. For all self-assembling peptides
regardless of concentration, additional peptide layers on the
surface of the SLB had to be added to fully explain the reec-
tivity proles. In addition, insertion of the peptides into the core
of the membrane had to be taken into account into the
modelling. Addition of PEG groups to the peptide molecules
seemed to decrease the peptide–membrane interaction as
compared to non-PEGylated peptide. This observation does not
support the retained antimicrobial activity seen in the past,
indicating that the mechanism of the PEGylated peptide might
not be only based on the membrane interaction. However,
decreased membrane interaction would explain why the
hemolytic properties decrease for the PEGylated peptides.
When increasing the peptide concentration, the changes in the
reectivity proles was more pronounced. Due to the use of
peptide conjugates with both deuterated and hydrogenated PEG
the spatial distribution of each component could be determined
specically using contrast variation. The PEGylated peptide
molecules inserted into the membrane with only the peptide
part in the lipid tail region, while a combination of peptide and
PEG chains was found in the hydrated lipid headgroup region.
Together the data suggested that the formation of supramo-
lecular peptide structure increase while PEGylation decrease
lipid interactions. Our results indicate that the peptide bre
structure is partly destabilized when added to phospholipid
membranes, contrary to the extraordinary physical stability of
the assembled peptides in the absence of lipids as previously
reported.26 However, more specic peptide–lipid exchange
studies would provide further insight into how different lipids
affect the peptide structure.
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Table S1. Theoretical SLDs for the lipids and peptide used in this study.
Neutron SLD [10-6 Å-2]a

d54DMPC
Head 1.84
Tail 6.7

d54DMPG
Head 2.46
Tail 6.7

d54DMPC:d54DMPG 9:1
Head 1.83
Tail 6.7

3W32 1.54b/2.15c/3.14d

3W62 1.54b/2.17c/3.26d

aCalculated from the molecular component volume (based on MD simulations1, 2) and neutron scattering lengths.
bCalculated from the peptide molecular volume and the neutron scattering length.
cCalculated assuming exchange of 38% labile hydrogen atoms to deuterium in cmSi
dCalculated assuming exchange of all labile hydrogen atoms to deuterium in D2O
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Neutron reflectivity data on pure silica crystals:

A) B)

Figure S1. A) Neutron reflectivity profiles on pure silica crystals in H2O and D2O plotted together with best fit. 
B) SLD profiles calculated from best fit of reflectivity profiles. 



Details on the small-angle scattering analysis

The SAXS data of the pure lipid vesicles shown in Figure 1A in the main manuscript were fitted 
with an elaborated model that is presented in detail in reference 3. The fit parameters are given 
in Table S2. The SAXS and SANS data of the pure peptide solution (Figure 1 in the main 
manuscript) were fitted simultaneously with a core-shell-shell model that is sketched in Figure 
S2 and presented in detail in reference 4. The model is an elongated prism with a rectangular 
cross-section. The hydrophobic tryptophan and leucine residues form the fiber core (grey) of 
dimensions ai and bi. It is surrounded by the hydrophilic peptide moieties, the backbone as well 
as the lysine and glutamine residues (blue), which have a thickness of ao and bo, respectively. 
Finally, PEG forms a polymer shell around the peptide fiber (pink), with thicknesses ap and bp, 
respectively. This model was also used to tentatively fit the SANS data of a peptide/vesicle 
mixture, where the vesicles were matched out so that the scattering originates from the peptide 
molecules alone. However, this model is a strong simplification and cannot account for all 
factors implied by the fiber-vesicle interaction, so the fit results can only serve as hints. All fit 
parameters are given in Table S3.

Table S2. Fit parameters of the pure vesicle SAXS data.
Parameter Fit result

Radius 450
Area 60.4*
zCH3 0*
zCH2o 14.1 ± 0.2**
zCH2i -14.0± 0.2**
zCGo 16.0± 0.4**
zCGi -15.8± 0.4**
ZHGo 19.5± 0.2**
ZHGi -19.3± 0.2**
σCH3 2.3*
σCH2 4.7± 0.3
σCG 2.1± 0.2
σHG 4.1± 0.5
VL 1123

VCH2 24.8
VCG 153*
VHG 176

Rg PEG 15*
dcorr -7
σSD 0.22

Hard constrained parameters are designated by * and soft constrained by limits in fitting regime indicated by **. The units 
for all numbers carry the appropriate power of Å. 



Figure S2. Sketch of the geometrical scattering model for the peptide fibers. 

Table S3. Fit parameters of the peptide SAS data, using the model sketched in Figure S2.
Pure peptide (SAXS)a Pure peptide (SANS)a Peptide in mix (SANS)

ai (Å) 9.0 9.0 8.5
ao (Å) 8.4 8.4 10.0
bi (Å) 44.3 44.3 47.7
bo (Å) 6.6 6.6 10.0
ap (Å) 29.1 29.1 12.9
bp (Å) 31.4 31.4 35.9
c (Å) 500 500 490
concentration (mg/mL) 11.0 11.0 3.0
Mpep,i (Da) 473 473 473
Mpep,o (Da) 1851 1851 1851
Mpol (Da) 2400 2400 2400
dpep,i (g/mL) 0.95 0.95 0.95
dpep,o (g/mL) 1.36 1.36 1.36
dpol (g/mL) 1.30 1.30 1.30
bpep,i (cm) 7.52E-11 -3.13E-13 -3.13E-13
bpep,o (cm) 2.79E-10 4.42E-11 4.42E-11
bpol (cm) 3.38E-10 2.22E-10 2.22E-10

aFitted simultaneously.



Scattering data on 3W32 peptide showing a Gaussian free chain structure in solution up 
to concentration 10 mg/ml. 

Figure S3. SAXS data on 3W32 in solution at 5 mg/ml measured at a Bruker Nanostar lab-SAXS. Model fit using 
a Debye scattering model shows a Rg of 5.6 Å. 

Simulation of model with and without absorbed peptide layers on the surface of the 
membrane:

Figure S4. Reflectivity profile for DMPC-DMPG SLB at a molar ratio of 9:1 after being exposed to 1 μM 3W62. 
Dotted line represents best fit using a 3 layer model with incorporation of peptide in membrane while solid line 
represent best fit using a 4 layer model (illustrated in Figure 3) with an additional peptide layers on the surface 
om the membrane. The data has been plotted as RQ4 versus Q to better visualise the difference. 



Comparisson of 4 and 5 layer model with absorbed peptide layers on the surface of the 
membrane:

Figure S5. SLD profile for DMPC-DMPG SLB at a molar ratio of 9:1 after being exposed to 1 μM 3W62. Solid 
line represents best fit using a 4 layer model with one 46 Å peptide layer on the surface of the membrane while 
dotted line represent best fit using a 5 layer model with two additional peptide layers of 25 and 27 Å on the surface 
om the membrane. 

Table S4. Fitted parameters for tail-deuterated DMPC/DMPG membranes prior to and after exposure to 1 μM 
3W62 peptide using the 5 layer model. The amount of peptide incorporated in the different layers is estimated 
based on the change in SLD observed after exposure to the peptide. 

Layer d [Å] Covera
ge [%]

SLD [10-

6 Å-2]
Peptide vol 
%

Pristine SLB
Water 4 ± 1 0 - -
Head (inner) 6± 1 83 ± 3 1.83 -
Tail 27 ± 1 94 ± 1 6.7 -
Head (upper) 6 ± 1 83 ± 3 1.83 -
Total membrane 
thickness (Å) 39 ±± 2 Amol = 61 ±± 2 Å2

SLB after addition of 1 μμM 3W62
Water 4 ± 1 0 - -
Head (inner) 6 ± 1 85 ± 3 1.83 -
Tail/peptide 26 ± 1 85 ± 2 6.0 11 ± 1
Head/peptide 6 ± 1 79 ± 3 1.78 14 ± 2
Total membrane 
thickness (Å) 38 ±± 2 Amol N/A

First peptide layer 25 ± 5 15 ± 1 1.5/2.2/3.
2 ± 0.2* 100  

Second peptide layer 27 ± 3 8 ± 2 1.5/2.2/3.
2 ± 0.2* 100



Monte Carlo error analysis on the 5 layer model for 1 μμM 3W62:

Figure S6. Monte Carlo error analysis showing correlation between the thickness of the 4th and the 5th layer 
(indicated with a black circle).  



Kinetic measurements of 1 μμM peptide addition:

Figure S7. Reflectivity profile for DMPC-DMPG SLB at a molar ratio of 9:1 after being exposed to 1 μM 3W62 
recorded over time (only the second angle for the first 15 min). Results reveal that the peptide-lipid interaction is 
faster than 5 min as all the curves overlay.

1. N. Kučerka, M.-P. Nieh and J. Katsaras, Biochim. Biophys. Acta, Biomembr., 2011, 
1808, 2761-2771.

2. J. Pan, F. A. Heberle, S. Tristram-Nagle, M. Szymanski, M. Koepfinger, J. Katsaras 
and N. Kučerka, Biochim. Biophys. Acta, Biomembr., 2012, 1818, 2135-2148.

3. J. E. Nielsen, V. A. Bjørnestad and R. Lund, Soft Matter, 2018, 14, 8750-8763.
4. N. König, J. E. Nielsen, L. Willner, A. Radulescu, N. Mahmoudi, H. Dong and R. 

Lund, Extraordinary physical stability of beta-sheet nanofibers formed by self-
assembly of a de novo antimicrobial peptide confirmed by small-angle scattering 
techniques (submitted), 2020.


