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A B S T R A C T   

Water/Ion NMR Detected – Phospholipid Vesicle Permeability Assay (WIND-PVPA), is presented as a novel, 
straightforward and automatable method to assess lipid barrier integrity in vitro. The apparent permeability 
constants of water- and ions across the PVPA barriers are determined in a one-pot experiment under the influence 
of membrane-active guest molecules. NMR spectroscopy is used to quantify the water directly (D2O) and the ions 
indirectly (complexed with EDTA) as a function of time. WIND-PVPA is demonstrated using four anti-microbial 
peptides, to show that membrane active molecules can be differentiated by their disruptive influence on the 
PVPA system. The results obtained are compared with explicit molecular dynamics simulations of lipid bilayers, 
AMPs, water and salt, where the motions of all individual water molecules relative to the lipid bilayer are 
monitored over the course of the simulations, allowing the calculation of theoretical apparent permeability 
constants of the corresponding single bilayer systems. 

Proof-of-principle is presented that WIND-PVPA can be used to evaluate the lipid barrier destabilizing effect of 
active guest molecules by measuring changes in passive water- and ion permeabilities upon exposure. The 
method is highly flexible in terms of barrier composition, choice of probes and membrane active compounds.   

1. Introduction 

The escalation of multi-resistant bacteria, in combination with the 
low success rate of the discovery of new classes of antibiotics during the 
last decades, presents a dire threat to human health globally [1]. The 
need for new classes of antibiotics, as well as other treatment strategies, 
is ever increasing. On this background, the bacterial membrane has 
attracted increased attention as a drug target for several reasons. Firstly, 
there is limited development of resistance against antimicrobials that 
target the bacterial cell membrane [2]. Secondly, direct targeting of the 
cell membrane is a promising strategy to perturb non-growing, dormant 
infections and biofilms, where drugs targeting the bacterial metabolism 
are inefficient [3]. Thirdly, the development of many drug discovery hits 
with novel antimicrobial activities are discontinued due to inadequate 
permeability into the target bacteria, especially in the case of gram- 
negative bacteria, and thus targeting bacterial membrane permeability 
has emerged as a novel strategy in drug discovery [4]. 

One class of molecules with the capacity to directly target the cell 
membrane is antimicrobial peptides (AMPs). AMPs are a ubiquitous part 
of the innate immune defence in all living organisms, and they have 
been widely studied [5], with more than 3000 natural AMPs reported 
and characterized [6]. However, most natural AMPs are neither suffi
ciently potent, nor have suitable ADMET properties (absorption, distri
bution, mechanism, excretion, and toxicity) to be viable as commercial 
antibiotics for systemic (oral) administration. Over the last few decades, 
extensive effort has been put in to explore the potential of synthetic 
optimized AMPs to be developed into more realistic drug candidates. 

One challenge in the rational design of AMPs is that drug discovery 
tools are traditionally not developed to deal with large, flexible mole
cules that target an amorphous target like a cell surface and act through 
diverse and poorly defined mechanisms. There is a lack of an in-depth 
understanding of AMP modes of action (MOA) and how to best opti
mize their activity since their MOA are diverse and often involve various 
types of self-aggregation on the bacterial membrane, needing to reach a 
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local critical threshold concentration before efficacy is achieved [7]. The 
structural and physicochemical interplay between peptides and lipid 
bilayers needs to be characterized in order to determine the MOA of 
AMPs and optimize the activity of AMPs and other membrane-active 
compounds. An interesting interfacial activity model has been pro
posed with some success in unifying how the MOA of AMPs can be 
expressed [8]. The reviewed results therein identify that pore-forming 
peptides are exceedingly rare, and instead the overwhelming majority 
of AMPs does not form discrete pores in membranes, not even tran
siently, but instead causes bilayer leakage by a general disruption of 
membrane integrity. It is also noted that high peptide to lipid ratios used 
in vesicle-based leakage assays are prone to induce vesicle fusion, which 
in turn cause the release of the vesicle contents [8]. 

Hydration in general plays a vital role in lipid bilayer structure and 
function, for example, defining the stability of lipid vesicles in solution 
and controlling the permeability of small molecules across lipid bilayers 
[9]. Small uncharged molecules, including water, passively cross lipid 
bilayers with relative ease, which is necessary to maintain osmotic 
equilibrium while restricting the free diffusion of ions and large bio
molecules. The topic is under some debate, but data suggests that the 
two dominating models can be used to describe water permeability – the 
solubility-diffusion model [10], and the transient pore formation model, 
the latter being more successful for describing the permeability of 
charged solutes [11]. In the rate-limiting diffusion step through the 
hydrophobic core of the bilayer, the diffusion is limited by available 
space, and hence the rate of diffusion is coupled to the order and motion 
of the lipid core, as solvated water and lipid molecules are dynamically 
linked to each other [12]. On a similar note, the rate of transient pore 
formation is expected to be higher in thinner and less ordered lipid 
phases. There is thus a link between lipid perturbation and increased 
permeability in both models [13]. 

Small cationic synthetic AMPs are known to associate near the lipid 
surface and both cause disorder in the lipid packing and pull down water 
molecules deeper towards the core of the lipid bilayer [14–15]. It is 
known that lipid bilayer hydration is associated with changes in lipid 
bilayer properties like increased permeability, increased area per lipid 
and reduced electric membrane potential. Small synthetic AMPs typi
cally kill bacteria via what is traditionally described as a carpet model 
where peptides associate to-, and aggregate on, the membrane surface, 
where they give rise to a large imbalance in charge and surface tension 
between the outer and inner leaflet, eventually leading to a collapse of 
the membrane integrity [16]. Also, at concentrations lower than the 
critical concentration, the AMPs leads to membrane thinning, surface 
tension, clustering of anionic lipids and membrane deformation, all 
being physicochemical properties associated with increased perme
ability, loss of membrane potential and subsequent lysis [17]. It is also 
commonly observed that small synthetic AMPs exert an inhibitory effect 
on bacterial growth before they reach the critical Minimal Inhibitory 
Concentration (MIC) of fast membrane disruption. These observations, 
together with the role of membrane hydration and the bacterial mem
brane potential in permeability has sparked an interest in developing a 
simple assay to measure how the integrity of lipid bilayers is influenced 
by various AMPs or other guest molecules by quantifying the passive 
transport of ions and water across barriers composed of lipid bilayers. 

As an alternative approach to vesicle leakage or vesicle swelling, we 
have explored the possibilities of measuring permeabilities across bar
riers constructed by immobilized phospholipid bilayer vesicle films on a 
solid membrane support. For this purpose, we have adapted an in vitro 
Phospholipid Vesicle-based Permeation Assay (PVPA) that was previ
ously developed in our institute as an in vitro permeability model for 
passive drug transport through human biological barriers like intestine-, 
skin- and mucus membranes [18–21]. PVPA barriers are composed of a 
membrane filter support upon which liposomes with different size dis
tributions and compositions are immobilized through cycles of centri
fugation and freeze-thawing [18]. The resulting barriers are thus 
composed of layers of tightly packed vesicles on top of cellulose filter. 

Such barriers can be used to monitor the permeation of drugs from a 
donor to an acceptor compartment, which is subsequently quantified 
spectroscopically. 

In the current study we have explored the possibility of using a 
modified version of the PVPA method, the Water/Ion NMR Detected- 
PVPA (WIND-PVPA), as a robust and straightforward way to measure 
to what extent guest molecules affect the membrane permeabilities of 
different entities, like ions, water molecules or other molecules of in
terest. The method was developed to study water and ion mobility over 
bacterial membranes in the context of bacterial membrane potential, but 
the method could be tailored to different contexts by studying the 
permeability of different molecules across different barriers. 

2. Results and discussion 

2.1. The PVPA model system 

The PVPA model is an in vitro permeability model that is compatible 
with a wide array of molecular environments and barrier compositions 
(Fig. 1) [20–22]. In order to prove the principle of using the PVPA to 
probe for membrane disruptive activity of active AMPs, a model system 
composed by DMPC and DMPG was chosen. This composition has pre
viously been successfully applied for the selection of active AMPs from 
combinatorial libraries [23]. In order to assess the effect of the surface 
charge of the lipid bilayers, the experiments were repeated in both pure 
DMPC (from here on referred to as PC) and 95% DMPC, 5% DMPG (w/ 
w) (from here on referred to as PC/PG). 

Ion and water transition across the barriers was monitored by solu
tion NMR. A set amount of D2O (80% v/v) was introduced into the donor 
chamber, while the acceptor chamber contained only 0.5% D2O (for 
lock). Water transmission was subsequently quantified directly by 2H 
NMR. In order to monitor ion transfer across the barrier, free EDTA was 
included in the acceptor chamber as a reporter molecule, while salts 
(100 mM CaCl2 and 100 mM MgCl2) were added to the donor chamber 
and the emerging proton resonances of the EDTA-Ca2+ and EDTA-Mg2+

complexes in the acceptor chamber were quantified using 1H NMR. 
Transitioned ions form strong complexes with EDTA, which gives rise to 
unique and stable non-overlapping proton signals for the ion complexes, 
which can be used to identify and quantify the ion complexes individ
ually [24]. This allows for parallel monitoring of both Mg2+ and Ca2+ in 
a single pot experiment provided there is unbound EDTA in excess 
(Fig. S1 in the SI). The cumulative amounts quantified from the inte
gration of the 1H and 2H resonances in the acceptor solutions were 
plotted versus time to visualize the permeability profiles, and the 
apparent permeability constants (Papp) were calculated according to Eq. 
(1) (See Materials and methods). 

The potential to use the PVPA to measure changes in permeability as 
a function of exposure to various guest molecules has been evaluated 
using four synthetic peptides (compounds 1–4) and TritonX-100 (5) as a 
positive control for membrane disruption (Fig. 2). KP-76 (1), AMC-109 
(2) and cyclic hexapeptide cWRWRWR (3) are established synthetic 
AMPs with known MIC values (inserted table in Fig. 2) that have been 
selected for their different activities despite their chemical similarity 
[25–26]. From this set, AMC-109 (formerly LTX-109) is an AMP with a 
MOA that targets the bacterial cell wall. AMC-109 is currently in phase 
IIA trials for treatment of topical infections [27]. Due to poor solubility 
of AMC-109 in the donor buffer, owing to the high concentration of salts, 
only D2O transmission data was acquired for AMC-109 [25–26]. The 
RAR peptide was selected for its chemical similarity to both KP-76 and 
AMC-109, while it is neither interacting with lipid bilayers nor pos
sessing any antimicrobial effect because of its lack of hydrophobic bulk 
(unpublished results). Triton (2% w/v), used as positive control, is 
known to effectively lyse cell membranes and to be efficient at solubi
lizing PC lipids [28]. In the PVPA, Triton is observed to increase the 
water permeability across both PC and PC/PG barriers by approxi
mately 50% [28]. 
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In order to show that the PVPA model can be used to evaluate the 
lipid bilayer integrity in response to external factors, the D2O trans
mission across the barriers was quantified under different salt concen
trations, lipid compositions, and in the presence of different AMPs. 

2.2. Salt influence 

The permeability of water and solutes across any semi-permeable 
barrier is known to be affected by several factors, i.e. the osmotic pres
sure, hydrostatic pressure difference and concentration differences of 
the solute in question – as described by the Kedem-Katchalsky equations 

[30–31]. In the PVPA experimental setup, the addition of salt on one side 
of the barrier gives rise to a net osmotic pressure on the semi-permeable 
barrier. This will drive water molecules against the salt gradient, since 
water crosses lipid bilayers more easily than ions. The ions also exert a 
concentration driven flux from the donor to the acceptor chamber, 
which is expected to also affect the water flux in the system. Salt is 
furthermore known to potentially affect the ordering and structure of 
the lipid bilayers themselves [32–33]. Therefore, the basic influence of 
the salt concentration on D2O transmission across the PC/PG barriers in 
the PVPA setup was first controlled by a series of blank experiments with 
increasing equimolar concentrations of MgCl2 and CaCl2 (Fig. S1 in the 

Fig. 1. Experimental setup of the PVPA model in which phospholipid vesicles are packed on top of a porous cellulose support strip that is attached to a plastic insert. 
The insert houses the donor solution which contains the guest molecule and is placed in a well of acceptor solution for increasing intervals of time. 

Fig. 2. Chemical structures of compounds (1) KP-76 (RWR-NHPh) [26], (2) AMC-109 (RTBtR-NHPh) [29], (3) cWRWRWR, (4) RAR and (5) TritonX-100. Min
imum inhibitory concentration (MIC) for S. aureus strain ATCC 25923. 
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Supporting information). 
As expected, the measured rate of D2O transmission decreased with 

increasing total salt concentration, as more water is retained on the 
donor side through osmotic pressure. The combined effect of salt pres
ence on the system is hard to predict accurately for different systems, 
and Fig. S1 illustrates the importance of running blanks using identical 
lipid and salt concentrations, as well as other potential additives like for 

example DMSO as a solubility enhancer. There are no indications that 
the method does not tolerate salt concentrations up to 200 mM, thus 
allowing the acquisition of water and salt permeability data in a one-pot 
experiment if the appropriate blank is used. 

Fig. 3. Summary of the changes in the water permeability in the presence of antimicrobial peptides (KP-76 and cWRWRWR,), negative control (RAR), positive 
control (Triton), or in the absence of any guest molecules (blank). The cumulative volume of D2O transmitted across PC barriers was plotted against the 6 h 
experiment time acquired across (a) uncharged PC barriers and charged (b) PC/PG barriers. The respective initial slopes are expanded in (c) and (d). The apparent 
permeability constants (Papp) calculated from the initial slopes are summarised in (e). Error bars represent the standard deviation of the three replicates. 
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2.3. Water transmission 

The permeability of water was tested for two lipid compositions – the 
PC and the PC/PG. In the PC barriers, the tested peptides showed little 
to no effect on the water transmission compared to the blank, with only 
Triton significantly increasing the permeability of water (Fig. 3 A, C). 
The abundance of negatively charged lipids on the surface of bacteria 
and cancer cells is known to be a selectivity factor for many antimi
crobial/anticancer peptides, and the observed lack of membrane 
destabilization could potentially be attributed to the lack of any negative 
net charge on the lipid barrier surface. It is worth noting that this 
observation alone would not rule out other causes, like for example the 
overall quality of the lipid packing, or vesicle fusion on the membrane 
support being more efficient in the absence of charge. 

There was a consistent trend that the baseline transmission of D2O 
across the barrier is increased when PG was present. This increase is 
observable in all tested samples, most evidently by the blank and the 
control peptide. Comparison of the controls showed an ~15% increase 
in water transmission for Triton and the blank with the introduction of 
DMPG. 

Interestingly, significant additional reductions in barrier integrity 
were observed for the active peptides with the introduction of a nega
tively charged component to the barriers. The addition of 5% PG lipids 
allows favourable electrostatic interactions between the positively 
charged peptides and the negatively charged lipids, which was reflected 
in the AMPs significantly reducing the integrity of the lipid barrier in the 
assay (Fig. 3 B, D). The cyclic cWRWRWR (3) increased the Papp of water 
from 74 to 104 × 10− 6 cms− 1 (~40%) across the PC/PG barrier 
compared to the PC barrier, which was close to the Papp increase caused 
by Triton treatment. Similarly, the presence of charged lipids enabled 
also the moderately active peptide, KP-76 (1), to increase the perme
ability across the barrier from 71 to 94 × 10− 6 cms− 1 (~30%). The 
negative control peptide, RAR (4), had no observable effect on the Papp 
of D2O across neither the PC nor the PC/PG barriers compared to the 
control. 

AMC-109 (2) was not soluble in the salt concentration used in the 
one-pot experiment, thus only the water permeability was assessed in 
the absence of salt across PC barriers (Fig. 4). Even though the peptide 
possesses a low MIC value of 2 μg/ml, there is no detectable effect on the 
water permeability under these experimental conditions. This will be 
further discussed together with the computer simulation results below. 

2.4. Ion transmission 

Ion transmission was monitored by 1H NMR using EDTA as a reporter 
molecule. EDTA has a strong affinity for divalent ions and forms stable 
complexes with unique chemical shifts with both Mg2+ and Ca2+. 
Comparison of Ca2+ and Mg2+ Papp (Fig. 5) shows that the Papp and total 
transmission for Mg2+ was consistently higher than for Ca2+. This 
observation was in line with the expectation that the smaller size of the 
Mg2+ ions would allow them to more easily cross the barrier. It is 
noteworthy that there is a lag-phase before permeated ions can be 
detected that is not present for water. However, overall the ion perme
ability reflects the same pattern as for the water permeability above. In 
pure PC barriers there is no observed increase of permeability upon 
treatment with KP-76 (1), AMC-109 (3) and RAR (4), while in the PC/ 
PG barriers there is an increase in ion leakage reflecting the ranking of 
the MIC values of the peptides; the most active compound, cWRWRWR 
(3), showed the largest increase in ion permeability. While the relative 
changes in the Papp of ions are consistent with the respective D2O 
transmissions, there are some significant deviations. 

The ion permeability did not change significantly upon the intro
duction of charged lipids as was the case for water permeability 
(compare Figs. 3e and 5e). This suggested that the overall increase in 
water permeability observed for the PC/PG barriers over the PC barriers 
was not just a potential effect of imperfect lipid packing onto the cel
lulose support caused by anionic repulsion. This was also supported by 
both barriers having near identical electric resistance and calcein 
permeability (Supp Table S1). 

With respect to the effect of peptide exposure, a stronger relative 
impact on ion transmission is observed for cWRWRWR (3) in PC/PG 
barriers compared to the respective D2O transmissions. The ion Papp is 
increased two-fold in the presence of charge, while only a 40% increase 
is observed for D2O. This behavior is not observed for KP-76 (1), where 
there is no observed increase in salt permeability. This difference in 
response indicates that there is difference in how KP-76 (1) and 
cWRWRWR (3) interact with the lipid barriers, and particularly in how 
cWRWRWR (3) facilitates ion transport across the barrier. 

The full time resolved permeability curve further reveals differences 
in behavior of the different guest molecules. The initial transmission rate 
of ions is higher for cWRWRWR (3) than that of Triton (5), but over time 
the rate in the presence of Triton (5) steadily increases to the point that it 
overtakes the permeabilizing effect of cWRWRWR (3) after 240 min 

Fig. 4. Water permeability of AMC-109 (2) across PC barriers in no salt conditions. Left – The cumulative volume of D2O transmitted across PC (solid lines) and PC/ 
PG (dashed lines) barriers. Right - The apparent permeability constant (Papp) calculated from the initial slopes. 
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Fig. 5. The observed changes in the permeability of Ca2+ and Mg2+ in presence of antimicrobial peptides - KP-76 (1), cWRWRWR (3), controls RAR (4), Triton (5), 
and blank, across both PC and PC/PG barriers. The top graphs show the cumulative concentration of Ca2+ transmitted across (a) PC and (b) PC/PG barriers during 
the 2 first hours of the experiment. The middle panels show the corresponding plots for Mg2+ across (c) PC and (d) PC/PG barriers. The solid line presents the linear 
fit of the seven data points in this period. The bottom panel summarizes the calculated Papp of Ca2+ and Mg2+ across the (e) PC and (f) PC/PG barriers. Error bars 
represent the standard deviation of three replicates. 
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(Supp Fig. S2). The accelerating effect on the Papp by Triton (5) exposure 
suggests that Triton (5), unlike the AMPs, exerts a continuous dissolving 
effect on the lipids that make up the barriers. 

Based on the permeability measurements alone it is difficult to make 
any detailed conclusions about how the different lipid compositions and 
AMP interactions affect the water- and ion permeabilities. To increase 
our understanding of the studied systems we have therefore com
plemented the permeability experiments with a computer simulation 
setup to that allows the quantification of membrane hydration, water 
permeability, lipid disorder and bilayer thickness in the presence of 
AMPs. 

2.5. Molecular modelling 

Explicit atom calculations of biomembranes are computationally 
demanding, hence two of the peptides, KP-76 (1) and AMC-109 (2), 
were selected for detailed computer simulations. Data analysis protocols 
were setup to analyse the effect of the antimicrobial peptides on the lipid 
bilayer integrity, and to explore the behavior of the water in the pres
ence and absence of AMPs. The simulations were setup using explicit 
lipid molecules in the two lipid compositions used in the assay – 100% 
DMPC (PC) and 95% DMPC/5% DMPG (PC/PG). Simulations were then 
performed in the presence of 0, 4 or 8 peptide molecules per 336 lipid 
molecules, in triplicates with different seeds over a total of 600 ns. The 
analysis was started after 5 ns of simulation to ensure the system was in 
an equilibrated state throughout the trajectory. 

To track water molecules crossing the bilayer, a script was written to 
select all water molecules that during the simulation entered the hy
drophobic core of the bilayer (see experimental section for details). The 
selected waters were then recorded throughout the trajectory to 
distinguish between molecules crossing and exiting the bilayer at the 
opposite side (Fig. 6b) from the ones merely entering and returning to 
the bulk water on the side they came from (Fig. 6a). 

First, the two lipid compositions were simulated without any guest 
peptides to establish the baseline passive water permeability in the two 
models. Analysis of the water molecules revealed that over the course of 

195 ns, 30 ± 6 and 36 ± 7 water molecules crossed the bilayer for PC 
and PC/PG respectively. There were no major events observed for the 
lipid bilayer on the studied time scale, but water molecules were instead 
passively diffusing through, distributed over the whole trajectory. The 
simulation time is expected to be too short to observe events like tran
sient pore formation taking place with any probability, but long enough 
to allow the observation of water molecules crossing through passive 
diffusion (see Fig. 6b for a representative trajectory in pure lipids and 
Supplementary for all analysed trajectories). 

The observed simulated rates correspond to a theoretical perme
ability constant of 2.2 ± 0.4 and 2.6 ± 0.5 × 10− 3 cm/s for the two lipid 
compositions respectively. 

Bilayers of the two lipid compositions were then challenged with 
exposure to 4- or 8 AMP molecules, corresponding to 1:84 and 1:42 
peptide:lipid ratio respectively. That places the concentration in a range 
below the MIC values that report rapid killing of bacteria through 
membrane-cataclysmic events. The effects on the lipid bilayer order and 
thickness, as well as the water permeability, were examined for signs of 
general destabilization that could explain bacteriostatic effects below 
the MIC of rapid cell disruption. 

With respect to the two lipid compositions used, the overall result 
was that the number of water molecules penetrating the bilayers was 
similar (Fig. 7a). Experiment suggests that water penetrates the PC/PG 
barriers slightly more efficiently than the pure PC barriers, and this is 
also the weak trend observed in the simulations, though the sampling 
was insufficient to identify any statistically significant differences in 
permeability (Fig. 7b). 

The statistically significant observation that could be made from the 
water counts was that the presence of 8 molecules of KP-76 (1) increased 
the number of water molecules that successfully penetrated deep into 
the bilayer (Fig. 7a). However, it was qualitatively observed that pep
tides penetrating down into the bilayer often pulled water molecules 
with them, increasing the overall hydration of the hydrophobic core. In 
order to visualize the total hydration of the bilayer core, the time each 
water molecule spent in the − 5 < Z < 5 range was integrated over each 
trajectory (Fig. 7c). The hydration plot displayed a clear trend that more 

Fig. 6. Representative plot of selected water molecules that either enter the hydrophobic core and return to the bulk water of the same side (a) or that cross the 
bilayer and exit on the opposite side (b). Each color represents one unique water molecule. 
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water resides longer in the bilayer when more KP-76 (1) is added to the 
simulations - this is true in both compositions. Thus, while these simu
lations were not sufficiently long and did not include a sufficiently high 
peptide:lipid ratio to reproduce a statistically significant increase in the 
permeating water molecules count, they could show that the water 
molecules that entered the bilayer stayed there for a longer time, and 
therefore the total water content in the lipid bilayer over time increased 
significantly. 

AMC-109 (2) did not cause any increase in water permeability or 
hydration in the simulations, which is in agreement with the lack of 
effect observed in the WIND-PVPA, despite AMC-109 (2) being a potent 
AMP able to disrupt bacterial cell walls at critical peptide:lipid ratios. 
Inspection of the simulations quickly revealed that AMC-109 (2) was 
prone to self-aggregate instead of penetrating into the lipid bilayer, 
explaining the lack of observable effect (Fig. 8) versus lipid compositions 
with a low charge density. This had the effect that for the majority of the 
time, AMC-109 (2) had no contact surface with the lipid bilayer, and 
hence did not significantly reduce the bilayer integrity. 

3. Conclusion 

The effect of three antimicrobial compounds on the permeability of 
zwitterionic lipid barriers has been compared in the presence- (PC/PG), 
and absence (PC), of negative charge for three anti-microbial peptides: 
KP-76 (1), AMC-109 (2) and cWRWRWR (3). KP-76 (1) has a modest 
MIC value, whereas AMC-109 (2) and cWRWRWR (3) both possess 
potent anti-microbial activities, reflected by MIC values of 2 μg/ml and 
4 μg/ml against S. aureus respectively (Table 1). 

Interestingly, none of the peptides had any statistically significant 
effect on the barrier integrity in the absence of negatively charged lipids, 
but as soon as a small fraction of charge was introduced (5% PG) a 
destabilizing effect of the peptide interactions began to emerge. KP-76 
(1), cWRWRWR (3), and RAR (4) followed the expected trend accord
ing to their respective activities, where the modestly active KP-76 (1) 
results in a small but statistically significant increase in water perme
ability across the barrier with 5% positive charge (PC/PG), while the 
more potent cyclic peptide had a pronounced effect on the permeability, 
and especially on the ion permeability which saw a twofold increase in 
permeability compared to the blank. These observations are in line with 

Fig. 7. Diagram showing the raw number of water molecules that enter the lipid bilayer during the simulations and then either (a) return to the bulk water or (b) 
cross the bilayer. In (c) the time of all water molecules spent within 5 Å of the middle if the bilayer is integrated to represent the overall hydration of the hydrophobic 
core. For completeness, (d) shows the simulated Papp calculated from the permeation counts in (b). Simulations have been performed in using either PC (blue) or PC/ 
PG (orange), and in the presence of 4 or 8 KP-76 (1) or AMC-109 (2) (formerly LTX-109) respectively. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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this class of peptides displaying a selectivity for negatively charged 
surfaces of bacterial- and cancer cells over the neutral surface of healthy 
eukaryotic cells [34–35]. 

The most active peptide, AMC-109 (2), did however behave unex
pectedly in the assay, not displaying any effect on the permeability of 
neither the PC nor the PC/PG barriers. The computer simulations pro
vided a plausible explanation as to why AMC-109 (2) did not damage the 
integrity of the barriers, as AMC-109 (2) was prone to spontaneously 
self-aggregate and form stable micelle-like structures in the simulations. 
This could potentially serve as a reservoir for peptide molecules and 
contribute to a more pronounced threshold concentration and selectivity 
towards bacterial cells with a high negative charge density. This 
behavior of AMC-109 (2) is being thoroughly investigated elsewhere 
(personal communication Wouter H. Roos). This highlights the impor
tance of supporting experiment with simulations or orthogonal methods. 
Together these results give us a glimpse of the mode of action of this 
class of antimicrobials, where solubility, local concentrations and pep
tide to lipid ratios are central to the anti-microbial effect. 

The proposed WIND-PVPA method has some characteristics that 
need to be recognized. The barriers are not a single bilayer, but rather a 
stack of packed unilamellar vesicles. As such, the absolute values of the 

apparent permeabilities through the barriers (10− 6 cm/s range for 
water) are expected to be significantly different from the absolute per
meabilities through single bilayers (10− 3 cm/s range for water) [36] as 
the barriers are several orders of magnitude thicker than a monolayer. 
Therefore, the WIND-PVPA should be used to assess the relative 
response to membrane disrupting- or dissolving stress. There are also 
indications of that PVPA barriers inherently can have microscopic hy
drophilic pathways contributing to the total permeation. In the original 
PVPA, the barrier leakiness is assessed by measuring the calcein 
permeability – a large polar molecule with low permeability. The quality 
criterium for “tight” barriers is that the calcein permeability is <10− 7, 
whereas the native calcein permeability across a single bilayer is ex
pected to be in the 10− 11 range from literature reported liposome 
leakage [37]. Therefore, it is not possible to determine the actual 
mechanisms behind permeabilities that are lower than 10− 7, which is 
the case for both calcein and sodium ions. 

The concentrations used in the assay were 4 mg/ml, which is high 
with respect to the MIC values of these peptides. However, at the same 
time the peptide:lipid ratio was approximately 1:10, which is in a range 
that will normally induce destabilization of vesicles, but is low with the 
respect to the peptide:lipid ratio used in MIC assays, which can be as 

Fig. 8. Representative snapshots of the simulation of 8 molecules of KP-76 (1) in (a) PC and (b) PC/PG bilayers, compared to 8 molecules of AMC-109 (2) in (c) PC 
and (d) PC/PG bilayers. AMC-109 (2) displayed a clear tendency to self-aggregate and to stay in these aggregates during the simulation time. 
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much as 1000:1 due to the low cell density in the assay [8]. It is also 
expected that the outermost bilayers will experience higher local con
centrations of guest molecules than the deeper layers will, and hence 
could potentially experience cataclysmic events if the guest molecule 
has disruptive properties. The batch consistency also needs to be 
considered. It's important to routinely probe the zeta potential and 
calcein permeability of every new batch (see Methods). If these factors 
are under control, WIND-PVPA offers a unique method to monitor 
changes in membrane permeability that is straightforward to setup, can 
be tailored to different scientific questions and can potentially be scaled 
up and automated for screening. 

We herein show the proof of principle that the WIND-PVPA method 
can be used to assess the influence of AMPs and other membrane active 
molecules on the integrity of lipid-based barriers. WIND-PVPA as a 
method is easy to use and is very flexible in its application. The barriers 
themselves can be designed to mimic any microbial- or physiological 
barrier by using different lipid compositions, lipid- or cell wall iso
lations. The experiment can also be modified to monitor different en
tities, for example other salt/reporter pairs, size markers, biomarkers or 
isotopes. The core experiment can thus be tailored to provide data on 
different scientific questions, including integrity, permeability, selec
tivity and mode-of-action. The core methodology is currently being 
developed in multiple directions outside the scope of this work. 

4. Materials and methods 

All common chemicals are of analytical purity and supplied by Merck 
KGaA, Darmstadt, Germany. All the lipid samples had been supplied by 
Avanti Lipids (Alabaster, Alabama, US). 

4.1. Preparation of PVPA barriers 

PVPA barriers were prepared following a modified method from 
Flaten et al., (2006) [18]. Briefly, DMPC (PC) or DMPC:DMPG (5% 
DMPG, w/w) (PC/PG) liposomes were prepared via the thin film hy
dration technique, and the PVPA barriers were prepared by depositing 
either PC or PC/PG liposomes on top of nitrocellulose membrane filters 
(pore size 650 nm) and by immobilizing them by cycles of heating at 
50 ◦C. The liposomes utilized for the preparation of the PVPA barriers 
were manually extruded through 800 nm filters prior to their addition 
on top of the membrane filters. To prepare for further use, the PVPA 

barriers were thawed at 50o C for 45 min, or until dry. Integrity of 
barriers was tested by calcein permeability assay and electrical resis
tance (Supp Table S1). 

4.2. WIND-PVPA 

The WIND-PVPA experiment consists of a donor and receiver 
chamber separated by a lipid barrier. The experiment has been done in 
24 well plates, which served as a series of receiver chambers. The donor 
chamber is part of the barrier and can be moved freely from well to well. 
After the addition of the sample solution to the donor chamber, the 
barrier was moved from well to well in series of time points – 0.5, 5, 15, 
30, 60, 90, 120, 180, 240, 300, 360 min and one overnight sample. The 
donor chamber contained 200 μl of 100 mM Tris buffer pH 7.4, 100 mM 
CaCl2, 100 mM MgCl2, the tested peptide (4 mg/ml) or Triton (2% w/v) 
in 80% D2O (Merck KGaA, Darmstadt, Germany) and 20% MiliQ water. 
The receiver chamber contained 1 ml of 100 mM Tris buffer pH 7,4 and 
10 mM EDTA in 0.5% D2O and 99.5% MilliQ water. Afterwards, both 
donor and acceptor solutions were transferred to 5 mm short NMR tube 
for NMR measurement. The transition experiment was completed at 
20 ◦C (controlled room temperature). Due to poor solubility in the 
presence of the salts, the AMC-109 (2) WIND-PVPA used a 10 mM Tris 
buffer pH 7.4 without salts in the donor chamber, nor EDTA in the 
acceptor chamber – all other aspects of the experimental setup remained 
the same. 

The apparent permeability coefficient (Papp) was calculated for water 
and both Mg2+ and Ca2+ ions from Eq. (1) derived from Fick's law: 

Papp

(cm
s

)
=

dQ
dt

*
1

A*Cd
(1)  

where dQ/dt is transition speed of D2O (μl/min) or ions (μmol/min), A is 
surface area of PVPA barriers (cm2) and Cd is volume of water (μl) or 
concentration of ions (μM) in donor compartment. 

4.3. NMR acquisition 

NMR spectra were acquired on a Bruker Avance III HD spectrometer 
operating at 600 MHz, equipped with an inverse TCl cryo probe. All 
NMR spectra were acquired at 298 K using 5 mm tubes using standard 
pulse programs for acquisition in Topspin 3.5pl7 (Bruker BioSpin, Ger
many). Spectra were processed automatically using TopSpin 4.0.8 
(Bruker, Germany) and Matlab R2020b with Signal processing and 
Bioinformatics toolbox (USA, MA, Natick). The processing scripts are 
available at https://github.com/MarJakubec/TopSpin-Matlab-Processi 
ng. 

The integrals of the D2O peaks were adjusted via subtraction of the 
baseline level of D2O present in the acceptor solution. The cumulative 
adjusted integrals were converted to volume using a calibration curve 
and plotted against time. The slope of the line consisting of the points 
that made up the first 2 h for each series was calculated and plotted. The 
same process was repeated for EDTA using the peaks between 2.42 - 
2.48 ppm, and 2.56–2.61 ppm respectively for Ca2+ and Mg2+ to yield 
the concentration of each ion. 

4.4. Computational details 

The AMPs, KP-76 (1) and AMC-109 (2) (formerly LTX-109) were 
used in the molecular dynamics (MD) simulations [25–26]. The mo
lecular models of the synthetic AMPs were built with Maestro 
(Schrödinger Release 2021–4: Maestro, Schrödinger, LLC, New York, 
NY, 2021). The topology and parameters where generated using the 
automatic CGenFF program ParamChem [38] The resulting atomic 
charges were compared to charges of similar residues in the CHARMM36 
All-Hydrogen Topology File for Proteins as well as the general CGenFF 
topology File [39]. Two lipid bilayers were built using the CHARMM- 

Table 1 
Summary of Papp determined for all tested guest molecules in PVPAs with both 
lipid compositions.   

MIC (μg/ 
mL) 

DMPC (Papp x 10− 6 cm/s) DMPC/PG (Papp x 10− 6 

cm/s) 

S. Aureus Ca2+ Mg2+ D2O Ca2+ Mg2+ D2O 

KP-76  145 3.5 
± 0.7 

4.3 ±
0.8 

71 
±

4.9 

3.7 
± 0.3 

4.0 ±
0.3 

94 
±

2.0 
AMC-109a  2 – – 63 

±

0.6 

– – 84 
±

1.2 
cWRWRWR  4 3.9 

± 0.9 
4.9 ±
1.0 

74 
±

4.7 

10.2 
± 1.3 

10.2 
± 1.3 

104 
±

3.9 
RAR  – 4.0 

± 0.7 
4.9 ±
0.7 

78 
±

4.2 

3.4 
± 0.1 

3.7 ±
0.1 

87 
±

0.8 
Triton  – 11.3 

± 2.0 
12.9 
± 2.5 

109 
±

5.3 

13.5 
± 1.5 

14.5 
± 1.5 

132 
±

2.1 
Blank  – 3.8 

± 0.9 
4.7 ±
1.0 

78 
±

5.9 

3.5 
± 0.4 

4.0 ±
0.4 

88 
±

3.1  

a Conducted in the absence of CaCl2 and MgCl2 - No increase observed relative 
to the blank. 
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GUI membrane builder [40]. One consisting of 336 DMPC lipids (PC), 
the other having 319 DMPC lipids and 17 DMPG lipids to give a 95% 
DMPC/5% DMPG bilayer (PC/PG). Both bilayer systems have an ion 
concentration of 100 mM MgCl2 and 100 mM CaCl2. The PC/PG bilayer 
has an additional 17 sodium counter-ions due to the negative charge of 
DMPG lipids. The lipid bilayers were calibrated for 30 ns. Further, VMD 
[41] was used to prepare 4 systems for each of the calibrated PC- and 
PC/PG bilayer, containing 4 and 8 molecules of KP-76 (1) and AMC-109 
(2) respectively. For systems with AMPs, Cl- was added as counter-ions 
to the positively charged AMPs. Water molecules within the hydro
phobic region of the lipid bilayer were removed. The same procedure 
was applied to the PC and PC/PG bilayer systems not containing AMPs, 
which were used for further simulations. Three parallels of each system 
were then simulated for 200 ns. The NAMD software package [42] was 
used for the MD simulations, which were performed under periodic 
boundary conditions in the NpT ensemble. The CHARMM36 All- 
Hydrogen Lipid Parameters [43] were used for the lipids. Water was 
modelled using the TIP3P model and the geometry of the water mole
cules was constrained using the SHAKE algorithm (36). A target pressure 
of 1 atm [44] was obtained using the Langevin piston method (34), with 
an oscillation period of 100 fs and damping time scale of 50 fs. Langevin 
dynamics was used to control the temperature at the physiological 
temperature 310 K, with a damping coefficient of 1 ps–1 [45]. The 
Particle Mesh Ewald (PME) method was applied for long-range elec
trostatic forces [46]. Further, the bonded forces were evaluated every 1 
fs, short-range none-bonded forces every 2 fs, and long-range electro
statics every 4 fs. A smooth cut-off was used between 8 and 10 Å. 

4.5. Data analysis 

The simulated systems had the lipid bilayer oriented in the xy-plane 
with the z-axis perpendicular to the membrane surface. Before analysis, 
the frames of the trajectory were placed with the membrane centre of 
mass at x-, y- and z = 0. 

Permeability of water and ions as well as the saturation of the 
membrane models was examined. The z-coordinates of water oxygens or 
ions within a given distance of the lipid bilayer hydrophobic core were 
extracted every frame (5 ps steps) of the 200 ns MD simulation trajec
tory. The resulting water molecules or ions were considered further if 
they were present 2 frames or more. The z-coordinates of a given water 
molecule or ion were then tracked to see if the residue would permeate 
the lipid bilayer or return to the bulk water from where it entered. In 
addition to counting the number of water molecules that cross the centre 
of the bilayer, the overall time which water molecules spent within 5 Å 
of the bilayer centre was accounted for. Further, water molecules which 
crossed the centre of the lipid bilayer were examined to see if during the 
simulation they were within 8 Å of the peptides simultaneously to the 
selected hydrophobic core. The z-coordinates were extracted every 
frame the water residues were in both the selections. 

The apparent permeability constants from the simulations were 
calculated according to Eq. (2). 

Papp =
r

2cw
(2)  

where r is the number of water molecules crossing the membrane 
divided by the length of the simulations and the area of the lipid bilayer 
cross-section, and cw is the number of water molecules in the simulations 
divided by volume of the water [47]. The average volume of the water in 
the simulated buffer was determined by separately simulating a box 
containing 100 mM CaCl2, 100 mM MgCl2 in water only for 1.5 ns under 
identical simulation conditions. 

In addition to permeability and saturation two more parameters 
were evaluated. First, the ordering of nonpolar hydrocarbon chains in 
the lipid bilayer characterized by the lipid order parameters, SCH, given 
by Eq. (3). 

SCH =
3
2
〈
cos2θ

〉
−

1
2

(3)  

where θ is the angle between the CH bond (carbon‑hydrogen bond) to 
the bilayer surface normal [48]. The angular brackets donate the time 
average. Second, density profiles were calculated using the VMD Density 
Profile Tool [49]. The program calculates a one-dimensional projection 
of selected atomic densities (atoms/Å3). The selected groups of mole
cules or atoms were water molecules within 3 Å of the lipid bilayer, 
phosphates in the lipid head groups and AMPs in systems with peptides 
present. The calculations were done with a 1 Å resolution and projected 
onto the z-axis of the system. For systems without AMPs present the SCH 
were calculated as an average for all lipids. In systems with AMPs pre
sent there were two selections. First, every lipid residue which had a 
contact point within 3 Å of a peptide. Second, the lipid residues which do 
not appear in the first selection. For systems without peptides, the 
average SCH of three parallel simulations were calculated and compared 
to the individual systems and parallel runs with peptides present. Both 
lipid order parameters and density profiles were calculated as an 
average over the last 195 ns of the simulation. Also, both parameters 
were calculated every 0.1 ns. 
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