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Abstract. Amyloid-β peptide interactions with model lipid membranes have been studied by means 
of small angle neutron scattering and molecular dynamics simulations. These interactions had been 
indicated recently as an origin of the membrane structure reorganizations between spherical small 
unilamellar vesicles and planar bicelle-like structures. In present work, we investigate the influence 
of charge on the peptide-triggered morphological changes by introducing the anionic lipid DMPS 
to the underlying DMPC membrane. Changes to the membrane thickness and the overall mem-
brane structure with and without Aβ25–35 incorporated have been investigated over a wide range of 
temperatures. Our results document the previously reported morphological reformations between 
bicelle-like structures present in gel phase and small unilamellar vesicles present in fluid phase to 
be independent from the charge existence in the system.
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Introduction

One of the key factors of Alzheimer’s disease is considered to 
be the amyloid-β peptide (Aß) and its self-aggregation into 
large fibrils (Wildburger et al. 2017; Selivanova et al. 2018). 

It is a peptide cleaved from amyloid precursor protein via 
enzymatic processes that originate in the cell membrane. 
The ability of Aβ itself to interact with the membrane was 
found to depend on the structural and elasto-mechanical 
properties of the membrane, thus its thermodynamic phase 
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(Yoda et al. 2008; Buchsteiner et al. 2010). In fact, our pre-
vious findings show an intriguing temperature-dependent 
morphological reorganization of model membrane systems 
containing Aβ25–35 – the reorganization that was concluded 
as a result of temporal destruction of the membrane during 
its phase transition (Ivankov et al. 2021). The model mem-
brane in that study consisted solely of the zwitterionic phos-
phatidylcholines. However, recent studies show the strong 
interactions also between Aβ peptide and negatively charged 
lipids (Dante et al. 2002; Bokvist et al. 2004; Buchsteiner et 
al. 2010, 2012; Sugiura et al. 2015; Heo et al. 2021). It then 
becomes interesting to investigate the influence of the charge 
on the previously reported peptide-triggered morphological 
reorganization in the model lipid system.

Hellstrand et al. (2010) show, that there is almost no differ-
ence between the fibril formations in the presence of neutral 
or negatively charged lipid systems. Another behavior is, 
however, documented in the investigations of the fibrillation 
process when the Aβ was incubated with lipid vesicles (Heo 
et al. 2021). We note that the peptide starts to aggregate at 
concentrations above 10% (Tang et al. 2016). In addition, 
the fibrillation process exhibits a strong dependence on the 
lipid packing density as well as the charge of the membrane. 
Apparently, the charge supports the fibril formation in the 
systems with the Aβ added to the EULVs externally (spheri-
cal object, bound by a  single bilayer of lipids, containing 
aqueous solution inside, with its size predetermined by 
the extrusion through the pores of given size). At the same 
time, however, the findings of Bokvist et al. (2004) show, 
that anionic lipids could prevent the peptide releasing from 
the membrane after it was incorporated therein. One could 
conclude that the peptide incorporated into such membrane 
cannot move out into the outside environment, and the 
peptide present outside the membrane cannot cross to its 
interior. These results then underline the role of the peptide 
initial incorporation into the membrane.

The difference caused by the presence of charged lipids 
has been shown also in the case of the location of Aβ in lipid 
bilayers. The results of neutron diffraction analysis by the 
authors in (Dante et al. 2002; Dies et al. 2014) show that Aβ 
is located primarily in the hydrophobic region in the case of 
neutral membrane, while in the charged systems it is found 
to be almost equally distributed between the membrane 
hydrophilic (lipid headgroups) and hydrophobic (lipid 
tails) regions. This is true for both the short (25–35) and full 
fragment (1–42) Aβ. In addition, the studies show the two 
fragments cause little difference regarding their influence on 
the membrane fluidity (Buchsteiner et al. 2010) and other 
mechanical properties, as well as their toxicity (Kubo et al. 
2002; Accardo et al. 2014).

Further, the incorporation of Aβ disturbs the membrane 
by accelerating the lateral diffusion therein, as has been 
shown for the DMPC/DMPS membranes in their liquid 

crystalline phase (Buchsteiner et al. 2012). This is appar-
ently a common property of Aβ, while other peptides most 
often tend to decrease the lateral diffusion (Pampel et al. 
2003; Orädd and Lindblom 2004). The short Aβ25–35 in 
particular increases the lipid mobility and increases the 
short-range flexibility of the membrane (Buchsteiner et al. 
2010) which could relate to the Aβ propensity for interactions 
with the highly curved SULVs (Sugiura et al. 2015). In the 
latter, Aβ tends to adopt α-helical conformation in the gel 
phase membranes (Sugiura et al. 2015), while it transitions 
to β-sheet structures with the increasing density of peptide 
on the surface of liquid-crystalline membranes. One can 
imagine these transitions being the underlying mechanism 
of membrane reformations between highly curved SULVs in 
the liquid-crystalline phase and flattened BLS (disk-shaped 
object formed by the single lipid bilayer and possibly with 
Aβ on their edges (Ivankov et al. 2021)). Consequently, the 
temporal destruction of the membrane would relate to the 
changes of elasto-mechanical properties of the membrane, 
rather than the presence of charged lipids in the membrane.

Materials and Methods

Sample preparation

DMPC and DMPS from Avanti Polar Lipids (Alabaster, AL) 
and Aβ segment 25–35 (Aβ25–35) from Abbiotec (Escondido, 
CA) were purchased in lyophilized powder form and used 
without further purification. Organic solvents TFE and 
chloroform, and TFA were purchased from Sigma Aldrich.

Lipids were dissolved separately in an organic solvents 
mixture of chloroform:TFE = 1:1 (by volume) in glass vi-
als at the total concentration of 50 mg/ml for DMPC and 
2 mg/ml for DMPS. The peptide was subjected to a pretreat-
ment procedure, according to which it was dissolved in TFA 
and treated in ultrasonic bath for 10–12 min for ensuring 
a peptide disaggregation (Barrett et al. 2015). Acid solution 
was then evaporated under a  stream of nitrogen and the 
peptide was redissolved in the same organic solvent as lipids 
at a concentration of 2 mg/ml.

Required amount of each lipid solution was mixed in 
microtubes to reach the DMPS concentration 0.5, 1, 2 
and 3% (mol/mol) comparable to the concentrations in 
previously published studies (Dante et al. 2002). Then, 3% 
Aβ25–35 (mol/mol) was added to the lipid mixture. Such 
concentration was selected to diminish the possibility of its 
spontaneous aggregation and bilayer structure disruption 
(Dies et al. 2014). The samples were dried to dryness and 
placed under vacuum for 12 h for removing the remaining 
solvent. The lipid and lipid/Aβ25–35 films were then hydrated 
with D2O at the total concentration of 1% (by mass). The 
hydrated samples were frozen and thawed in several cycles 
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accompanied with a thorough vortexing. The attention was 
paid to keeping the samples at temperatures below the lipid 
phase transition to its fluid phase at all times (temperatures 
below 22°C).

The resulting multilamellar solutions were finally ex-
truded into EULV. The Avanti Mini Extruder® was utilized 
in a room kept at the given temperature without additional 
heating. It was fitted with polycarbonate membranes of pore 
sizes 500 Å.

Differential scanning calorimetry

DSC measurements were performed on Nano DSC differen-
tial scanning calorimeter (TA Instruments, USA) at Faculty 
of Pharmacy, Comenius University Bratislava (Bratislava, 
Slovakia). Similar procedure for sample preparation was used 
as mentioned above, while redistilled H2O water was used 
instead of D2O and final concentration was diluted to 5 mg/
ml. Prior to measurements, samples and the reference buffer 
(redistilled water) were degassed for at least 15 min. All sam-
ples were scanned eight to nine times for the reproducibility 
confirmation. Scans were carried out over the ranges from 5 
to 50°C using a scanning rate of 1°C/min. Normalization to 
mass curves were calculated using NanoAnalyze Software. 

Small angle neutron scattering experiments

SANS measurements were performed at the time-of-flight 
spectrometer YuMO at the IBR-2 pulsed reactor (JINR, 
Dubna, Russia) in two-detector mode (Kuklin et al. 2017). 
The two circular wire-ring detectors were placed at distances 
4.5 and 13 m from the sample, which allowed covering the 
q-range from 0.007 to 0.3 Å−1. The neutron beam was formed 
by a set of two pinhole collimators of diameters 40 and 14 mm. 
The vanadium standard was used for absolute intensity 
calibration. Raw data treatment was performed in the SAS 
program (Soloviev et al. 2017). The samples were contained 
in 1-mm-thick flat quartz cuvettes (Hellma) and held in the 
multipositional sample holder connected to the Lauda liquid 
thermostat with a  temperature accuracy of ±0.03ºC. The 
collected scattering curves were corrected for background 
scattering from the buffer solution. The analysis of final SANS 
curves including the error analysis was performed with the 
SASFit program (Breßler et al. 2015) using the models of 
bilayered vesicles or randomly oriented cylindrical core-shell 
objects with a circular cross-section (Ivankov et al. 2021).

Molecular dynamics simulations

The behavior of Aβ25–35 peptide in a model phospholipid 
membrane and its effect on membrane properties was inves-
tigated also utilizing a set of MD simulations. The simulations 
were performed using the GROMACS 2019.3 software pack-

age (Van Der Spoel et al. 2005) and the all-atom CHARM-
M36m force field (Klauda et al. 2010). The initial configura-
tions and topologies of the model bilayers containing 256 
DMPC/DMPS molecules, 8 Aβ25–35 molecules, and 50 water 
molecules per lipid were set up using Membrane Builder from 
the CHARMM-GUI (Jo et al. 2008). The bonds with H-atoms 
were constrained using the LINKS algorithm, force-based 
switching functions with a range of 1.0–1.2 nm were used for 
the Lennard-Jones interactions, and long-range electrostatic 
interactions were calculated using the particle mesh Ewald 
algorithm. Periodic boundary conditions were used in all 
three dimensions. The integration of the motion equations 
was performed using the leapfrog algorithm with a time step 
of 2 fs. The systems were coupled to the Berendsen thermostat 
at 293 K, 303 K, and 323 K with a coupling time constant of 
1 ps, while the pressure was maintained at 1 bar using a semi-
isotropic pressure coupling with the Berendsen barostat. For 
production runs, the thermostat and barostat were switched 
to those of Nose-Hoover and Parrinello-Rahman, respectively. 
Equilibration was performed for 50 ns and 100 ns for the pure 
bilayers and peptide containing bilayers, respectively. The 
production simulations were carried out for up to 200 ns for 
pure lipid membranes, and 1 μs for the Aβ25–35 containing 
systems. The last 100 ns and 500 ns, respectively, were used 
for system analysis. The bilayer thickness was calculated based 
on the distribution density of phosphorus atoms of the lipid 
head groups using the in-house tools.

Results

The structural behavior was investigated for model mem-
brane systems based on zwitterionic DMPC with or with-
out the anionic DMPS (denoted as DMPC/PS and DMPC, 

Figure 1. DSC thermograms obtained for the systems of DMPC 
with various content of anionic lipid DMPS (1, 3 and 5 mol%). The 
peak positions that depict the main phase transitions of the systems 
show a negligible dependence on the concentration of DMPS.
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respectively). As the membrane thermodynamic phase has 
been identified previously as a key factor, the main phase 
transition temperatures of these systems have been deter-
mined first. Performed DSC experiments show a small shift 
in the phase transition temperature to the higher values upon 
the addition of an increasing amount of anionic lipid into 
the membrane (Fig. 1). The overall changes are however 
very small, and can be deemed negligible concerning the 
further results.

The structural properties of model systems under investi-
gation were analyzed based on the small angle neutron scat-
tering (SANS) experiments. The SANS curves were collected 
at various temperatures below and above the main phase 
transitions determined previously for control systems of neat 
DMPC and DMPC/PS membranes. The scattering curves for 
systems with DMPS concentrations up to 3 mol% and with or 
without the addition of Aβ25–35 (denoted as DMPC/Aβ25–35 
and DMPC/PS/Aβ25–35) can be found in Figure 2. 

The inverse relation between the scattering and direct 
space allows one to recognize visually the characteristic 
length-scales based on the features of scattering data profile. 
According to the simple relation q = 2π/D, the objects with 
a characteristic size of 600 Å (e.g., our EULVs) provide in 
the scattering curve a  recognizable feature (e.g., a dip) at 
q ~ 0.01 Å−1. The fingerprint of half the size objects (e.g., 
our SULVs) appears at q ~ 0.02 Å−1. Finally, the imprint of 
length-scales characteristic to the membrane thickness (i.e., 
D ~ 60 Å) is determined mainly by the region around q = 
0.1 Å−1. Nevertheless, the advanced analysis of scattering 
curves is best performed over the entire q-range accessible 
in the experiment. The extracted parameters are then inter-
connected according to the complex structural model that 
is used to approximate the experimental data.

Based on our SANS data, we can evaluate the temperature 
induced variations in the membrane thickness and overall 
object size and shape quantitatively when utilizing models. 
We employ a 3-shell vesicle model and a model of randomly 
oriented cylindrical shells with circular cross-section that 
have proved appropriate previously (Ivankov et al. 2021). 
Briefly, 3-shell vesicle model is a model of spherical object 
bounded by a single bilayer of lipids and containing aqueous 
solution inside. The bilayer is divided to 3 layers comprised 
of lipid headgroups, hydrocarbon chains, and headgroups 
again, respectively. The second model, used to approximate 
BLSs, consists of randomly oriented cylindrical shells with 
circular cross-section and a core-shell structure. The core 
represents the hydrocarbon chains, and the shell represents 
the lipid headgroups. Most importantly, the distinctive fea-
tures of the two models described allow us to unambiguously 
assign the shape of the object to the scattering data profile, 
because an inappropriate model provides a poor fit result 
as opposed to the satisfactory result obtained in the case of 
fitting the data with the appropriate model.

Considering our previous results (Ivankov et al. 2021), we 
expect the membranes to reorganize from BLSs to SULVs 
during the phase transition in the systems with incorporated 
peptides, while the neat systems should show EULVs undis-
turbed. Results for DMPC displayed in Figure 2 indeed show 
all the SANS curves characteristic of the scattering from 
EULVs, while the changes in results obtained for DMPC/
Aβ25–35 displayed in figure corroborate the previously 
reported effect of Aβ25–35 driven reorganizations between 
ULVs and BLSs. The changes are clearly seen in SANS data 
profiles when heating samples above 30°C. A smooth data 
profile changes by the appearance of a  dip in the curves, 
corresponding to the formation of highly monodisperse 
ULVs characteristic of smaller sizes than the pores used in 
extrusion procedure – denoted thus SULVs. The data profile 
returns back to being smooth when decreasing temperature 
below 30°C again. 

Systems with the DMPS included show similar behav-
ior of the SANS data profiles as those of the neat DMPC 
systems. Results obtained for DMPC/DMPS systems 
displayed in Figure 2 confirm all the curves being very 
similar to each other and corresponding again to typical 
data profiles for EULVs. Similarly, the SANS curves for the 
peptide-incorporated DMPC/DMPS membranes suggest 
the same reorganization of membranes from BLSs to SULVs 
in a response to the temperature crossing the membrane 
phase transition, as it was observed in the case of DMPC/
Aβ25–35 systems (Fig. 2). 

Discussion

The changes of the bilayer thickness obtained from the 
best-fit results and compared relative to that produced by 
a neat DMPC bilayer at T = 20°C are shown in Figure 3A. 
In agreement with previous results (Kučerka et al. 2011) the 
thickness is decreasing with the temperature increasing from 
20°C up to 45°C, and then it increases as the temperature 
decreases back to 20°C for all the presented systems. The 
DMPC/PS systems show a small dependence on the DMPS 
concentration that causes the membrane thickness increase 
compared to the pure DMPC systems (Fig. 3A). The bilayer 
increase is expected due to a less bulky PS headgroup that 
allows more compact packing of lipids laterally, thus extend-
ing in length (Pan et al. 2014). 

The additional increase in the bilayer thickness is brought 
up by the incorporation of Aβ25–35 (temperatures between 
35°C and 45°C), and even more dramatic thickness increase 
is observed for the membranes forming BLSs (temperatures 
below 35°C) in accordance with the previous results for 
DMPC/Aβ25–35 systems (Ivankov et al. 2021). We note that 
the dramatic thickness increase is most likely a direct result of 
the BLS formation, as the same effect has been documented 
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Figure 2. SANS curves for the DMPC, DMPC/Aβ25–35, DMPC/0.5% PS, DMPC/0.5% PS/Aβ25–35, DMPC/1% PS, DMPC/1% PS/Aβ25–35, 
DMPC/2% PS, DMPC/2% PS/Aβ25–35, DMPC/3% PS, DMPC/3% PS/Aβ25–35. Different colors correspond to different measurement tem-
peratures. The data are presented with a y-axis offset for the clarity of presentation. The solid lines correspond to the best fits according to 
an appropriate model approximation as described in text.

previously in the case of common bicelles-forming system 
even without the addition of a peptide (Yamada 2012).

Figure 3B shows the sizes of the studied objects as obtained 
from the best-fit results. The heating and cooling across the 
main phase transition temperature provide again the fully 

reversible transformations as observed previously in the case 
of DMPC/Aβ25–35 and DPPC/Aβ25–35 systems (Ivankov et 
al. 2021). It is worth noting that the transformations in the 
current experiment are happening at temperatures by about 
6°C higher than the membrane main phase transition tem-
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Figure 4. The relative changes to membrane thickness Δd extracted 
from MD simulations of DMPC/PS systems (hollow circles and 
dashed lines) and DMPC/PS systems containing Aβ25–35 (solid 
circles and solid lines). The thickness changes are shown with 
respect to the neat DMPC bilayer thickness obtained at T = 20°C.

Figure 3. The relative changes to membrane thickness Δd (A) and the diameter of BLSs and ULVs (B) obtained as the best-fit results 
of SANS curves. The systems of DMPC and DMPC/PS are shown by dashed lines and hollow circles, and those of DMPC/Aβ25–35 and 
DMPC/PS/Aβ25–35 by solid lines and solid circles. The thickness changes are shown with respect to the neat DMPC bilayer thickness 
obtained at T = 20°C.

perature. This has been observed previously during the first 
heating cycles in particular, and most likely advocates the 
metastable character of the system. Importantly, the observed 
changes show a similar influence of Aβ25–35 whether it is 
incorporated in the zwitterionic or anionic lipid systems. 
Both types of the membrane were found to form BLSs below 
30°C and reform into SULVs over the range of 30 to 35°C.

The impact of the underlying membrane charge has 
been reported previously in the case of membrane structure 
itself or the location of peptide in its interior (Dante et al. 
2002; Dies et al. 2014). Our results confirm such observa-
tion in part. Perhaps more importantly, however, our data 
allow us to conclude little impact of the membrane charge 

on its destabilization triggered by the peptide during the 
phase changes. A closer look at the structural parameters 
of membrane aggregates (Fig. 3) and the form of these ag-
gregates as obtained from SANS data fitting (Fig. 2) reveals 
a little influence of the anionic lipid on the morphological 
changes in the systems with incorporated peptides. This in 
fact may suggest a main driving force of the BLSs-to-ULVs 
transformation being independent of charge while related 
rather to the membrane fluidity.

We extend our experimental observations further by 
evaluating the structural organization of our model systems 
via MD calculations. Firstly, the temperature driven changes 
to the membrane thickness of various systems are presented 
in Figure  4. Similarly to the experiment, the membrane 
thickness shows an increase due to addition of Aβ25–35. The 
influence of the addition of DMPS to the membrane, on the 
other hand, is not so clearly extracted from MD calculations. 
In both cases of the neat systems and those with Aβ25–35, 
the difference of the thickness is less than 1Å and it does 
not change systematically with the DMPS concentration. 
We thus deem the impact of DMPS undifferentiated by MD 
simulations while concluding their uncertainty within 1 Å.

In addition to the comparison with experimentally 
obtained structural results, MD simulations allow us to 
expand our investigations regarding the dynamics of the 
studied systems. Namely, we evaluate the effect of charge and 
Aβ25–35 incorporation on the packing and lipid chain order 
that relates to the dynamics of the lipids (Poger and Mark 
2012). Figure 5A documents insignificant changes in the 
calculated order parameter SCD due to addition of anionic 
DMPS, though it is somewhat more visible in the gel phase 
(20°C) when compared to the fluid phase (30°C and 50°C). 
Intriguingly, this effect increases for the membranes with 
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Figure 5. Lipid chain order parameter SCD as a function of hydrocarbon position for model bilayers based on DMPC with or without 
the addition of 3% DMPS (A), and those with Aβ25–35 incorporated (B). The results were extracted from MD simulations performed at 
T = 20°С, 30°С, 50°С.

incorporated Aβ25–35 (see Fig. 5B), while again mostly in 
the gel phase (20°C). In the Lα phase (30°C and 50°C), there 
are practically no changes in the order parameters calculated 
along the lipid chains of zwitterionic or anionic lipids in 
the case of systems with or without Aβ, which is in a good 
agreement with findings in literature (Labbé et al. 2013). 
Combining both experimental results and MD calculations 
we thus conclude a little role of anionic lipid in the Aβ25–35 
interactions with the membrane when it is in the fluid phase, 
while these interactions become more pronounced when the 
gel phase brings the membrane into more rigid state.

Conclusions

Our SANS experiment performed with the model mem-
branes doped with anionic lipids extends our previous 
findings of the Aβ-triggered morphological changes in the 
zwitterionic lipid systems. Namely, we have documented 
a reorganization of model membranes from spherical uni-
lamellar vesicles to planar bicelle-like membranes during 
the membrane phase transitions when amyloid-β peptide 
Aβ25–35 was present in the membrane. The experimental 
results show a  little influence of the charge on the given 
reorganization of the system, though we have noticed mi-
nor differences in structural parameters such as membrane 
thickness and size of objects it forms. Combining these 
results with the results of MD simulations, we suggest the 
main role in the discussed morphological transformations 
being played by the membrane crossing the main phase 
transition temperature. It allows us to propose the changes 
in rigidity of the membrane being the determining feature 
in the lipid-peptide interactions leading to the membrane 
destruction.
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