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Abstract: The study of the interaction between lipid mem-
branes and amyloidogenic peptides is a turning point for
understanding the processes involving the cytotoxicity of
peptides involved in neurodegenerative diseases. In this
work, we perform an experimental study of model mem-
brane–lysozyme interaction to understand how the forma-
tion of amyloid fibrils can be affected by the presence of
polar and zwitterionic phospholipid molecules (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine [POPC] and 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol [POPG]). The
study was conducted above and below the critical micellar
concentration (CMC) using dynamic light scattering (DLS),
atomic force microscopy (AFM), UV–Vis spectrophotometry,
and the quartz crystal microbalance (QCM). Our results
show that the presence of phospholipids appears to be
a factor favoring the formation of amyloid aggregates.
Spectrophotometric and DLS data revealed that the quan-
tity of β-structure increases in the presence of POPG and
POPC at different concentrations. The presence of POPG
and POPC increases the speed of the nucleation process,
without altering the overall structures of the fibrillar final
products.
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Introduction

The misfolding and aggregation of otherwise functional
proteins are known to be correlated with several neuro-
degenerative disorders, like Alzheimer’s and Parkinson’s
diseases, as well as systemic amyloidoses [1]. Fundamental
research projects focused on the fact that the protein fibrils
found in association with these pathologies share common
properties, such as a core rich inβ-sheet structures adopting
a characteristic cross-β topology and tensile strength [2,3].
These features are not necessarily linked to a precise
pathology but have been recognized as common in sev-
eral proteins able to form amyloid fibrils in stress condi-
tions (extreme pHs, high temperature, etc.) [4].

Although the structural similarity between the mature
amyloid aggregates [5–7] could suggest the existence of
some generic mechanism of toxicity, it was suggested, in
the last decades, that the oligomeric species, precursors of
amyloid fibrils, were the most cytotoxic aggregates [8–12].
The existence of amyloid plaques and tangles in the brain
was considered a common finding in Alzheimer’s pathology;
however, results from the “Nun study” indicated that neuro-
fibrillary tangles located in regions of the brain outside
the neocortex and hippocampus may have less of an effect
than plaques located within those areas [13], suggesting the
possibility of compensatory biological mechanisms with
respect to fibrils neurotoxicity, and/or other neurotoxic pat-
terns [14].

The investigation of the interaction between amyloido-
genic peptides and cell membranes is key to understanding
the processes involved in their cytotoxicity. In the last decades,
researchers have started to compare the cytotoxic processes
induced by the same molecule in different states of aggrega-
tion (native, small oligomers, and largefibrils), without finding
so far any general behavior. In some cases, the formation of
large aggregates has been proposed as a self-defense process
to hinder the interaction between fibrils and cell mem-
branes and, in turn, prevent cellular damage. On the con-
trary, pronounced cytotoxicity was found when the same
molecular species were forming small oligomers, i.e., at
the onset of aggregation. For example, in the case of the
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human islet amyloid polypeptide (hIAPP), a peptide involved
in type 2 Diabetes Mellitus, it was shown that small hIAPP
oligomers promoted lipid depletion from cell membrane
mimics while amyloidogenic aggregation inhibited the
process of membrane permeation [15]. In this framework,
the relationship between the protein aggregation pathway
leading to the formation of amyloid fibrils and the presence
of other biomolecules, such as lipids, that the proteins may
encounter in body fluids has been investigated but is not yet
fully understood. Indeed, the presence of lipid molecules in
and around amyloid fibrils was confirmed by different stu-
dies [16–18] and excluded by others [19]. Furthermore, it is
not yet clear how the presence of lipids in solution can
modify not just fibrils structure but even their nucleation
and growth. Another debated topic is the influence of the
aggregation state of the lipid molecules on the formation of
fibrils. Lindberg et al. [20] showed that the presence of lipid
vesicles composed of zwitterionic molecules accelerates the
fibril growth rate for Aβ(1-42). Moreover, they found that
lipid vesicles have no effect on primary nucleation, while
they increase secondary nucleation at the surface of existing
fibrils. More recently, several computational and experi-
mental studies [15,21,22] pointed out a possible lipid-cha-
perone effect, in which free lipids can interact with peptide
monomers and small oligomers forming protein–lipid com-
plexes with a larger affinity for cell membranes, i.e., with
different cytotoxicity. It is clear that although several studies
have been performed on the effects of model membranes of
protein amyloid aggregation, the results are not always
coherent. Further efforts are needed to clarify the influence
of lipid components, both for their intrinsic properties
(charge, chemical features, etc.) and for their assembly, on
amyloidogenesis.

In the current work, we combined surface- and solution-
sensitive techniques to investigate process of formation
and growth of fibrils for a well-known peptide such as
lysozyme (LYS) in the presence of polar and zwitterionic
phospholipid molecules at concentrations below and above
their critical micellar concentration (CMC), i.e., for solution
containing only free lipid molecules (below 1 CMC), and a
mixture of free molecules and lamellar aggregates (at and
above 1 CMC). Our results show that, already at a concen-
tration of 1 CMC, the presence of charged or zwitterionic lipid
species free in solution augments the fibrils growth rate, with
no clear differences for higher concentration values and no
evident differences in mature fibrils structure. Moreover, we
have monitored the interaction of native LYS, LYS fibrils, and
LYS–lipid aggregates with a model bilayer composed of 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), a zwit-
terionic phospholipid largely abundant in mammalian
cell membranes. From these experiments, a clear trend

shows that the affinity of aggregates for the POPC mem-
brane is enhanced for LYS–lipid aggregates, while it is
limited for LYS monomers and very small oligomers.

Materials and methods

Materials

Hen egg white lysozyme (LYS), glycine and Congo Red (CR) were
purchased from Merck (Darmstadt, Germany). Phospholipids
powders, POPC, and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphogly-
cerol (POPG) were purchased from Avanti Polar Lipids
(Alabaster, USA).

CR is water soluble, but its solubility is better in
organic solvents such as ethanol. We prepared an acqu-
eous ethanol solution (80% w/w) saturated with NaCl.
This solution was then saturated with CR powder and fil-
tered with 0.2 μm pore size filters (Millipore) to remove
possible aggregates. Lyophilized LYS was dissolved in gly-
cine buffer (70 mM, pH 2.3 with 10 mM NaCl) at a concen-
tration of 3 mg/mL. The buffer was previously filtered with
0.2 μm pore size filters (Millipore). The solution was main-
tained at 4°C overnight, according to already published
protocols [23,24]. LYS amyloid fibrillation was induced at
the temperature of 65°C [25] with gentle agitation to reach
a plateau in the aggregation after about 2 h from the begin-
ning of the fibrillation. LYS aggregation kinetics were
monitored by taking quite small aliquots from a solution
undergoing aggregation and measuring them as a function
of the stage (time) of aggregation. In order to investigate
the role of phospholipids in solution, as monomers or as
vesicles, on the aggregation propensity of LYS, we used
POPC and POPG. These lipids were dissolved in buffer at
different concentrations, matching the nominal values of
0.25, 0.50, 1, 2, and 10 CMC. Dissolution was achieved by
vortexing the samples. For samples at 1 and 10 CMC, the lipid
solution was used in the extruded and non-extruded forms,
where the latter was investigated just as prepared. For
extruded samples, the solution was pushed 11 times through
a polycarbonate filter having 100 nm pores. Extrusion was
performed at room temperature. The size of the lipid aggre-
gates was checked by dynamic light scattering (DLS). In the
case of samples prepared at a concentration equal to 1 CMC,
the scattered intensity was not sufficient to quantify the
particle size, while for samples prepared at 10 CMC, DLS
data indicated the formation of vesicles, very likely large
uni-lamellar vesicles (LUVs) for the extruded samples, and
multi-lamellar ones for the non-extruded solutions.
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In order to measure the effect of lipids on LYS aggre-
gation from the early onset of the process, lipid solutions
were added to LYS shortly before the start of each kinetic
of aggregation. For these samples, LYS and lipid were pre-
pared at the proper concentration to maintain the final
concentration of 3 mg/mL of LYS for all samples.

UV-Visible (UV-Vis) spectrophotometry

UV-Vis spectrophotometry experiments performed in the
presence of CR can be used to monitor protein aggregation
into amyloid structures. CR has a high affinity for β-sheet
conformations of fibrillated proteins [26,27], and it has
been used as a diagnostic tool for amyloidogenesis for sev-
eral decades. Amyloid aggregates stained with CR alkaline
solutions assume, in fact, an intense red color under sun-
light and show birefringence under polarized light [28,29].
CR interaction with β-sheet structures induces a shift of its
absorption maximum from 490 to 540 nm. It has been
recently demonstrated that CR bound to amyloid fibrils is
oriented with the long axis oblique to the fibril, character-
ized by an angular deviation that permits the mutual
interaction between the aromatic moieties of the next CR
molecules. This arrangement provides a molecular basis to
justify the cooperative association of CR molecules along
the fibril axis in the fibrillar microenvironment, and the
constrained conformational flexibility can be interpreted
as the main contribution to the bathochromic shift of the
maximal absorbance wavelength when CR is bound to
amyloids [30]. UV-Vis experiments were performed using
quartz cuvettes with a 10 mm optical path, filled with 50 μL

of protein sample (pH ≃ 2.3), 50 μL of CR solution, and
400 μL of 70 mM glycine buffer – the same used for LYS
amyloid aggregation – with NaOH addition until pH was
≃11.5. The amount of CR used was chosen from protocols
published in literature [25].

DLS

DLS is a technique commonly used to measure the size
distribution of colloidal particles in solution. In the present
case, DLS was used to track the aggregation of LYS over
time, both in the absence and presence of lipid molecules.
Experiments were performed on a Malvern Zetasizer Pro
instrument (Malvern Panalytical, UK) configured in back-
scattering geometry (scattering angle, =θ 173°) and using
an incident wavelength =λ 633 nm, produced by a He–Ne
laser. Samples were loaded into standard quartz cuvettes

(10 mm optical path) and kept at 25°C for the entire dura-
tion of the measurements. Aggregation kinetics were fol-
lowed during a period of 6 h, acquiring data every 30 min
in five replicas to ensure the reliability and reproducibility
of the data. Single measurements, used to check the size of
POPC vesicles, were performed in three replicas. All sam-
ples resulted in diluted regime, and no attenuation of the
incident light was necessary. The intensity auto-correlation
function ( ) −g τ 12 was computed automatically by the
instrument, where τ is the correlation constant. Intensity-
weighted particle radius distribution was obtained by
analyzing the ( ) −g τ 12 data using a homemade software
application (DynaLiSc) written in Matlab and based on the
regularized inverse laplace transform method [31]. This
method, is suitable for samples showing the coexistence
of polydisperse particle populations, as typically occurring
during aggregation processes. The conversion between
results in the time domain to particle hydrodynamic radius
was performed using the Stokes–Einstein equation:

( )
=R

k T

πη T D6
,H

B (1)

where RH is the hydrodynamic particle radius, kB is the
Boltzmann constant, T is the absolute temperature, ( )η T

is the dynamic viscosity of the solution, and D is the par-
ticles’ translational diffusion coefficient. The latter can be
obtained from the characteristic decay time ∗t of the auto-
correlation function as ( )= ∗ −D t q2 1, where ( )= ∕

q
πn θ

λ

4 sin 2 is
the scattering vector and n is the solution refractive index
for the given λ. When using DLS, it is important to be
aware that the scattered intensity from a few large parti-
cles may overwhelm that of smaller particles, leading to an
underestimation of this second contribution. In extreme
cases, as in the terminal stages of an unlimited growth of
aggregates, this can even result in the complete masking of
small particles by the signal from larger ones. Conversion
to number-weighted size distributions was not performed
deliberately, as the conversion method gives reliable results
only for optically homogeneous spherical particles.

Quartz crystal microbalance (QCM)

QCM is a technique widely used to monitor adsorption
processes at solid interfaces [32]. Briefly, this technique
measures the frequency of vibration of a quartz crystal
subject to an alternating potential. Changes in this fre-
quency ( FΔ ) can be related to changes in the mass depos-
ited on the sensor surface. Supported lipid bilayers (SLBs)
deposited on silica-coated QCM sensors typically behave as
thin rigid films, i.e., they oscillate in phase with the sensor
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without dissipating mechanical energy. In this case, the
Sauerbrey equation can be used to evaluate changes in
adsorbed mass per unit area, mΔ , as follows [33,34]:

= −m C
F

n
Δ

Δ
,f

n (2)

whereCf is themass sensitivity constant (Cf = 4.4 ng Hz−1 cm−2

for an AT-cut quartz crystal with 10 MHz fundamental fre-
quency) and n is the overtone number ( =n 1 was utilized in
the current work). Here, the QCM technique was used to
investigate the interfacial behavior of LYS prepared at dif-
ferent stages of fibrillation in the presence of already formed
SLBs. Measurements were performed both in the absence and
in the presence of lipids co-dissolved with LYS in solution.
QCM experiments were performed only on POPC samples
since there are no established protocols for the formation of
fully covered POPG SLBs. Indeed, incomplete coverage of the
bilayer would compromise the investigation of LYS adsorption
processes, as the peptide could interact with exposed areas on
the silicon substrate used as substrate. Measurements were
performed using an OpenQCM Q−1 equipment (Novaetech Srl,
Italy) and SiO2-coated AT-cut 10 MHz quartz sensors
(Novaetech) at room temperature ( ±23 2°C). Before usage,
the sensors were cleaned by 15min bath sonication in ethanol.
To remove any remaining contaminants and make the SiO2

surface hydrophilic, the sensors were exposed for 30 min to
UV-generated ozone (Jetlight model 18; Jelight, Irvine, USA).
Finally, the surfaces were rinsed with MilliQ-grade water
and blow dried using a nitrogen stream. The dry sensor was
then placed in the sample chamber. Beforemeasurements, the
sample chamber was filled with 250 mMNaCl solution using a
peristaltic pump (KF Technology, IT) at a flow rate of 0.1 mL/
min until a stable baseline was obtained. SLBs were deposited
on top of silica-coated sensors exploiting the vesicle fusion
protocol [35,36]. POPC vesicles dispersed in pure water at a
concentration of 0.5 mg/mL were injected into the sample
chamber at a flow rate of 0.2 mL/min (for a total volume of
500 μL) and left to incubate for 10 min. As the sample
chamber was pre-filled with 250 mM NaCl solution, water
was used as solvent for the POPC LUVs to induce an osmotic
shock promoting the fusion of the vesicles. Once the bilayer
was formed, un-fused vesicles were removed by rinsing the
sample with pure water. The frequency shift obtained was
used to determine if a homogeneous and defect-free SLB
formed (expected ≈FΔ 100 Hz1 on a 10MHz sensor [37]). After
the quality of the SLB was checked, water was replaced by
buffer to acquire the correct baseline for the following peptide
injections. Finally, peptide-containing solutions were injected
into the cell and incubated for 2 h. During all of the steps, data
were collected continuously.

Atomic force microscopy (AFM)

AFM measurements were performed on an AIST-NT scan-
ning probe microscope (Horiba Scientific, Kyoto, Japan).
Images were acquired in non-contact mode with a pyra-
midal silicon tip of radius of 8 nm. Samples were prepared
from the batches that reached the end point of fibrillation
and diluting them from the original concentration by a
factor 1:1,000. The dilution factor was optimized empiri-
cally to avoid the deposition of more than one layer of
peptides onto the mica surface. Briefly, 5 μL of the diluted
solution were deposited onto freshly cleaved mica and left
to incubate for 20 min. After incubation, the mica surface
was rinsed with milli-Q water and dried with nitrogen
blowdown. All images were acquired with a resolution of

×512 512 pixels with a scan rate of 1 Hz and were analyzed
with the Gwyddion software. For each sample, at least five
images were acquired and analyzed.

Results and discussion

LYS amyloid aggregation was first monitored by UV–Vis
spectrophotometry with CR. LYS is a model protein whose
amyloidogenesis in the presence of osmolites had already
been studied by the same approach [24,25]. The sigmoidal
behavior of the growth of fibrils, which results from the
red shift of CR absorption peak, is related to a kinetic pro-
cess that can be compared to the one revealed by adding
Thioflavin T to the protein solution and measuring fluores-
cence emission [38]. The sigmoidal growth of the signal can
be quantitatively evaluated, and in particular, the time
needed to reach the first half of the process can be obtained.
The halftime can be considered as a measure of mutational
effects on nucleation. As previously suggested, primary
nucleation is not the only microscopic process during the
lag time of aggregation [39]. Fibril-catalyzed secondary
nucleation has been observed for the aggregation of Aβ42

[10], Aβ40 [40], and α-synuclein [41]. Whereas primary
nucleation is the most active at the beginning of the lag
phase, secondary nucleation would soon dominate and
reach its maximal rate near the halftime of aggregation.
Therefore, halftime can be considered an indicator for the
overall nucleation rate when both primary and secondary
nucleation reactions are present [42]. CR UV–Vis spectrophoto-
metry experiments are based on the absorbance peak shift
induced by CR binding to β-sheet structures, as shown in
Figure 1(a). The ratio ∕Abs Abs538 505 between the absorbance
at 538 nm and the one at 505 nm is proportional to the
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amount ofβ structures in solution and is plotted as a function
of time, in Figure 1(b) for LYS without any cosolutes and for
LYS with non-extruded POPG molecules at a concentration
equal to 1 CMC. The sigmoidal behavior of the growth of
β-structures of LYS in solution resembles quite well the one
revealed by ThT fluorescence in a previous study [25], and
was fitted in order to obtain the halftimes, which determine
each aggregation pattern. A histogram of the obtained half-
times for the investigated conditions is reported in Figure 2.
We underline that every experimental condition refers to at
least three replicas of protein aggregation kinetics. Although
kinetic patterns at intermediate phospholipids concentrations
(between 0.0 and 1.0 CMC) were investigated, they are not
reported here because their features were well inside the
limit cases, but their reproducibility did not allow us to infer
a possible linearity of their contribution. On the other side, at
phospholipids concentration higher than 1 CMC (10 CMC), the
amyloid aggregation was very fast and less reproducible. The
presence of phospholipids appeared to be a factor favouring
the formation of aggregates. In particular, for both POPC and
POPG at any of the investigated concentrations, CR UV–Vis
measurements revealed that: (i) the amount of β-structures
after 2 h from the triggering of the amyloidogenesis, repre-
sented by the ratio ∕Abs Abs538 505, increased in the presence
of lipids; (ii) lipids favor aggregation, since the halftime of
the process is reduced in their presence, and (iii) the differ-
ence between the changes induced by the two lipids is not
always so relevant. In addition, POPC effects on the halftime
of the process are remarkably different if it is in LUVs or if it
is not extruded (Figure 2). POPC has a CMC on the order of

the nanomolar scale, while it can be noted that the oxidation
products of POPC have CMC values on the order of the
micromolar scale [43]. These changes in the CMC values
could suggest that the susceptibility of model membranes
composed of low-CMC phospholipids should increase in the
presence of oxidatively damaged lipids due to their higher
CMC promoting membrane insertion of amyloidogenic pro-
teins and leading to formation of ion-channel-like pores [22].
The difference in the halftime of the process could hence
reside in the fact that free lipids can form stable peptide–lipid
complexes with LYS hydrophobic surfaces and then modify
the protein aggregation rate in a quite different way in
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Figure 1: (a) UV-Vis spectroscopy results of lysozyme in solution in the presence of CR at the beginning (violet) and the end (green) of its aggregation
pattern in the presence of POPG at 1 CMC, not extruded. The arrow indicates how the absorbance peak of CR shifts at higher wavelength when bound
toβ sheet structures. To monitor the relative amount ofβ-sheet structures in solution, the ratio between the intensity of the absorption peak due to CR
bound to fibrils and the one due to CR free in solution was calculated as a function of time. (b) β-sheet structures as a function of time, during
fibrillation. Empty squares correspond to lysozyme in solution without any cosolutes, and empty circles correspond to to lysozyme with non-extruded
POPG molecules at a concentration equal to 1 CMC. Continuous lines are the theoretical fitting curves, providing the halftime featuring each kinetic
pattern.

Figure 2: UV/Vis spectroscopy results on the effect of POPC and POPG,
both at a concentration equal to 1 CMC, on lysozyme aggregation pat-
tern. Histograms show the halftime obtained from the theoretical fitting
of each aggregation pattern.
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respect to the LUVs in solution. Further investigation con-
cerning proteins with meaningfully different hydrophobic
areas can help to confirm or discredit this hypothesis.

The aggregation of LYS in solution and in the presence
and absence of different phospholipid molecules, before
and after extrusion, was also evaluated by DLS. These
experiments were conducted on arrested states of aggrega-
tion kinetics, i.e., by taking 1 mL aliquots from the stock
solution at regular time intervals and measuring them
after their temperature was lowered to 25°C to stop aggre-
gation. In Figure 3, left panel, the intensity auto-correlation
curves measured for LYS solutions in the absence of lipid
molecules are reported. From the changes in the shape of
the measured auto-correlation function, it is clear that a
population of aggregates emerges, and increases in terms
of amount, during the fibrillation process. Indeed, the
data analysis revealed the coexistence, in all samples, of
two populations of particles. At =t 0 s, the majority of the
signal arises from small particles (with ≈ ±R 2.5 0.5 nmH )
with a limited contribution from larger particles, with

≈ ±R 35 10 nmH (see black line in Figure 3, right panel).
During the progression of the aggregation process, the pre-
dominant population remains the small one, with a size that
is constant. On the other hand, a population of large aggre-
gates, with radius ranging between 130 and 300 nm emerges.
The area under the curve ascribed to this population
increases with time, indicating an increase in the number
of aggregates. The continuous growth of this population and
the small shift towards larger radii indicate that the protein
aggregation process is underway. Even if it is not possible to
determine the true size of the aggregates (due to the approx-
imations used in the standard DLS analyzis), these data
clearly demonstrate, in line with UV–Vis (Figure 1(b)) and

AFM (Figure 4) measurements, the occurrence of the aggre-
gation kinetics and its timescale for the conditions used in
our fibrillation protocol. When considering the amount of
aggregates in solution, it is worth recalling that, because of
the sensitivity of DLS, the vast majority of proteins in solu-
tion for all samples are in the range 2–3 nm, values compa-
tible with the expected size for LYS monomers and small
oligomers in solution [44]. However, even if it is not possible
to discriminate between monomers and oligomers, we can
hypothesized that during the process the balance between
monomers and small oligomers changes as suggested by the
increase of the β structures detected in UV–Vis experiments
(Figure 1(b)). Such an increase indicates that protein native
conformation is not maintained and that aggregation fol-
lows a path from monomers into dimers, then into oligo-
mers, and finally into fibrils. For the LYS sample incubated
with POPC and POPG molecules at 1 CMC, DLS measure-
ments revealed a faster aggregation (Figures 5 and Figures
S1, S2, S3 in the Supplementary material), in agreement
with UV–Vis spectroscopy results (Figure 2). Given the
expected limited number of lipid aggregates at 1 CMC,
lipid molecules did not contribute substantially to the
scattered intensity as determined by reference DLS mea-
surements performed in the absence of peptides. The only
signature of lipid aggregates was found for the LYS+POPC
LUVs sample measured at time zero, as indicated by the
shoulder in the intermediate time region of the ( ) −g τ 12 ,
corresponding to an LUV size in the range of 100–200 nm
(Figure S1 in the Supplementary material).

Kinetics of aggregation were monitored for a total of 2 h
in the case of POPC and 1 h in the case of POPG, both in
extruded and non-extruded forms. Intensity auto-correlation
functions and the size distributions resulting from their

Figure 3: Left: intensity auto-correlation functions ( ( )g τ 12 , symbols) for lysozyme solutions. Data were acquired at 60 minutes intervals from the
beginning of the aggregation process. The arrow indicates the increase of aggregates contribution with time. Red lines are the model curves obtained
from the analyzis. The increase in the experimental data visible at short times for some curves is an instrumental artifact. Right: intensity-weighted
distributions of the hydrodynamic radius, RH, corresponding to the model curves shown in the left panel.
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analyzis are shown in Figures 5 and S1 for POPC and in
Figures S2 and S3 for POPG. In all samples, the signal pre-
viously ascribed to LYS monomers and small oligomers was
present. However, the contribution of this population was
reduced to less than 50% of the total scattered intensity in
the first 30 min for non-extruded POPC and almost disap-
peared in the presence of non-extruded POPG. In turn, the

growth of a population of aggregates with ≈ ±R 110 20H nm
was observed in both cases. DLS measurements also allowed
us to detect the presence of very limited amount, considered
negligible, of larger aggregates ( >R 1 μmH ). At the end of the
aggregation process, the main contribution to the scattering
intensity (≈ 80%) came, for both samples, from the aggregates
population.

Figure 4: AFM images for (a) LYS, (b) LYS + POPG at 25% CMC, not-extruded, (c) LYS + POPG at 50% CMC, not-extruded, (d) LYS + POPG 1 CMC, not-
extruded, and (e) LYS + POPG 1 CMC, extruded . Scale bar is 1μm. The presence of fibrillar aggregates is visible for all samples. Their height increases
slightly in the presence of lipid molecules, with no differences between zwitterionic and charged species.

Figure 5: Left: Intensity auto-correlation functions (symbols) for lysozyme in the presence of non-extruded POPC molecules at a concentration equal
to 1 CMC. Data were acquired at 30 minutes intervals from the beginning of the aggregation process. The arrow indicates the major changes in the
correlation curves taking place with time. Red lines are the model curves obtained from the analyzis. The increase in the experimental data visible at
short times for some curves is an instrumental artifact. Right: Intensity-weighted distributions of the hydrodynamic radius, RH, corresponding to the
model curves shown in the left panel.
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A very similar trend was observed in the presence
of POPC and POPG LUVs (Figures S1 and S3 in the
Supplementary material). This was not unexpected as, at
such concentration, the majority of lipid molecules are pre-
sent in solution as monomers. The absence of noticeable
differences in the DLS data measured with and without
extruding the lipid solutions confirms the UV–Vis observa-
tions previously described. We underline that in all cases,
the main changes were observed in the amount of LYS
molecules contributing to different particle populations,
while the size of these populations did not change appreci-
ably during the aggregation processes.

In order to determine the morphology of the aggre-
gates present in solution at the end of the aggregation
process, we used AFM. AFM images for a set of the inves-
tigated samples are shown in Figure 4. The presence of
amyloid fibrils, with typical length on the order of microns,
is evident for all the samples. Their height, as well as of
their width, resulted to be of a few nanometers, as in pre-
vious investigation on similar samples [24,45]. As the deter-
mination of the lateral size of particles with AFM is limited
by tip-induced effects, we limited the quantitative analysis
to the height determination. The latter was determined by
sampling at least 50 aggregates per image, considering
three images for each sample, and using the Gwyddions
software. Their mean height values and the associated sta-
tistical error are shown in Figure 6 for the LYS and
LYS + POPG samples, and in Figures S4 and S5 for LYS +

POPC samples.
The presence of amyloid fibrils was revealed in all the

samples, and no significant height differences were found
between LYS + POPG and LYS + POPC samples.

UV–Vis spectroscopy and DLS experiments clearly
indicated that the rate of aggregation is influenced by the
presence of phospholipids in solution, even when their
concentration is not sufficient to promote the formation
of self-assembled structure, i.e., when it is lower than 1
CMC. LYS amyloid fibrils interaction with model mem-
branes had been investigated, suggesting that fibrils induce
reduction of bilayer hydration and increase of lipid
packing in the interfacial region of model membranes
[46]. However, at our knowledge no investigation has
been performed on the influence of model membranes
on LYS amyloid aggregation. On the other side, the influ-
ence of model membranes on peptides involved in severe
diseases, like amyloid β peptide and α-synuclein, has been
studied with conflicting results. Our results on LYS appear
unequivocal and hence important to set a strategy to
understand the pathway of interaction and of cytotoxicity
for amyloid-forming peptides, as they can lead to cell
depletion or membrane permeation.

In order to investigate the interaction of LYS, prepared
at different stages of fibrillation alone and in the presence
of lipid cosolutes, we performed QCM experiments using a
POPC SLB as target model membrane. The SLB was depos-
ited using the vesicle fusion method onto a silica-coated
QCM sensor as described in the Materials and Methods
section. The quality of the SLB was evaluated by measuring
the frequency shift obtained after removal of any unfused
vesicle and unbound lipid material. Afterwards, aliquots
taken from the solution undergoing aggregation (con-
taining either LYS or LYS + POPC) were injected in the
sample cell using a peristaltic pump and left to incubate
in stagnant flow condition. The interaction was monitored
for 2 h. Finally, the process was stopped by rinsing the
sample chamber with pure buffer to remove any unbound
material and to evaluate the stability of the adsorbed layer.

The absolute frequency measured for the POPC SLB
was taken as reference for the calculation of the frequency
shifts (expected ≈FΔ 100 Hz1 on a 10 MHz sensor). In the
case of the native LYS solution, QCM data showed
the presence of a adsorption process with an average
rate of ∕ −5.6 ng cm min2 1 resulting in a final frequency shift

= − ±FΔ 214 1 Hz1 , corresponding to an adsorbed mass
of ± ∕942 4 ng cm2 (≈ ×4 1013 LYS molecules on the 1 cm2

sensor surface) (Figure 7). On the same sensor, there were
originally ≈ ×4 1014 POPC molecules as determined from
the QCM data collected before incubation (not shown).

The presence of LYS aggregates in the solution pro-
moted a faster interaction, as well as a larger adsorbed
amount. Indeed, upon injection of the LYS aliquot taken
30 minutes after the onset of aggregation, the adsorption
kinetics resulted faster ( ∕ −8.4 ng cm min2 1) as reported inFigure 6: Mean value for fibrils height determined from AFM images.
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Figure 8, dashed line. The final adsorbed amount resulted
almost double that in the case of native LYS ( =FΔ 1

− ±418 1 Hz, corresponding to =mΔ ± ∕1,840 5 ng cm2 and
to ≈ ×7.8 1013 LYS molecules). In this case, the rinsing step,
visible in the QCM trace at ≈t 160 minutes, stopped the
adsorption before it reached equilibrium. In the presence
of lipid co-solute, the rate of adsorption increased even
more, reaching ∕ −25.4 ng cm min2 1 for LYS + POPC at 1

CMC (dotted trace in Figure 8). In this case, the adsorption
was stopped as the adsorbed mass was getting closer to the
maximum load measurable by the instrument in the chosen
configuration. After rinsing, the frequency stabilized at

= − ±FΔ 978 2 Hz1 (corresponding to ≈ ∕mΔ 4,300 ng cm2).
In all three cases investigated, despite the large differences
in adsorption rate and amount, the sample resulted to be
stable upon rinsing, indicating no measurable desorption of
material from the surface.

The QCM results, supported by the evidence provided
by UV–Vis and DLS indicating the increased presence of
aggregates in the LYS + lipids samples, suggest that aggre-
gates are more prone to interact with a zwitterionic model
membrane causing accumulation of material in its proxi-
mity. Upon interaction, aggregates are bound to the mem-
brane as they are not removed during the rinsing steps
applied. However, with the techniques used, it is not pos-
sible to determine their location and the structure and
morphology of the final lipid–LYS film. As adsorption
resulted to be enhanced for aggregates and as the solution
flows on the top of the QCM sensor, a partial contribution
of sedimentation cannot be excluded a priori. This hypoth-
esis can be confuted on the basis of the DLS and AFM data,
which indicate that the size of the aggregates was similar
for all investigated samples. Sedimentation depends on the
size of the particles, and therefore, the different rates of
adsorption observed in QCM experiments cannot be simply
originated by this phenomenon. Moreover, sedimentation
for the native LYS solution (containing mostly monomers
and small oligomers) is negligible in the 2-h time-window
probed during QCM experiments. Finally, in none of the
transparent vials containing the solutions having reached
the final stage of aggregation was noted any sediment.

Conclusion

In conclusion, the current data showed that the presence of
phospholipids appeared to be a factor favoring the forma-
tion of amyloid aggregates. Indeed, UV–Vis spectrophoto-
metry data revealed that the amount of -structures after 2 h
from the triggering of the amyloidogenesis, increased in
presence of POPG and POPC at different concentrations
with a faster fibrillation rate of LYS in presence of these
two lipids. The presence of POPG and POPC resulted in a
remarkable reduction of the halftime of the nucleation
process for samples containing these lipids. The presence
of POPG and POPC does not alter the main structural fea-
tures of fibrils, as revealed by AFM, and the difference
between the changes induced by the two lipids in terms

Figure 7: Changes of the 10 MHz frequency upon interaction between
native lysozyme and a pre-formed POPC SLB. =FΔ 0 Hz1 corresponds to
a homogeneous POPC SLB adsorbed onto a silica-coated QCM sensor. On
the right axis, the mass per unit area corresponding to the observed shift
is indicated (equation (2)).

Figure 8: Frequency shifts ( FΔ 1) measured by QCM for the 10 MHz fre-
quency. The baseline ( =FΔ 0 Hz1 ) corresponds to a homogeneous POPC
SLB. For all samples, the interaction between this SLB and native LYS
(solid line), aggregated LYS (dashed line), and LYS aggregated in the
presence of POPC (1 CMC) was monitored for approx. 120 minutes. The
interaction was stopped by washing off all unbound materials with pure
buffer. Data were shifted along the time axis to overlap the solution
injection point. On the right axis, the mass per unit area corresponding
to the observed shift is indicated (equation (2)). Transient deeps in the
frequency shifts are induced by the operation of the peristaltic pump.
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of kinetic is not so relevant. DLS data confirmed spectro-
photometry results by showing the existence of two main
populations corresponding to small particles with ≈RH

±2.5 0.5 nm and large particles with radius ranging
between 130 and 300 nm in all samples. Scattering contri-
bution of these populations changes during the process in
accordance with the formation of aggregates. LYS samples
incubated with POPC and POPGmolecules at 1 CMC showed
a faster aggregation and the presence of another popula-
tion of aggregates with ≈ ±R 110 20H nm. The dimension of
this range is compatible with the presence of aggregates
and LUVs for samples containing extruded lipids. AFM
images showed the presence of fibrils in all samples,
with typical lengths on the order of microns, but with no
significant height differences among samples. Finally, QCM
data showed a decrement of the weight ratio between
POPC and LYS for samples containing LYS fibrils compared
with those with native protein, demonstrating that amyloid
aggregates have a higher interaction with POPC SLB com-
pared with the native one. All these results confirm an
enhancing role of lipids on amyloid fibrillation as already
shown in a recent work [47] and show a probable interac-
tion mechanism of fibrils with model membrane. This
interactions are consistent with the “lipid-chaperon
hypothesis” [22]. According to this hypothesis, the interac-
tion mechanism of amyloid fibrils with membranes, and
the connected damage, is different depending on the pecu-
liar CMC of interacting lipids. In particular, lipids with
higher CMC suppress fibrils formation promoting pores
formation into membranes. On the other side lipids with
a lower CMC enhance a “detergent-like” mechanism of the
amyloid fibrils causing lipids leakage and membranes damage.
Since our work is limited to a model protein, it cannot suggest
noticeable consequences on the interaction between peptides
leading to amyloid fibrils and model membrane, adding
hypothesis on neurological damages. However, our work
demonstrates that methodological studies that include dif-
ferent biophysical techniques can provide important infor-
mation on the influence of model membrane, with different
features, on amyloid aggregation.
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