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ABSTRACT: Phosphatidylserine (PS) is a negatively charged lipid that plays a
critically important role in cell apoptosis. Under physiological conditions, PS is
localized on the cytosolic side of plasma membranes via ATP-dependent
flippase-mediated transport. A decrease in the ATP levels in the cell, which is
taken place upon pathological processes, results in the increase in PS
concentration on the exterior part of the cell membranes. PS on the outer
membrane surfaces attracts and activates phagocytes, which trigger cell
apoptosis. This programed irreversible cell death is observed upon the
progressive neurodegeneration, a hallmark of numerous amyloid associated
pathologies, such as diabetes type 2 and Alzheimer’s disease. In this study, we
investigate the extent to which the rates of protein aggregation, which occurs
upon amyloid pathologies, can be altered by the concentration of PS in large
unilamellar vesicles (LUVs). We found that with an increase in the
concentration of PS from 20 to 40% relative to the concentration of phosphatidylcholine and phosphatidylethanolamine, the rate
of insulin aggregation, protein linked to diabetes type 2, and injection amyloidosis drastically increased. Furthermore, the
concentration of PS in LUVs determined the secondary structure of protein aggregates formed in their presence. We also found that
these structurally different aggregates exerted distinctly different cell toxicities. These findings suggest that a substantial decrease in
cell viability, which is likely to take place upon aging, results in the increase in the concentration of PS in the outer plasma
membranes, where it triggers the irreversible self-assembly of amyloidogenic proteins, which, in turn, causes the progressive
neurodegeneration.
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■ INTRODUCTION
Abrupt aggregation of misfolded proteins is a hallmark of
amyloid diseases, a large group of severe pathologies that
include diabetes type 2, Alzheimer’s disease (AD), and
Parkinson’s disease (PD).1,2 The abrupt aggregation yields
protein oligomers, toxic species with a large variety of forms
and sizes.3−5 Some of these oligomers can propagate into
fibrils, long unbranched protein aggregates with a β-sheet
secondary structure.6−9 Structural characterization of amyloid
oligomers and fibrils is a challenging task, primarily because the
high structural heterogeneity and transient nature of protein
oligomers limit the use of cryo-electron microscopy and solid-
state nuclear magnetic resonance, classical tools of structural
biology, for elucidation of their secondary structure.3−5,10,11

Optical nanoscopy techniques, which include atomic force
microscopy infrared (AFM-IR) and tip-enhanced Raman
spectroscopy (TERS), can be used to overcome these
limitations.12−17 In both AFM-IR and TERS, a metallized
scanning probe can be positioned directly at the sample of
interest.18 Next, in the case of AFM-IR, the probe is
illuminated by pulsed tunable IR light. IR pulses include
thermal expansions in the sample, which are reordered by the

scanning probe and converted to the corresponding IR
spectra.19−21 High sensitivity and nanometer spatial resolution
of AFM-IR were utilized to reveal the secondary structure of
amyloid fibrils,12,14,15,22−24 plant epicuticular waxes,25,26 lip-
osomes,27 malaria-infected blood cells,28 polymers,29 and
bacteria.30−32 In TERS, laser light is used to generate localized
surface plasmon resonances at the apex of metallized scanning
probe, which, in turn, enhance Raman scattering from
molecules located directly under the probe.21,33,34 Using
TERS, Kurouski and co-workers examined the secondary
structure of insulin fibril polymorphs,35,36 whereas Bonhom-
meau and co-workers determined the nanoscale structural
organization of amyloid β aggregates using this unique optical
nanoscopy technique.37
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A growing body of evidence suggests that lipids can play an
important role in the aggregation of amyloidogenic pro-
teins.38−43 For instance, Zhaliazka and co-workers demon-
strated that zwitterionic phospholipids strongly inhibited
lysozyme aggregation, whereas negatively charged lipids
drastically accelerated lysozyme aggregation.44 Similar findings
were recently reported by Matveyenka and co-workers.38−43

Specifically, it was found that phosphatidylcholine (PC)
strongly inhibited insulin aggregation.41−43 However, neg-
atively charged phosphatidic acid (PA) and cardiolipin (CL)
drastically enhanced the rate of lysozyme aggregation.40−43

Galvagnion and co-workers found that lipids could facilitate α-
Syn aggregation.45−47 Expanding upon this, Dou and co-
workers discovered that both PC and PS not only altered the
rates of α-Syn aggregation but also uniquely modified the
secondary structure of protein oligomers formed in the
presence of these lipids.48,49 Zhang and co-workers found
that low levels of anionic lipids promoted the aggregation of
amyloid precursor peptide (IAPP).50 IAPP aggregates formed
in the presence of such lipids exhibited high membrane
permeabilization potential. Zhang and co-workers also found
that zwitterionic lipids did not alter the rate of IAPP
aggregation, whereas cholesterol at or below physiological
levels significantly decelerated protein aggregation as well as
lowered the propensity of IAPP aggregates to cause membrane
leakage. Avdulov and co-workers found that lipids could
uniquely alter the structure of amyloid β1-40 (Aβ1-40)
aggregates.51

Our group recently demonstrated that phosphatidylserine
(PS) could alter the aggregation rate of insulin and lysozyme.39

Matveyenka and co-workers found that the rate of protein
aggregation was determined by the degree of saturation of fatty
acids in PS.39 Specifically, the equimolar presence of fully
saturated PS enabled the strongest enhancement of the rate of
insulin aggregation compared to PS with unsaturated fatty
acids. It was also found that insulin and lysozyme aggregates
formed in the presence of PS exerted significantly different cell
toxicities compared to the fibrils grown in the lipid-free
environment.39,43,44 Although the above-discussed findings can
be valuable for the understanding of the role of PS in
amyloidosis, they were obtained upon exposition of both
insulin and lysozyme to the large unilamellar vesicles (LUVs)
composed of PS alone.39,43,44 The question to ask is whether
an increase in the concentration of PS relative to zwitterionic
lipids, such as PC and phosphatidylethanolamine (PE),
primary constituents of the plasma membranes of most
eucaryotic cells, would alter the rate of protein aggregation,
as was evident for PS itself. To answer this question, we used a
set of biophysical and molecular biology techniques that
allowed for the determination of the rate of protein
aggregation, the elucidation of morphology, secondary
structure, and the toxicity of protein aggregates grown in the
presence of lipid mixtures and in the lipid-free environment.

■ RESULTS AND DISCUSSION
Elucidation of the Relationship between Concen-

tration of PS and the Rate of Insulin Aggregation. In the
lipid-free environment, insulin exhibits a well-defined lag phase
(tlag = 13.3 ± 0.7 h) on which protein aggregates into small
oligomers, Figure 1 and Table S1. It should be noted that tlag
corresponds to a 10% increase in the ThT intensity. Once their
critical concentration is reached, protein oligomers rapidly
propagate into fibrils, which result in the increase in ThT

fluorescence.39,43,44 We found that in the presence of LUVs
made of two zwitterions, PC and PE, as well as negatively
charged PS at 40:40:20 molar ratios, insulin fibrillization was
not observed for 75 h. These results are in good agreement
with the previously reported results by Matveyenka and co-
workers that showed that PC strongly decelerated insulin
aggregation.39,43

We also found that an increase in the molar ratio of PS
relative to PC/PE accelerated insulin aggregation. Specifically,
we found that in the presence of an equimolar concentration of
LUV with PC/PE/PS at 30:40:30 molar ratios, tlag of insulin
aggregation was found to be 36.7 ± 0.7 h, Figure 1 and Table
S1. At the same time, if the molar ratio of PS was increased to
PC/PE/PS (20:40:40) and PC/PE/PS (30:30:40), tlag of
insulin aggregation was found to be 24.4 ± 0.3 and 25.1 ± 0.6
h, respectively. These results demonstrate that an increase in
the concentration of PS in the LUVs composed of PC and PE
results in the increase in the rate of insulin aggregation. Our
findings also suggest that a change in the relative
concentrations of two zwitterions does not substantially alter
the rate of insulin aggregation, which is consistent with the
reported results for lysozyme by Zhaliazka and co-workers,
according to which both PC and PE equivalently strongly
inhibit protein aggregation.44

Morphological and Structural Characterization of
Insulin Aggregates Grown in the Presence of LUVs
with Different Concentrations of PS. We utilized AFM to
examine the morphology of insulin aggregates grown in the
presence of LUVs with different concentrations of PS. We
observed fibril-like structures in all analyzed samples. These
fibrils had 4−10 nm in height and stretched for 200−500 nm
in length, Figures 2, S1. Therefore, we can conclude that the
concentration of PS has very little, if any, effect on the
morphology of insulin aggregates.
Next, we used IR spectroscopy to examine the secondary

structure of insulin fibrils grown in the lipid-free environment
as well as protein aggregates formed in the presence of LUVs
with different concentrations of PS. IR spectra acquired from
Ins fibrils possess both amide I (1630−1700 cm−1) and II
(1500−1550 cm−1) vibrations. The amide I band is centered
around 1630 cm−1, which indicates the dominance of parallel
β-sheets in the secondary structure of Ins fibrils. We also
observed a small shoulder at 1663 cm−1, which indicates the

Figure 1. Increase in the concentration of PS in the lipid mixtures
increases the aggregation rate of insulin. Averages of triplicates of ThT
aggregation kinetics of insulin (Ins) in the lipid-free environment
(red), insulin in the presence of LUVs of PC/PE/PS (40:40:20)
(yellow), PC/PE/PS (30:40:30) (green), PC/PE/PS (20:40:40)
(blue), and PC/PE/PS (30:30:40) (purple). All measurements were
made in triplicate.
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presence of some unordered protein in the analyzed sample. IR
spectra acquired from insulin aggregates grown in the presence
of LUVs with PC/PE/PS (30:40:30), PC/PE/PS (20:40:40),
and PC/PE/PS (30:30:40) also exhibit an intense band
around 1633 cm−1 and a shoulder at ∼1663 cm−1, which
suggests that their secondary structures are dominated by a
parallel β-sheet with some unordered protein present, Figure 3.

It should be noted that we observed small variations in the
position of parallel β-sheet vibration in the analyzed samples.
Specifically, in the spectra acquired from insulin aggregates
grown in the presence of PC/PE/PS (30:40:30), this
vibrational band was centered at 1630 cm−1, whereas in the
spectra acquired from both Ins/PC/PE/PS (20:40:40) and
Ins/PC/PE/PS (30:30:40), this vibration was slightly red-
shifted and appeared at ∼1635 cm−1, Figure 3. This
observation suggests about small changes in the secondary
structure of insulin aggregates grown in the presence of LUVs
with 40% PS compared to those formed in the lipid-free
environment and in the presence of LUVs with 30% PS. It
should be also noted that the intensity of the 1663 cm−1 band
was slightly different in the spectra acquired from Ins, Ins/PC/

PE/PS (30:40:30), Ins/PC/PE/PS (20:40:40), and Ins/PC/
PE/PS (30:30:40). This observation indicates that these
samples had slightly different amounts of unordered protein
secondary structures. IR-based analysis of Ins/PC/PE/PS
(40:40:20) aggregates revealed major differences in their
secondary structure compared to the above-discussed insulin
aggregates. Specifically, we found that the amide I band in the
spectra acquired form Ins/PC/PE/PS (40:40:20) was shifted
to ∼1650 cm−1, which suggests that their structure is
dominated by unordered protein with some parallel β-sheets
present. It should be noted that conventional IR spectroscopy
probes the bulk volume of analyzed samples. Since we
observed no protein aggregation in the presence of PC/PE/
PS (40:40:20) (Figure 1), one may expect that the
predominance of an unordered protein signal in the IR
spectrum of this sample could be caused by the abundance of
unaggregated insulin in Ins/PC/PE/PS (40:40:20).
We also utilized nano-infrared spectroscopy to examine the

secondary structure of individual amyloid fibrils formed in the
presence of different concentrations of PS, Figure 4. In nano-

IR, also known as atomic force microscopy infrared (AFM-IR)
spectroscopy, a metallized scanning probe is placed directly on
the protein aggregate.20,21,52 Next, a pulsed tunable IR laser is
used to illuminate the sample, which causes thermal expansion
in the protein aggregates.24,53 The expansions are recorded by
the scanning probe and converted to the IR spectra.13,15,22

We found that protein aggregates observed in all analyzed
samples exhibited similar AFM-IR spectra with peaks at 1635
and 1660 cm−1 in the amide I region, Figure 4. We fitted the
amide I band in the acquired AFM-IR spectra to determine the
distribution of protein secondary structures, Figure 5. Our
results showed that Ins fibrils possessed a higher amount of
parallel β-sheet (∼65%) compared to Ins/PC/PE/PS
(20:40:40), Ins/PC/PE/PS (30:30:40), Ins/PC/PE/PS
(30:40:30), and Ins/PC/PE/PS (40:40:20). We also found
that Ins/PC/PE/PS (20:40:40), Ins/PC/PE/PS (30:30:40),
and Ins/PC/PE/PS (30:40:30) had very similar secondary
structures compared to Ins and Ins/PC/PE/PS (40:40:20).
Specifically, Ins and Ins/PC/PE/PS (40:40:20) fibrils had very
low amount of anti-parallel β-sheets (∼7%) compared to Ins/

Figure 2. Insulin aggregation in the presence of LUVs with different
concentrations of PS yields morphologically similar aggregates. AFM
images of insulin aggregates formed in the presence of LUVs of PC/
PE/PS (40:40:20) (A), PC/PE/PS (30:40:30) (B), PC/PE/PS
(20:40:40) (C), and PC/PE/PS (30:30:40) (D), as well as in the
lipid-free environment (E,F).

Figure 3. Concentration of PS uniquely alters the secondary structure
of insulin aggregates. Average IR spectra of insulin (Ins) fibrils grown
in the lipid-free environment (red), insulin in the presence of LUVs of
PC/PE/PS (40:40:20) (yellow), PC/PE/PS (30:40:30) (green), PC/
PE/PS (20:40:40) (blue), and PC/PE/PS (30:30:40) (purple).

Figure 4. AFM-IR spectra acquired from insulin (Ins) fibrils grown in
the lipid-free environment (red), insulin in the presence of LUVs of
PC/PE/PS (40:40:20) (yellow), PC/PE/PS (30:40:30) (green), PC/
PE/PS (20:40:40) (blue), and PC/PE/PS (30:30:40) (purple).
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PC/PE/PS (20:40:40), Ins/PC/PE/PS (30:30:40), and Ins/
PC/PE/PS (30:40:30) (∼14%). Based on these results, we can
conclude that Ins/PC/PE/PS (20:40:40), Ins/PC/PE/PS
(30:30:40), and Ins/PC/PE/PS (30:40:30) shared a very
similar secondary structure, which was different from Ins and
Ins/PC/PE/PS (40:40:20). In turn, the secondary structure of
Ins/PC/PE/PS (40:40:20) was slightly different from the
secondary structure of Ins fibrils. Based on these results, we can
conclude that an increase in the concentration of PS from 20
to 30% in LUVs results in the change in the secondary
structure of insulin aggregates.

Toxicity of Insulin Aggregates Grown in the Presence
of Different Concentrations of PS. The question to ask is
whether the above-discussed changes in the secondary
structure of the insulin aggregates grown at the different
concentrations of PS have any biological significance. To
answer this question, we evaluated the toxicity of insulin
aggregates grown in the presence of 20, 30, and 40% PS using
LDH assay. We also investigated the extent to which these
protein aggregates exert reactive oxygen species (ROS) and
alter mitochondrial activity in rat midbrain N27 cells.
Our results showed that Ins/PC/PE/PS (40:40:20) did not

exert any significant cell toxicity compared to the control and

Figure 5. Fitted amide I of AFM-IR spectra acquired from insulin aggregates formed in the lipid-free environment (Ins) and in the presence of PC/
PE/PS (20:40:40), PC/PE/PS (30:30:40), PC/PE/PS (30:40:30), and PC/PE/PS (40:40:20) together with the histograms that show distribution
of parallel β-sheet, unordered protein, and antiparallel β-sheet in these aggregates.
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lipids themselves, Figure 6. However, Ins/PC/PE/PS
(30:40:30) exerted significantly higher cell toxicity compared
to Ins/PC/PE/PS (40:40:20), as shown in Figure 6. We also
found that the toxicities of Ins/PC/PE/PS (20:40:40) and

Ins/PC/PE/PS (30:30:40) were similar to the toxicity of Ins/
PC/PE/PS (30:40:30) fibrils. These results demonstrated that
an increase in the concentration of PS from 20 to 30%
drastically increased the toxicity of insulin aggregates that were
formed in the presence of the lipid mixtures, Figure 6.
However, we did not observe significant changes in toxicity
between 20 and 30%. These results demonstrate that exceeding
20% PS in the plasma membrane could be considered as a
critical value that initiates the formation of toxic aggregates
that otherwise would not be formed. Finally, it is important to
emphasize that Ins fibrils themselves exerted significantly
higher cell toxicity compared to all other protein aggregates
grown in the presence of lipids, which is consistent with our
previously reported results.
Similar differences between insulin fibrils grown in the lipid-

free environment and in the presence of lipid mixtures were
observed for exerted ROS levels, Figure 6. Specifically, we
found that Ins fibrils exerted significantly higher levels of ROS
compared to all samples that were grown in the presence of
lipids. We also found that Ins/PC/PE/PS (40:40:20) exerted
some ROS stress; however, its magnitude was lower compared
to the levels of ROS observed for Ins/PC/PE/PS (30:40:30),
Ins/PC/PE/PS (20:40:40), and Ins/PC/PE/PS (30:30:40). It
should be noted that lipid mixtures themselves did not exert
any significant levels of ROS to rat midbrain N27 cells.
Our results showed that Ins/PC/PE/PS (40:40:20) did not

exert any significant cell toxicity compared to the control and
lipids themselves, Figure 6. However, Ins/PC/PE/PS
(30:40:30) exerted significantly higher cell toxicity compared
to Ins/PC/PE/PS (40:40:20). We also found that the
toxicities of Ins/PC/PE/PS (20:40:40) and Ins/PC/PE/PS
(30:30:40) were similar to the toxicity of Ins/PC/PE/PS
(30:40:30) fibrils. These results demonstrated that an increase
in the concentration of PS from 20 to 30% drastically increased
the toxicity of insulin aggregates that were formed in the
presence of the lipid mixtures. However, we did not observe
significant changes in toxicity between 20 and 30%. These
results demonstrate that exceeding 20% PS in the plasma
membrane could be considered as a critical value that initiates
the formation of toxic aggregates that otherwise would not be
formed. Finally, it is important to emphasize that Ins fibrils
themselves exerted significantly higher cell toxicity compared
to all other protein aggregates grown in the presence of lipids,
which is consistent with our previously reported results.
We utilized JC-1 assay to determine the extent to which

insulin aggregates impaired mitochondrial activity in mouse
midbrain N27 cells, Figure 6. We found that Ins/PC/PE/PS
(40:40:20) caused substantial mitochondrial dysfunction that
was comparable to the level of damage exerted by Ins/PC/PE/
PS (30:40:30) and Ins/PC/PE/PS (20:40:40) aggregates.
Thus, although Ins/PC/PE/PS (40:40:20) was found to be
insignificantly toxic, these aggregates damage mitochondrial
activities of these cells. We also found that insulin aggregates
that were formed in the presence of Ins/PC/PE/PS
(30:30:40) exerted higher mitochondrial dysfunction than
any other protein aggregates formed in the presence of lipid
mixtures. Furthermore, the level of mitochondrial dysfunction
caused by Ins/PC/PE/PS (30:30:40) was comparable to the
levels exerted by Ins. These results suggest that the ratio
between PC and PE could play some role in the toxicity of
insulin aggregates formed in the presence of these zwitterionic
lipids.

Figure 6. Histograms of LDH (top), ROS (middle), and JC-1
(bottom) toxicity assays of Ins, insulin aggregates grown in the
presence of LUVs of PC/PE/PS (40:40:20), PC/PE/PS (30:40:30),
PC/PE/PS (20:40:40), and PC/PE/PS (30:30:40), as well as in lipid
mixtures themselves. Red asterisks (*) show a significant level of
differences between Ins and insulin aggregates grown in the presence
of lipids, as well as between lipid samples and the control. Green
asterisks (*) show a significant level of differences between the
control and insulin aggregates grown in the presence of lipids, as well
as between lipid samples themselves. NS is a nonsignificant difference,
and *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. One-
way ANOVA shows significant differences for all testing groups.
Tukey’s HSD post hoc was performed for multiple comparison
procedures, and the statistical test showed the following difference
between tested groups.
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■ DISCUSSION
Our results suggest that elevated concentrations of PS in the
plasma membrane can be a trigger of abrupt aggregation of
misfolded proteins. At physiological concentrations of PS
(≤20%), PC and PE strongly inhibit the formation of fibrils.
Therefore, plasma and organelle membranes are dominated by
such zwitterionic lipids. However, an increase in the
concentration of PS above 20% results in the acceleration of
protein aggregation. These results are in good agreement with
the previously reported by our and other research group effect
of anionic lipids.
AFM imaging revealed that at 20, 30, and 40% PS,

morphologically similar aggregates were observed. However,
the secondary structure of these aggregates was substantially
different. Specifically, at 20% PS, we observed the formation of
insulin aggregates that had a mixture of unordered protein and
parallel β-sheet present, whereas at the higher concentrations
of PS (30 and 40% PS), insulin fibrils possessed primarily
parallel β-sheet present secondary structures. Our results also
showed that insulin fibrils that were grown in the presence of
different concentrations of PS exhibit similar cell toxicity that
was lower compared to the toxicity exerted by insulin fibrils
grown in the lipid-free environment. Our results also show that
insulin fibrils that were grown in the presence of different
concentrations of PS exert their toxicity enhancing ROS levels
simultaneously causing mitochondrial disfunction.
These findings suggest that apoptotic cells with a high

concentration of PS in their plasma membranes could trigger
aggregation of amyloidogenic proteins if not eliminated by
macrophages. It is important to emphasize that protein
aggregation in such cases will be triggered by the external
rather than intercellular factors. This hypothesis, however, does
not exclude intercellular protein aggregation, which could take
place in endosomes and multivesicular bodies.54−57 For
instance, Almeida and co-workers demonstrated that amyloid
β peptide can accumulate in the multivesicular bodies, which
results in fibril formation and cell death.54

■ CONCLUSIONS
Our results demonstrate that an increase in the concentration
of anionic PS above 20% in the plasma membrane triggers the
abrupt protein aggregation. This results in the formation of
morphologically similar protein aggregates that have distinctly
different secondary structures. We also found that insulin
aggregates grown in the presence of 20, 30, and 40% PS
exhibited similar cell toxicity, which is significantly lower than
the toxicity of insulin aggregates grown in the absence of lipids.
These results demonstrate an important role of anionic lipids
in the protein aggregation. Our results also suggest that a
deceleration in the efficiency of clearance of apoptotic and pre-
apoptotic cells by macrophages can be the underlying cause of
the the abrupt protein aggregation that will take place on the
plasma membranes of such misfunctioning cells. Specifically,
high concentrations of PS on their surfaces can trigger
aggregation of amyloidogenic proteins such as insulin,
lysozyme, and serum amyloid A that are present in the
extracellular space.

■ EXPERIMENTAL SECTION
Materials. Bovine insulin was purchased from Sigma-Aldrich (St.

Louis, MO, USA), and 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine
(DMPS or PS), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC

or PC), and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine
(DMPE or PE) were purchased from Avanti (Alabaster, AL, USA).
Liposome Preparation. We mixed PC, PE, and PS in the

following molar ratios 40:40:20, 30:40:30, 20:40:40, and 30:30:40 in
glass vials. Next, lipids were dissolved in chloroform until powders
were fully dissolved. After chloroform was fully evaporated under dry
nitrogen, the lipid film was dissolved in phosphate buffered saline
(PBS), pH 7.4. Once lipids were fully dissolved, solutions were heated
to ∼50 °C in a water bath for 30 min. After that, lipid solutions were
immersed into liquid nitrogen for 3−5 min. The procedure was
repeated 8−10 times. This procedure was repeated 10 times to enable
the formation of homogeneous liposomes. Next, lipid solutions were
subjected to fine reshaping on the LUVs using an extruder equipped
with a 100 nm membrane (Avanti, Alabaster, AL, USA). We used
dynamic light scattering to verify that the size of the LUVs was within
100 ± 10 nm, Figure S2. The question to ask is to what extent all
LUVs in the same sample had exactly the same percentages of all PC,
PE, and PS. Although we have no direct experimental data that
demonstrate the uniformity of such lipid compositions in LUVs, our
kinetic studies of insulin aggregation in the presence of LUVs with
different concentrations of PS indirectly support our presumption that
LUVs present in the same sample had very similar, if not identical,
ratios of PC, PE, and PS (Figure 1 and Table S1). One may expect
that in the case of absence of expected homogeneity of LUVs, much
greater variability in the aggregation kinetics could be expected
because PS itself strongly accelerated insulin aggregation, whereas PC
and PE, on the other hand, fully inhibited protein aggregation.58

Insulin Aggregation. In the lipid-free environment, 400 μM of
insulin was dissolved in PBS, and the solution pH was adjusted to pH
3.0 using 10−15 μL of 1 M HCl. In parallel, 400 μM of insulin was
mixed with an equivalent concentration of the corresponding lipid
mixture. After that, the solution pH was adjusted to pH 3.0 by adding
10−15 μL of 1 M HCl. Samples were placed into a 96-well plate that
was kept at 37 °C for 70 h under 510 rpm agitation in the plate reader
(Tecan, Man̈nedorf, Switzerland).
Kinetic Measurements. To measure the rates of insulin

aggregation, thioflavin T (ThT) fluorescence assay was used. We
mixed samples with 2 mM of ThT solution and incubated them under
the same experimental conditions as described above (37 °C for 70 h
under 510 rpm agitation). Fluorescence measurements were taken in
the plate reader (Tecan, Man̈nedorf, Switzerland) every 10 min with
excitation at 450 nm. The emission signal was recorded at 488 nm.
AFM Imaging. AFM images were acquired on a Nano-IR3 system

(Bruker, Santa Barbara, CA, USA) equipped with contact-mode AFM
scanning probes (ContGB-G AFM probe, NanoAndMore, Watson-
ville, CA, USA). For the imaging, an aliquot of protein solution was
placed onto a silicon water. After the solution was exposed on the
water surface for 2−3 min, it was removed. The water was dried under
a flow of nitrogen.
Attenuated Total Reflectance Fourier-Transform Infrared

Spectroscopy. After 70 h of sample incubation, an aliquot of protein
solution was placed onto the ATR crystal and dried at room
temperature. Spectra were measured using a Spectrum 100 FTIR
spectrometer (Perkinelmer, Waltham, MA, USA). Three spectra were
collected from each sample.
Cell Toxicity Assays. Rat midbrain N27 cells were grown in

RPMI 1640 Medium (Thermo Fisher Scientific, Waltham, MA, USA)
with 10% fetal bovine serum (FBS) (Invitrogen, Waltham, MA, USA)
in 96-well plate (5000 cells per well) at 37 °C under 5% CO2. After 24
h, the cells were found to fully adhere to the wells, reaching
approximately 70% confluency. Rat neuronal N27 cells divide
approximately once in 12 h. Thus, after 24 h of cell incubation at
37 °C under 5% CO2, each well contained approximately 10,000 cells.
The cell count and viability were verified by Trypan Blue dye that
confirmed the number of cells and their viability in the range of 98−
99%. Next, 100 μL of the cell culture was replaced with 100 μL RPMI
1640 Medium with 5% FBS containing protein aggregates formed
after 70 h of sample incubation at 37 °C. After 48 h of incubation,
lactate dehydrogenase assay was performed on the cell medium using
CytoTox 96 non-radioactive cytotoxicity assay (G1781, Promega,
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Madison, WI, USA). Absorption measurements were made in plate
reader (Tecan, Man̈nedorf, Switzerland) at 490 nm. Every well was
measured 25 times in different locations.
In parallel, ROS assay was performed on the same cell culture. For

this, ROS reagent (C10422, Invitrogen, Waltham, MA, USA) was
added to reach the final concentration of 5 μM; cells were incubated
at 37 °C under 5% CO2 for 30 min. After the supernatant was
removed, cells were washed with PBS and resuspended in 200 μL of
PBS in the flow cytometry tubes. Sample measurements were made in
an LSRII BD flow cytometer (BD, San Jose, CA, USA) using red
channel (λ = 633 nm), Figure S3. Percentages of ROS cells were
determined using LSRII software.
For JC-1 staining, 1 μL of JC-1 reagent (M34152A, Invitrogen,

Waltham, MA, USA) was added to cells and incubated at 37 °C under
5% CO2 for 30 min. After the supernatant was removed, cells were
washed with PBS and resuspended in 200 μL of PBS in the flow
cytometry tubes. Sample measurements were made in an LSRII BD
flow cytometer (BD, San Jose, CA, USA) using a red channel (λ =
633 nm), Figure S4. Percentages of ROS cells were determined using
LSRII BD software.
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