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1. Introduction

Fluorescence spectroscopy is currently one of the most 
informative and versatile tools for characterization 
of a wide variety of biological processes. Of these, the 
phenomenon of ordered protein aggregation (amyloid 
fibril formation) attracts particular interest due to 
its implication in molecular etiology of a number 
of so-called conformational disorders, including 
Alzheimer’s, Parkinson’s, Huntingtons diseases, 
type II diabetes, spongiform encephalophaties, 
etc [1, 2]. Amyloid fibrils are distinguished by a 
core cross-β-sheet structure in which polypeptide 
chains are oriented in such a way that β-strands run 
perpendicularly to the long axis of the fibril, while 
β-sheets propagate in its direction. One of the most 
sensitive and convenient criterion to differentiate 
between amyloid and other types of protein aggregates 
relies upon fluorescence measurement of benzothiazole 
fluorescent dye Thioflavin T (ThT) [3–5]. Specifically, 
kinetics of aggregation has been monitored in vitro by 
ThT fluorescence intensity, lifetime and anisotropy 
assays [6–8]. Furthermore, amyloid detection in 
tissue sections has been performed using fluorescence 

microscopy [9, 10]. The binding of ThT to amyloid 
fibrils is quite specific, followed by a several orders of 
magnitude fluorescence increase and red shift of the dye 
excitation spectrum [11]. This fluorophore belongs to a 
class of molecular rotors, possessing a strong quantum 
yield enhancement in viscous solvents [12, 13]. In 
aqueous solutions ThT quantum yield is very low 
(~0.0001), since relative rotation of the benzothiazole 
and benzylamine rings rapidly quenches the excited 
state [14]. On the contrary, ThT accommodation in 
the grooves running parallel to the fibril axis sterically 
block torsion relaxation upon excitation resulting in 
markedly enhanced fluorescence [15]. Notably, ThT 
is thought to associate with the grooves formed from 
at least five cross-strand residues, having the length ca.  
15 Å, consistent with the dye size [11, 16]. For this 
reason, β-sheet surfaces found in native proteins are 
incapable of ThT binding, because they are typically 
three β-strands in width [17, 18].

Remarkable properties of ThT render this dye 
highly suitable for screening the inhibitors and modu-
lators of amyloid self-assembly. While identifying the 
key factors modulating amyloid fibrillogenesis spe-
cial attention is paid to membrane lipids. Growing  
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Abstract
The kinetics of lysozyme and insulin amyloid formation in the presence of the oxidized 
phospholipids (oxPLs) was investigated using Thioflavin T fluorescence assay. The kinetic 
parameters of fibrillization process (lag time and apparent rate constant) have been determined upon 
varying the following experimental parameters: the type of lipid assemblies (premicellar aggregates 
and lipid bilayer vesicles), pH, temperature and lipid-to-protein molar ratio. It was found that 
oxPLs premicellar aggregates induced the more pronounced increase of the maximum Thioflavin 
T fluorescence, which is proportional to the extent of fibril formation, compared to the vesicles 
composed of the oxidized and unoxidized lipids. In contrast, the oxPLs, used as dispersions or 
included into vesicles, inhibited fibril nucleation and elongation under near-physiological conditions 
in vitro compared to liposomes containing unoxidized lipids. The results obtained provide deeper 
insight into the molecular mechanisms of the oxidative stress-modulated conformational diseases, 
and could be employed for the anti-amyloid drug development.
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evidence indicates that lipid bilayer can promote amy-
loid nucleation through accumulation of the protein 
molecules adopting specific aggregation-competent 
conformation, orientation and location at the lipid-
water interface [19, 20]. It has been hypothesized that 
anionic phospholipids represent the main membrane 
component responsible for the enhancement of fibril 
formation, as shown, particularly, for α-synuclein 
[21], Aβ peptide [22], amylin [23], tau [24], lysozyme, 
transthyretin, cytochrome c, insulin, myoglobin [25]. 
However, the observations that fibril formation in vitro 
can be induced not only by the membranes containing 
anionic phospholipids, but also by the bilayers com-
posed of mixtures of zwitterionic phospholipids with 
gangliosides, sphingomyelin and cholesterol [26, 27], 
do not allow to attribute the ability to promote protein 
fibrillization to a certain class of lipids.

Of great interest in this context is the elucidation of 
the role of oxidized phospholipids (oxPLs) in modu-
lating the fibril formation. The oxPLs formed upon 
peroxidation of the polyunsaturated phospholipids 
under the conditions of oxidative stress, are involved 
in the pathogenesis of several chronic diseases, includ-
ing atherosclerosis and coronary artery disease [28, 29].  
Specifically, oxidated low density lipoprotein, which 
accumulates in atherosclerotic lesions, has been found 
to promote thrombosis [30]. OxPLs are capable of trig-
gering the immune response, inflammation and apop-
tosis in cells, the effects being attributed to the altered 
physical properties of these species compared with 
unoxidized lipids [31]. Interestingly, the properties of 
the hydrated oxPLs are similar to those of surfactants, 
because micelles and soluble pre-micellar complexes 
were identified at high and low oxPLs concentrations, 
respectively [32, 33]. Furthermore, an increase of their 
content in lipid vesicles to  ⩾20% is reported to promote 
the membrane pore formation [34]. Recent monolayer 
measurements suggest that oxPLs take the extended 
conformation due to arrangement of oxidatively 
modified lipid chains parallel to the membrane plane 
[35, 36]. Such a conformation can modify the bilayer 
polarity profile so that it no longer forms a barrier to the 
penetration of water [23]. Finally, phase separation in 
the lipid bilayers and decrease of the energy barrier for 
flip-flop were triggered by the oxPLs [37, 38].

Oxidative stress that induces lipid peroxidation 
has been associated with Alzheimer’s and Parkinson’s 
diseases due to its ability to promote Aβ peptide 
deposition, tau hyperphosphorylation and dopamine 
cell degeneration [39–41]. Furthermore, oxidation 
has been demonstrated to initiate fibrillization of 
Aβ peptide and α-synuclein [42, 43]. Interestingly, 
lipid peroxidation is accelerated by transition metal 
ions such as Fe2+ and Cu2+, which were also found 
to modulate protein fibrillization [44, 45]. The above 
findings suggest that amyloid fibril formation could 
be triggered by the oxPLs. Indeed, the Aβ1–42, amylin, 
and gelsolin fibrillization appeared to be much faster 
in the presence of membranes containing oxPLs 

compared to those formed from the unoxidized 
lipids [46–48]. Furthermore, it was demonstrated 
that 1-palmitoyl-2-(9′-oxononanoyl)-sn-glycero-3- 
phosphocholine accelerates fibril formation from 
the core amyloidogenic segment of gelsolin (residues 
179–194) [10]. Interestingly, the Aβ1–40 fibrillization 
process was facilitated and spherical amyloid nuclei 
were generated due to increased hydrophobicity of 
the oxPLs-modified peptide [48]. According to the 
literature, the effect of oxPLs on amyloid fibrilliza-
tion kinetics is 2-fold. First, covalent binding of oxPLs 
to histidine or cysteine residues results in Shiff base 
formation and protein cross-linking [49]. Second, 
surface polarity of the oxPLs-containing membranes 
is lower than that of the bilayers from nonoxidized 
phospholipids, so that polypeptides tend to maxi-
mize intramolecular hydrogen bonding by folding 
into α-helices, followed by their aggregation [46]. 
However, despite the substantial progress made in the 
study of amyloid formation on lipid membrane sur-
faces, clear understanding of the role of oxPLs in this 
process is lacking due to a very small number of the 
proteins investigated in this regard [50–52]. Notably, 
the membrane-mediated amyloidogenesis is closely 
linked to the toxicity of pre-fibrillar protein aggre-
gates, because lipid-oligomer interactions trigger 
membrane pore formation followed by ion imbalance 
and cell death [52–55]. In view of this, more detailed 
studies of lipid effects on protein fibrillization kin-
etics and fibril morphology could provide necessary 
tools for drug development.

The present work was aimed at in vitro investigation 
of fibrillization kinetics of lysozyme and insulin in the 
presence of chemically designed oxPLs using Thioflavin 
T assay. More specifically, our goals were: (i) to uncover 
the effects of the oxPLs-containing liposomes or lipid 
dispersions on amyloid fibril formation at varying lipid 
composition, pH, temperature and ionic strength; (ii) 
to quantitatively characterize the kinetics of lipid-
mediated protein fibrillization; (iii) to compare the 
roles of unoxidized phospholipids and oxPLs in amy-
loid fibril formation; (iv) to shed light on the molecular 
mechanisms of oxPLs-mediated amyloidogenesis.

2. Materials and methods

2.1. Materials
Hen egg white lysozyme, insulin from bovine pancreas 
and Congo Red were purchased from Sigma (St. 
Louis, MO, USA). Thioflavin T was from Molecular 
Probes (Oregon, USA). Stock solutions of the 
fluorophores were prepared by dissolving ThT and 
CR in 5 mM sodium phosphate buffer and ethanol, 
respectively. The dye concentration was determined 
spectrophotometrically using the extinction 
coefficients ε = 23 800412 , ε = 47 000498 , for ThT 
and CR, respectively. 1-palmitoyl-2-azelaoyl-sn-
glycero-3-phosphocholine (PazePC), 1-palmitoyl- 
2-(9′-oxononanoyl)-sn-glycero-3-phosphocholine 
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(PoxnoPC), 1-hexadecanoyl-2-(9Z-octadecenoyl)-
sn-glycero-3-phospho-(1′-rac-glycerol) (sodium 
salt) (PG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (PC) lipids were from Avanti Polar 
Lipids (Alabaster, AL). The structures of PazePC and 
PoxnoPC are shown in figure 1.

2.2. Preparation of lipid dispersions and vesicles
A certain amount of the lipid stock solution in 
chloroform was added to the glass tube and the 
solvent was removed under a stream of nitrogen. 
Next, the lipid residue was maintained under 
the reduced pressure for 4 h. The dry lipids were 
hydrated in 5 mM sodium phosphate or 10 mM 
glycine buffers. Furthermore, PazePC and PoxnoPC 
samples were placed in a bath sonicator for 1 h to 
obtain optically clear lipid dispersions (PazePC disp 
and PoxnoPC disp, respectively) [56]. Alternatively, 
AVESTIN LipoFast extruder (AVESTIN Inc., 
Canada) was used for preparing liposomes of the 
following composition: PC:PazePC (4:1, mol:mol); 
PC:PoxnoPC (4:1, mol:mol); PC:PG (4:1, mol:mol); 
PC, below referred to as PazePC20, PoxnoPC20, PG20 
and PC, respectively. Lipid samples were extruded 
through a 50 nm pore size polycarbonate filter, and 
size of the vesicles was controlled by dynamic light 
scattering.

2.3. Steady-state fluorescence measurements
Steady-state fluorescence spectra of the dyes were 
recorded with Varian Cary Eclipse (Varian Instruments, 
Walnut Creek, CA) spectrofluorimeter equipped with 
a magnetically stirred, thermostated cuvette holder. 
Fluorescence measurements were performed using 
10 mm path-length quartz cuvettes. The excitation and 
emission slit widths were set at 10 nm.

2.4. Kinetics of amyloid formation observed  
by Thioflavin T assay
For the kinetic studies the quartz cuvettes were filled 
with 2 ml of solutions (pH 1.6 or 7.4) containing the 
tested protein samples (1.6 and 16.4 µM of lysozyme 
and insulin, respectively), Thioflavin T (14 µM), 
130 mM NaCl and different amounts of lipid (0, 1.6 
or 16.4 µM). Notably, the oxPLs concentration in the 
cuvettes was below the critical micelle concentration 
(CMC) [32]. The obtained solutions were further 
incubated in the thermostated cuvette holder of the 
spectrofluorimeter at 37 or 60 °C under constant 
stirring. ThT was excited at 430 nm and the emission 
spectra were collected at 450–600 nm every 5–10 min. 
Typical surface plots, showing the ThT fluorescence 
as a function of the wavelength and time of lysozyme 
incubation in the presence of the oxPLs and in the 
control sample, are represented in figure 2. Quantitative 
characteristics of the fibrillization process were 
obtained using the approximation time (t) dependence 
of the ThT fluorescence intensity at 480 nm (F) with 
the sigmoidal curve [6]:

[ ( )]
= +

−
+ −

F F
F F

k t t1 exp
,0

max 0

m
 (1)

where F0 and Fmax are ThT fluorescence intensities dye 
in the free form and in the presence of protein after the 
saturation has been reached, respectively; k—apparent 
rate constant for the fibril growth; tm—the time to 50% 
of maximal fluorescence. The lag time was calculated as: 

/−t k2m . The shift of the dye emission maxima ( λ∆ max) 
was found as the difference between the wavelengths, 
corresponding to the highest intensity of ThT spectrum 
after the saturation of the fluorescence had been 
reached and that of the dye in the sample being tested 
before starting its incubation.

Figure 1. Structures of 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PazePC) (A) and 1-palmitoyl-2-(9′-oxononanoyl)-
sn-glycero-3-phosphocholine (PoxnoPC) (B).
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2.5. Transmission electron microscopy
For electron microscopy assay, a 10 µl drop of the 
protein solution (16 µM, taken from the tested sample 
after the fibril growth has been finished) was applied to 
a carbon-coated grid and blotted after 1 min. A 10 µl 
drop of 2% (w/v) uranyl acetate solution was placed on 
the grid, blotted after 30 s, and then washed 3 times by 
deionized water and air dried. The resulting grids were 
viewed at Tecnai 12 BioTWIN electron microscope.

2.6. Congo red assay
After the saturation of ThT fluorescence has been 
reached, the aliquots of the solutions (600 µM) used 
for the ThT kinetic studies were placed into 2 mm 
quartz cuvettes. Next, the absorbance of each sample 
was measured between 350 and 700 nm, followed by 
adding a drop of Congo Red stock solution to reach 
the dye concentration 48 µM. Absorption spectra 
of the tested solutions without CR and free dye were 
subtracted from those of the fluorophore-containing 
samples to get the difference spectra of CR. Notably,  
130 µM lysozyme and 40 µM insulin were used to 
obtain clearly distinguishable peaks in CR spectra at 
542 nm corresponding to the fibril-bound dye [57, 58].

2.7. Dynamic light scattering (DLS)
Zetasizer Nano ZS (Malvern Instruments, Malvern, 
UK) was used to measure DLS from liposome 
suspension in 1 cm cuvettes. Intensity scattering data 
were collected after a thermal equilibration time of 
2 min. DLS data were reported as a volume based 
particle size distribution, and an average of 3 runs was 
calculated for each sample.

3. Results and discussion

Incubation of lysozyme and insulin solutions at low 
pH and/or elevated temperature typically results in 
amyloid fibril formation [59–62]. In view of this, to 
explore the effect of oxPLs on the protein fibrillization 
we used glycine (pH 1.6) or sodium phosphate  
(pH 7.4) buffers at two temperatures (60 °C and 37 °C). 

PC and PG20 vesicles were examined for comparison. 
The measurements were performed at lipid 
concentration 16 µM, whereas the most substantial 
effects of the oxPLs and lipid surfactants on gelsolin, 
ApoC-II and Aβ-peptide fibrillization were observed 
below the CMC [47, 56]. Likewise, ionic surfactants 
inhibited the protein fibrillization above the CMC at 
pH 7 [63]. As shown in figure 3(A), ThT fluorescence 
exhibits large increase with the time of lysozyme 
incubation at pH 1.6, 60 °C, lipid-to-protein molar 
ratio of 1:1, and varying composition of lipid vesicles/
dispersions. Furthermore, positions of the dye emission 
maxima were shifted to the shorter wavelengths (table 
1, λ∆ max), revealing a decrease in the environmental 
polarity of the protein-bound fluorophore. Kinetic 
analysis of the resulting sigmoidal curves indicate that 
the presence of PazePC20/PoxnoPC20 liposomes reduces 
the lag time for fibril formation compared to that of 
control lysozyme samples. In turn, protein association 
with PazePC/PoxnoPC dispersions result in the 
fluorescence enhancement, which is proportional to the 
extent of fibril formation (table 1). Analysis of the DLS 
data at the time point corresponding to the formation of 
mature fibrils showed that lysozyme interactions with 
oxPLs-containing bilayer trigger liposome disruption 
due to the increase of the average particle diameter by 
several orders of magnitude compared to that of freshly 
prepared vesicles (table 2). This could result from the 
oxPLs-induced membrane pore formation [37]. 
Notably, the observed changes in particle size cannot 
be attributed neither to the amorphous aggregates, 
since such a kind of structures has not been detected by 
TEM (figure 4), nor to the fibrils, because they typically 
have the average particle diameters ca. 1–100 nm 
[64, 65]. Inclusion of the oxPLs [44, 66] and PG [67] 
into PC bilayer leads to the increase in membrane 
hydration, decrease or increase of membrane polarity, 
respectively, compared to the neat PC vesicles. It 
appeared that at pH 1.6 and 60 °C membrane surfaces 
promote faster amyloid nucleation compared to that 
in a control sample, whereas protein interactions 
with the most hydrophobic bilayers (PC) give rise to 

Figure 2. Surface plots, showing the ThT fluorescence as a function of the wavelength and time of lysozyme incubation at pH 1.6, 60 °C, 
16 µM PazePC dispersions (A) and without lipid (B).

Methods Appl. Fluoresc. 4 (2016) 034008
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more pronounced extent of fibril formation (table 1). 
Furthermore, maximum fluorescence intensity of ThT 
in the presence of the oxPLs dispersions (Fmax) was ~3 
times greater than that in the control sample. The above 
data suggest that association with membrane surface 

accelerates lysozyme fibril nucleation, presumably due 
to the local increase in protein concentration, while 
the oxPLs dispersions probably enhance monomer 
denaturation, thereby favouring fibril formation [46]. 
Specifically, latter effect of the oxPLs could be caused 

Figure 3. Kinetics of lysozyme fibrillization under different conditions. Lysozyme, lipid and ThT concentrations were 16.4, 16.4 and 
14 µM, respectively.

Table 1. Kinetic parameters of lysozyme fibrillization in the presence of unoxidized and oxidized phospholipids.

Lipid type pH T (°C) k (h−1) Lag time (h) Fmax (a.u.) /F Fmax 0 (a.u.) λ∆ max (nm)

Control 1.6 60 2.7 0.7 1788 72 −5

PG20 35 0.2 1315 53 −15

PC 6.3 0.2 2500 100 −13

PazePC20 21.5 0.3 1029 42 −8

PoxnoPC20 3 0.2 1750 70 −19

PoxnoPC disp 1.1 0.4 4935 198 −10

PazePC disp 3.5 0.7 5331 214 −12

Control 1.6 37 — — — — —
PG20 0.5 6.7 752 31 −12

PC 0.8 7.4 968 39 −14

PazePC20 0.6 7.3 847 34 −13

PoxnoPC20 0.3 17 292 12 −12

PoxnoPC disp — — — — —
PazePC disp 0.5 4.5 535 22 −6

Control 7.4 60 — — — — —
PG20 0.9 14 4685 181 −8

PC 0.3 4.9 195 8 −21

PazePC20 0.4 1.5 66 3 −10

PoxnoPC20 — — — — —
PoxnoPC disp 0.4 9.7 5293 212 −20

PazePC disp 1.2 2.9 3166 127 −11

Methods Appl. Fluoresc. 4 (2016) 034008
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Table 2. Average particle diameters (D) and their percentage (%) in buffer solutions of liposomes and liposome–protein mixtures 
observed by dynamic light scattering.

T, pH

Liposomes  

(control) PC PazePC20 PoxnoPC20 PG20

25 °C, 7.4 D (nm) 65 43 45 59

% 93 96 98 99

T (°C) Liposomes  

(+lysozyme)a

PC  

(pH 1.6)

PazePC20  

(pH 1.6)

PoxnoPC20  

(pH 1.6)

PG20  

(pH 1.6)

37 D (nm) 1093 872 1264 798

% 77 97 93 100

60 D (nm) 30 248 890 60

% 99 97 90 100

T (°C) Liposomes  

(+insulin)a

PC  

(pH 7.4)

PazePC20  

(pH 7.4)

PoxnoPC20  

(pH 7.4)

PG20  

(pH 7.4/1.6)

37 D (nm) 39 43 42 33/63

% 82 88 96 89/48

60 D (nm) 41 41 59 49/374

% 96 82 95 70/98

a Liposome–protein mixtures were taken for analysis after finishing fibril growth.

Figure 4. TEM images of lysozyme fibrils (16.4 µM) formed at pH 1.6, 130 mM NaCl, 60 °C in the absence (A) and presence (B) of 
16 µM PazePC dispersions; at pH 1.6, 130 mM NaCl, 37 °C, 16 µM PazePC dispersions (C), and pH 7.4, 130 mM NaCl, 60 °C,  
16 µM PazePC dispersions (D). Insulin fibrils (16.4 µM) formed at pH 7.4, 130 mM NaCl, 60 °C, 16.4 µM PazePC dispersions  
(E) and without lipid (F). Scale bars are 100 (A) and 200 ((B)–(F)) nm.

Methods Appl. Fluoresc. 4 (2016) 034008
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by the formation of an amphiphilic 1:1 complex 
between lysozyme and PoxnoPC/PazePC premicellar 
aggregates, as has been demonstrated previously for 
Finnish mutant type D187N gelsolin179–194 using 
tryptophan fluorescence quenching. Furthermore, 
below the CMC the coupling between PoxnoPC and 
gelsolin occurred via a Shiff base, resulting in the lipid 
embedding inlipid:proteinoligomers and fibrils [56]. 
However, the differences in the Fmax could occur due to 
either the variations in lysozyme fibril morphology, or 
the changes in the extent of protein fibrillization [68].

At pH 7.4, 60 °C lysozyme has been shown to form 
amorphous aggregates [59], while fibril formation 
under these conditions was observed only in the presence 
of denaturants [69, 70]. Indeed, no fibrils were formed 
in buffer solution (figure 3(B)). Furthermore, the pres-
ence of membrane surfaces did not induce marked 
lysozyme fibrillization, except of PG20 that promoted 
ca. 181-fold increase of ThT fluorescence (table 1).  
These findings can be explained by the lowered pH of the 
membrane surface, whereas electrostatic interactions 
are not crucial at the lipid–protein ratio 1:1 [51, 71].  
In turn, PoxnoPC dispersions induced the highest rate 
of lysozyme fibrillization compared to liposomes, in 
accordance with the results obtained at pH 1.6 and 
those reported previously for Finnish mutant type 
D187N gelsolin179–194 [56]. It seems probable that the 
contribution of acidic pH to the formation of the aggre-
gation-prone lysozyme conformation is more signifi-
cant than the effect of lipids, because at pH 1.6 the lag 
times of lipid-modulated lysozyme fibrillization were 
5–70 times lower and apparent rate constants were 3–54 
times greater than those at pH 7.4 (table 1). However, 
the oxPLs dispersions induced a substantial increase in 
ThT fluorescence regardless of pH value. Furthermore, 
PoxnoPC premicellar aggregates accelerated lysozyme 
fibrillization at pH 7.4, with Fmax values being higher 
than in the case of PazePC dispersions. The trigger-
ing and inhibiting effects of the lipids under study are 
summarized in table 3. The finding that oxPLs induce 
lysozyme fibrillization at neutral pH can provide 
deeper insight into the molecular mechanisms under-

lying lysozyme amyloidosis in vivo.
Another parameter strongly influencing the lipid-

modulated protein fibrillization along with pH, is the 
incubation temperature (figures 3(C) and (D); table 1). 

Specifically, at pH 1.6, 37 °C a substantial decrease of k, 
Fmax, and increase of the lag time of lysozyme fibrilliza-
tion was observed compared to pH 1.6, 60 °C. Indeed, 
as follows from TEM data, elevation of incubation 
temper ature from 37 °C to 60 °C results in the increase 
of the number of lysozyme fibrillar aggregates (figures 4 
(A)–(C)). Notably, membrane surfaces promoted the 
accelerated protein fibrillization and greater values of 
Fmax in comparison with the PazePC dispersions. In 
turn, in control samples and in the presence of PoxnoPC 
premicellar aggregates no fibrils were detected by ThT 
fluorescence assay. As mentioned above, PoxnoPC 
molecules have aldehyde and electrophilic carbonyl 
groups, which form covalent Michael adducts or Schiff 
bases due to the reactions with thiol and amino moie-
ties [72]. Since the stability of the Schiff base decreases 
with temperature, one cannot exclude the stabilizing 
effect of PoxnoPC-lysozyme covalent interactions on 
the protein oligomers that reduce fibril formation [73]. 
Overalls, we found that only the oxPLs interactions with 
thermally denaturated lysozyme molecules (at 60 °C)  
result in fibril growth, whereas at pH 7.4, 37 °C no lipid-
triggered fibril formation was detected, indicating that 
acidic pH and elevated temperature are essential pre-
requisites for lysozyme fibrillization in vitro [59, 60].

As seen in figures 4(A)–(D), lysozyme aggregates 
had the morphology of amyloid structures: they are 
unbranched, ca. 400 nm–1 µM in length and 20 nm–
45 µM in width [5, 60]. Notably, the morphology of 
lysozyme fibrils forming in PazePC dispersion at pH 
7.4, 60 °C, differs from that of aggregates observed at 
pH 1.6, 60 °C (figures 4(A) and (D)). The fibrils grown 
in the presence of PazePC dispersions were ca. 45 nm 
in diameter and had a flat-ribbon, smooth shape with 
a high degree of curvature, similar to the morph ology 
of the fibrils formed from the β-sheet region of T4 
lysozyme at 55 °C in 20% trifluoroethanol [74]. Fur-
thermore, an increased degree of curvature was detected 
in lysozyme fibrils prepared at pH 1.6, 60/37 °C, 16 µM 
PazePC dispersions, compared to the morphology of 
aggregates grown at pH 1.6, 60 °C (figures 4(B) and 
(C)). In contrast, fibrils prepared at pH 1.6, 60 °C were 
ca. 25 nm in diameter and had a rod-like shape. Like-
wise, the effect of the oxPLs dispersions on lysozyme 
fibrillization resembles that of ethanol, as was reported 
previously [75]. Specifically, it was demonstrated in our 

Table 3. Protein fibrillization (+) in the presence of oxidized and unoxidized phospholipids at varying pH and temperature revealed  
by ThT assay.

Protein pH T (°C)

PazePC 

disp

PoxnoPC 

disp PazePC20 PoxnoPC20 PG20 PC Control

Lysozyme 1.6 60 + + + + + + +

1.6 37 + − + + + + −

7.4 60 + + − − + − +

7.4 37 − − − − − − −

Insulin 1.6 60 + + + + + + +

7.4 60 + + + + + + +

7.4 37 + + + + + + +

Methods Appl. Fluoresc. 4 (2016) 034008
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previous studies that ThT showed a higher fluorescence 
increase when bound to the aggregates grown in 80% 
ethanol, pH 7.4, compared to those prepared in glycine 
buffer, pH 1.6. Next, the fibrils formed in concentrated 
ethanol solution had ~ca. 3 times greater diameters 
than those grown in acidic buffer. It is noteworthy that 
ethanol is capable of reducing the hydration of protein 
molecules [58, 69, 74]. In this regard, lysozyme mol-
ecules, being partially-denaturated by ethanol and the 
oxPLs dispersions, could transform into mature fibrils 
of similar morphology. Next, the difference spectra of 
CR showed the maxima at 542 nm in the presence of 
lysozyme aggregates formed by acidic denaturation 

(figure 5(A)), giving an additional evidence for amy-
loid nature of the observed structures. In turn, a weak 
CR absorption at 542 nm was detected in the presence 
of PazePC-triggered lysozyme fibrillization under near-
physiological conditions, presumably being indicative 
of the formation of the large amount of the coil struc-
ture (figure 5(B)). Thus, the pronounced increase of 
ThT fluorescence could be explained by its higher speci-
ficity to the lysozyme fibrils prepared in the presence 
of PazePC dispersions, despite the lower extent of their 
formation compared to the aggregates grown in glycine 
buffer. In turn, the increase in ThT fluorescence with 
time of the protein incubation at pH 1.6, 60 °C, 16 µM  

Figure 5. Absorption spectra of Congo Red (dashed lines) in the presence of fibrillar lysozyme formed at pH 1.6, 60 °C (A), 
or pH 7.4, 60 °C, PazePC dispersion (B). The spectra were corrected for light scattering due to fibrils. The dye and the protein 
concentrations were 48 and 120 µM, respectively. Solid lines correspond to the absorbance of free CR in buffer and dotted lines—to 
the difference spectra of CR.

Figure 6. Kinetics of insulin fibrillization under different conditions. Insulin, lipid and ThT concentrations were 1.6, 16.4 and  
14 µM, respectively.
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PazePC dispersions reveals the greater extent of fibril 
formation compared to that in the absence of lipid 
 (figures 4(A) and (B)).

The above studies were further extended to gain 
insight into the oxPLs effect on insulin amyloid forma-
tion. Insulin is known to form amyloid fibrils at both 
the alkaline and acidic pH [61, 76]. Allowing for the low 
insulin solubility at pH 7.4, kinetic measurements were 
performed at the protein concentration of 1.6 µM. As 
seen in figure 6, the lowest values of Fmax were observed 
for the aggregates grown at pH 1.6, 60 °C, irrespective to 
the lipid composition of vesicles/dispersions. Likewise, 
insulin adopts more amyloid-prone conformation at 
pH 7.4, being closer to its isoelectric point (pH 5.3) 

than the pH 1.6 [77]. Indeed, a weak CR absorption at 
542 nm was observed in the presence of the aggregates 
grown at pH 1.6, 60 °C, being indicative of the large 
amount of the coil structure (figure 7(A)). Similar to 
lysozyme, the hypsochromic shifts of the ThT emission 
maxima with incubation time were found for insulin 
under the employed conditions. It appeared that mem-
brane surfaces slow down insulin nucleation and elon-
gation, in contrast to their effect on the extent of fibril 
formation (tables 1 and 4, lag time and k). The origin of 
this effect could be explained by the formation of highly 
stable lipid–protein complexes, hampering the produc-
tion of insulin amyloid nuclei, as shown previously, e.g. 
for polyunsaturated docosahexaenoic fatty acid [78]. 

Figure 7. Absorption spectra of Congo Red (dashed lines) in the presence of fibrillar insulin prepared at 1.6, 60 °C (A), or pH 7.4, 
60 °C, PazePC dispersion/pH 7.4, 60 °C (B). The spectra were corrected for light scattering due to fibrils. The dye and the protein 
concentrations were 48 and 33 µM, respectively. Solid lines correspond to the absorbance of free CR in buffer and dotted lines—to 
the difference spectra of CR.

Table 4. Kinetic parameters of insulin fibrillization in the presence of unoxidized and oxidized phospholipids.

Lipid type pH T (°C) k (h−1) lag time (h) Fmax (a.u.) /F Fmax 0, (a.u.) λ∆ max (nm)

Control 1.6 60 26 0.4 52 3 −10

PG20 10 0.6 27 3 −5

PC 18 1.4 77 5 −10

PazePC20 8 0.8 42 3 −5

PoxnoPC20 6 0.6 37 2 −25

PoxnoPC disp 7 0.2 50 3 5

PazePC disp 6 0.3 40 3 −7

Control 7.4 37 0.4 2.9 97 6 −11

PG20 1 2.8 117 7 −9

PC 0.6 4.5 144 8 −14

PazePC20 0.5 2.7 136 8 −11

PoxnoPC20 0.5 5.2 117 7 −11

PoxnoPC disp 0.4 7.3 143 8 −10

PazePC disp 0.6 6.1 399 23 −12

Control 7.4 60 5.5 0.2 285 16 −11

PG20 5.3 0.5 293 17 −10

PC 2.5 0.4 172 10 −10

PazePC20 4.4 0.3 303 17 −12

PoxnoPC20 1.1 0.5 153 9 −11

PoxnoPC disp 1.9 0.5 334 19 −10

PazePC disp 2.9 0.5 457 26 −12
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Again, in contrast to lysozyme, the lag times of insulin 
fibrillization in the presence of the oxPLs dispersions 
were ~ca. 2 times lower than those in control sample, 
probably due to the formation of the lipid-containing 
amyloid nuclei. Taking into consideration the fact that 
no significant incorporation of insulin molecules into 
the fluid mono-olein cubic phase was observed at pH 2, 
60 °C, we can assume that van der Waals forces between 
double-chain lipids and proteins are stronger than 
those between the one-chain lipids and proteins [79]. 
In turn, lipids did not exhibit any pronounced effect on 
the extent of insulin amyloid formation.

At pH 7.4, 60 °C, we observed 2–5 times lower 
apparent rate constants for the insulin fibril growth 
compared to pH 1.6, 60 °C, consistent with the data 
obtained for lysozyme (tables 1 and 3). However, the lag 
times of amyloid formation in the presence of lipid vesi-
cles were reduced up to 3.5 times at pH 7.4 compared 
to those at pH 1.6. This effect could be attributed to the 
decrease in stability of the lipid–protein complexes at 
pH 7.4 and the local increase in protein concentration. 
In turn, given that the lag times of insulin amyloid for-
mation in the presence of the oxPLs dispersions were 
greater at pH 7.4, than at pH 1.6, the oxPLs premicellar 
aggregates could have a stabilizing effect on the protein 
oligomers at neutral pH that is consistent with the pre-
vious studies of gelsolin fragment [56]. This suggestion 
is further confirmed by the fact that the lag time and 

k were decreased at pH 7.4 relative to control sample. 
Finally, these results are consistent with the finding 
that lysozyme nucleation is enhanced in the presence 
of ionic surfactants at pH 7 [63]. However, Fmax value of  
insulin fibrillization was increased in the presence of 
the oxPLs dispersions, compared to its value in the 
absence of lipids, although the PoxnoPC and PazePC 
had more pronounced effects on the kinetic parameters 
of lysozyme and insulin fibrillization (tables 1 and 4). 
Notably, the increase in ThT fluorescence with time of 
insulin incubation at pH 7.4, 60 °C, 16 µM PazePC dis-
persions reveals the enhanced number of mature fibrils, 
compared to that in the absence of lipid (figures 4(E) and 
(F)). The above results are corroborated by the stronger 
absorption of CR bound to the insulin aggregates 
grown in the presence of PazePC premicellar aggregates 
at 542 nm (figure 7(B)). Furthermore, PoxnoPC20 vesi-
cles inhibited insulin fibrillization at both the pH 7.4 
and 1.6, while PazePC20 vesicles did not affect the Fmax 
values. Indeed, no substantial disruption of the oxPLs-
containing vesicles was observed by DLS, because 
about ca. 80% of the fibril-bound liposomes had the 
same diameter, as that of the free vesicles (table 2).  
Notably, in the case of lysozyme, PoxnoPC20 and 
PazePC20 liposomes induced the decrease in the extent 
of fibril formation, compared to the fibril production in 
the presence of PC and PG20 vesicles. These effects could 
be attributed to the facilitated penetration of lysozyme 

Figure 8. Kinetics of insulin fibrillization in the presence of the oxPLs dispersions at different lipid:protein ratios, pH 7.4, 
130 mM NaCl, 60 °C ((A) and (B)) and pH 7.4, 130 mM NaCl, 37 °C ((C) and (D)). Insulin and ThT concentrations were 
1.6 and 14 µM, respectively.
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and insulin into the extended hydrophobic region of 
the oxPLs-containing membrane that slows down the 
interactions between hydrophobic (i.e. aggregation-
prone) protein moieties [37, 46, 80]. PG20 vesicles did 
not induce a substantial change in the insulin fibrilliza-
tion kinetics, in contrast to lysozyme, probably because 
the local decrease in pH was not essential for insulin 
aggregation under the employed experimental con-
ditions. Furthermore, the lipid–protein hydrophobic 
interactions occurring in PC liposomes were followed 
by the distinct changes in Fmax values relative to control 
at pH 1.6 and 7.4.

Since the highest extent of insulin fibrillization was 
observed at pH 7.4, the temperature effect on the lipid-
modulated protein aggregation was further studied at 
pH 7.4 and 37 °C. Consistent with the results gained at 
60 °C, similar values of k and Fmax were found for the 
aggregates grown in the presence of liposomes, while 
the lag times were up to 2-fold longer than that in the 

control sample (table 4). Furthermore, the lag times and 
k were 9–15, 2–14 times greater at 37 °C, than at 60 °C, 
respectively, and Fmax was 1.3–3 lower at 37 °C, than that 
at 60 °C. Thus, temperature and pH exert more pro-
nounced effect on insulin fibrillization kinetics, than 
lipids. Again, at 37 °C the production of insulin fibrils 
increased in the presence of PazePC dispersions, which 
bear carbonyl group in its structure, relative to control. 
Notably, this effect did not show significant temper-
ature dependence, unlike lysozyme. Furthermore, the 
dispersions of PazePC provoked a greater extent of 
insulin amyloid formation at pH 7.4, than that found 
in the presence of PoxnoPC premicellar aggregates, 
suggesting that the interaction of the carboxyl group 
of PazePC with insulin induces the highly aggregation-
prone conformation of the protein.

Interestingly, our results were opposite to those, 
reported for micelles of amphiphilic surfactants that 
inhibited insulin fibrillization [81]. Specifically, Wang 

Figure 9. Kinetic parameters of lipid-modulated insulin fibrillization at pH 7.4, 130 mM NaCl, 14 µM ThT, 60 °C ((A)–(C)), and  
37 °C ((D)–(F)). Protein concentration was 1.6 µM.
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and coworkers reported that the extent of insulin fibril 
formation at pH 2, 55 °C was ~6 times lower in the pres-
ence of the amphiphilic 1,2-diheptanoyl-sn-glycero-
3-phosphocholine above the CMC than without lipid 
[46]. Furthermore, both the 1,2-dihexanoyl-sn-glyc-
ero-3-phosphocholine (DiC6PC) and 1,2-diheptanoyl-
sn-glycero-3-phosphocholine (DiC7PC) surfactants 
exhibited the ability to suppress insulin and Aβ pep-
tide fibrillization below the CMC at pH 2, 55 °C and 
7, 25 °C, respectively [46, 81]. In contrast, our results 
showed that the oxPLs promoted insulin fibril forma-
tion at neutral pH and exerted no influence on this 
process under acidic conditions. These discrepancies 
can be explained by the differences in physicochemical 
properties and concentrations of the short-chain phos-
pholipids and the oxPLs. First, protein interactions with 
the polar heads of the large DiC7PC micelles with high 
polydispersity may alter the nucleation phase, exerting 
the stabilizing effect on the protein structure [83]. This 
hypothesis is further supported by the fact that ionic 
surfactants, sodium dodecyl sulfate and cetyltrimeth-
ylammonium bromide, above the CMC exerted similar 
inhibiting effects on lysozyme nucleation at pH 7, 55 °C  
[63]. Second, the enhanced amyloid fibril formation 
seems to be a result of the interactions between the 
oxPLs dispersions and hydrophobic surfaces of par-
tially unfolded proteins [47, 56]. Furthermore, anionic 
detergents, containing alkyl chains of at least 12 car-
bons, formed micelles below the CMC in the presence 
of tau-protein, that was followed by the enhancement 
of tau fibrillization at pH 7, 37 °C [24]. The above con-
siderations emphasize the important role of hydro-
phobic lipid–protein interactions in the amyloid fibril 
formation. Third, the short-chain phospholipids could 
induce membrane solubilization and release of int egral 
membrane proteins due to the high affinity for the 
long-chain phospholipids [83]. These species also have 
parallel alignment of the two hydrocarbon chains in a 
micellar form, which is maintained in the monomeric 
state, as well. On the contrary, the oxPLs were reported 
to take only the extended conformation and reduce the 
polarity of the phospholipid heads [35, 36]. Such dif-
ferences may lead to the opposite effects of the oxPLs 
and DiC6PC, DiC7PC surfactants below the CMC on 
the extent of insulin fibrillization [46]. Finally, insulin 
fibrils were prepared in our experiments at pH 7.4 in the 
presence of magnetic stirrers inside of the cuvette, while 
Wang and coworkers used pH 2 for fibril formation. 
These environmental conditions can modulate lipid 
effects on insulin fibrillization process and induce the 
differences in amyloid morphology. It should be noted 
that despite the opposite effect on the extent of fibril 
formation, the oxPLs and DiC6PC, DiC7PC surfactants 
inhibited the nucleation and elongation of insulin 
fibrils, presumably, due to the formation of highly  
stable lipid–protein complexes [46].

Finally, the effect of the lipid:protein ratio on insu-
lin amyloid formation at pH 7.4 was investigated. Spe-
cifically, we performed additional studies of the protein 

fibrillization kinetics at lipid concentration 1.6 µM  
(figure 8). The kinetic parameters gained from these 
data are plotted in figure 9. It appeared that the lag time 
for insulin fibril formation increased proportionally 
to the amount of the oxPLs dispersions and PoxnoPC 
liposomes added, indicating the ability of the oxPLs to 
stabilize prefibrillar structures [56, 79]. Furthermore, 
this effect was stronger at 37 °C as compared to 60 °C, 
probably due to the formation of more stable lipid–pro-
tein complexes. The values of k were ca. 2 times lower 
at lipid:protein ratio 10:1, than those at lipid:protein 
ratio 1:1, suggesting that the oxPLs dispersions and 
PoxnoPC20 liposomes inhibit amyloid elongation. 
However, at 37 °C, this effect remained significant only 
for the PazePC dispersions. Next, the increase of Fmax 
was observed at higher lipid:protein ratio for the fibrils 
grown at 60 °C in the presence of the oxPLs dispersions, 
being more pronounced for PazePC premicellar aggre-
gates at 37 °C. These observations can be interpreted 
as arising from the enhanced binding of the proteins 
to the oxPLs at high lipid concentration, resulting in 
the increased amount of the protein subjected to lipid-
modulated nucleation. As was shown for islet amyloid 
polypeptide (IAPP), the highest rate of fibril formation 
on membrane surfaces from DOPG and DOPC, was 
observed for lipid:peptide molar ratio of 12:1, when 
IAPP was fully membrane-bound [23]. Indeed, the 
phospholipids below the CMC exerted a promoting 
effect on apolipoprotein C-II fibrillization, being pro-
portional to the lipid:protein ratio [72]. In summary, the 
influence of the lipid:protein ratio on the extent of insu-
lin fibrillization was the most pronounced for PazePC 
dispersions at 37 °C, compared to the PoxnoPC premi-
cellar aggregates and the oxPLs-containing vesicles.

It should be noted that the effect of liposomes and 
lipid dispersions on the protein fibrillization was exam-
ined for the lipids in the fluid phase (which is the most 
important biologically) due to the very low temper-
ature of POPC phase transition (~  −2 °C). The fluid 
phase (Lα) is characterized by the formation of kinks in 
unsatur ated fatty acids, rapid lateral diffusion and flip-
flop mechanisms [84, 85]. Furthermore, the temper-
ature increase from 20 to 60 °C induced no substantial 
changes in the molecular organization of POPC bilayer. 
Specifically, the area per lipid raised from 62.7 to 68.1 Å2, 
while the bilayer and hydrocarbon thickness decreased 
from 39.8 and 29.2 Å2 to 37.7 and 28.0 Å2, respectively 
[86]. On the contrary, the presence of 0.15 M NaCl 
reduced POPG area per lipid, allowing denser lipid pack-
ing due to the screening of electrostatic interactions [87]. 
Notably, POPC fluidity also decreased in the presence 
of 0.22 M NaCl, as well as upon the incorporation of 
POPG into POPC bilayer due to the smaller POPG area 
per lipid [87]. In turn, incorporation of the PoxnoPC 
and PazePC into POPC bilayer led to significant rise in 
fluidity and lipid phase segregation, because the reverse 
orientation of the oxidized chains created voids in the 
lipid matrix, resulting in the increased free volume of a 
membrane [36, 37]. It is very likely that the alterations in 
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fluidity affect the kinetics of the membrane-modulated 
amyloid fibril formation and the morphology of the pro-
tein aggregates. Indeed, as follows from the differential 
scanning calorimetry data, the lag time of Aβ-peptide 
fibrillization is shorter in liquid-ordered DPPC vesicles, 
containing cholesterol, than in solid DPPC liposomes 
[84]. On the contrary, a minor delay of the amyloid for-
mation was detected in the presence of the fluid diole-
oyl-phosphatidylcholine (DOPC) bilayers. However, the 
addition of NaCl induces the screening of Aβ repulsion, 
resulting in the peptide aggregation in the presence of 
liposomes in gel phase [84]. These results indicate that 
both high rate of lateral diffusion and highly ordered 
acyl chains represent the most favourable conditions 
for amyloid fibril formation. Therefore, the promoting 
effects of liposomes on the protein fibrillization may be 
observed if the incorporated protein enhances the order 
of chain packing in fluid membranes that requires its 
deeper insertion into the bilayer [88, 89]. The depth of 
the protein insertion into the fluid bilayer may increase 
at higher temperatures due to the increased area per lipid 
[86]. This process can also induce surface exposure of the 
protein hydrophobic patches, leading to the formation of 
the aggregation-prone states [84]. This is most likely, e.g. 
for lysozyme fibrillization in the presence of PC vesicles 
at pH 1.6, 37 °C and pH 1.6, 60 °C, because the stronger 
ThT fluorescence response was observed at 60 °C and 
no fibrils were formed in the control at 37 °C (table 1). 
Interestingly, the enhanced lateral mobility and flip-flop 
mechanisms in a fluid phase may trigger the segregation 
of negatively charged lipids, their migration to the outer 
leaflet, followed by the increase in the number of the 
membrane-adsorbed polycations [85, 90]. This effect is 
not expected to be crucial for the process of insulin and 
lysozyme aggregation due to their low surface charge 
density, although it may increase the number of Shiff-
bases formed between the oxPLs and the proteins as com-
pared to a gel phase. This could explain faster nucleation 
of lysozyme and insulin incorporated into PoxnoPC20 
or PazePC20 bilayers at 60 °C than at 37 °C (tables 1 and 
4). Finally, the most prominent effect of the oxPLs dis-
persions on lysozyme and insulin fibrillization at 60 °C,  
pH 1.6 and 7.4, respectively, as compared to that of 
liposomes, emphasizes the superiority of the high pro-
tein translational diffusion, allowing Shiff base and 
Michael adducts formation, versus the high order of the 
lipid acyl chains, allowing the enhanced van der Waals 
interactions.

4. Conclusion

Our fluorescence studies of lysozyme and insulin 
fibrillization kinetics in the presence the oxPLs support the 
following hypotheses. First, the oxPLs dispersions induce 
the increase in the extent of fibril formation compared to 
that in control samples and in the presence of liposomes 
composed of the oxidized and unoxidized phospholipids. 
Second, this effect is accompanied by the inhibition of the 

fibrillization kinetics by the oxPls premicellar aggregates, 
being more pronounced at high lipid concentrations, 
that indicates the oxPLs complexation with proteins and 
their stabilizing effect on the protein oligomers. Third, 
the oxPls dispersions may cause the variations in fibril 
morphology. Finally, the magnitude of the oxPLs effects is 
highly pH- and/or temperature-dependent, pointing to an 
essential role of these parameters in lysozyme and insulin 
fibrillization in vitro. Overall, the obtained results strongly 
suggest that oxidative stress may be implicated in the 
development of lysozyme and insulin-related amyloidoses.
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