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Deciphering amyloid fibril molecular maturation
through FLIM-phasor analysis of thioflavin T
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ABSTRACT The investigation of amyloid fibril formation is paramount for advancing our understanding of neurodegenera-
tive diseases and for exploring potential correlated therapeutic strategies. Moreover, the self-assembling properties of amy-
loid fibrils show promise for the development of advanced protein-based biomaterials. Among the methods employed to
monitor protein aggregation processes, fluorescence has emerged as a powerful tool. Its exceptional sensitivity enables
the detection of early-stage aggregation events that are otherwise challenging to observe. This research underscores the
pivotal role of fluorescence analysis, particularly in investigating the aggregation processes of hen egg white lysozyme, a
model protein extensively studied for insights into amyloid fibril formation. By combining classical spectroscopies with fluo-
rescence microscopy and by exploiting the fluorescence properties (intensity and lifetime) of the thioflavin T, we were able to
noninvasively monitor key and complex molecular aspects of the process. Intriguingly, the fluorescence lifetime imaging-pha-
sor analysis of thioflavin T fluorescence lifetime on structures at different stages of aggregation allowed to decipher the com-
plex fluorescence decay behavior, highlighting that their changes rise from the combination of specific binding to amyloid
typical cross-g8 structures and of the rigidity of the molecular environment.

SIGNIFICANCE This research investigates amyloid fibril formation, focusing on hen egg white lysozyme, strategically
chosen as a paradigm for amyloid fibril formation. The use of phasor fluorescence lifetime imaging with thioflavin T
staining simplifies data analysis, enhancing accessibility by eliminating extensive fitting processes. The approach
intuitively highlights structural changes within aggregates, crucial for researchers studying the interplay between
structure, function, and properties. The dynamic alteration of thioflavin T quantum yield during aggregation, vital for
accurate modeling of amyloid assembly kinetics, is also highlighted. Beyond uncovering hen egg white lysozyme fibril
formation aspects, this transformative methodology has broad implications for studying structural changes during
aggregate maturation, notably enabling accurate and fast selection of species at the microscale with specific structural
properties.

INTRODUCTION functional amyloid fibrils are also extensively studied
and widely characterized. Recent research has
explored amyloid structures as potential biomaterials
with diverse applications, including conductive nano-
wires (6,7), sensors (8), absorbent for pollutant
removal from water (8—10), scaffold for tissue engi-
neering (11), and so on (8,12). A large number of
studies has shown that structurally distinguishable
isoforms of amyloid fibrils can form due to differences
in inter- or intra-residual interactions and amyloid ag-
gregates can adopt distinct conformations at the mo-
lecular level, giving rise to multiple isoforms with
unique structural characteristics. Amyloid aggregates

The formation of amyloid structures, associated with
significant human disorders such as Alzheimer's, Par-
kinson's, Creutzfeldt-Jakob disease, and type 2 dia-
betes, is of paramount interest (1,2). Amyloid fibrils,
characterized by highly organized 8 structures stabi-
lized by a specific hydrogen-bond (H-bond) pattern
(3), represent the most stable state for a polypeptide
chain (4,5). Although diseases related to amyloid fi-
brils have attracted major attention, nontoxic and
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can also adopt distinct conformations at the molecu-
lar level, leading to diverse 3D arrangements such as
particulates (13), spherulites (13), or hydrogels (11).
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The exceptional properties of amyloid structures,
such as stability, rigidity, chemical properties, high
aspect ratio, and conductivity, stem from regular
H-bond patterns that stabilize their molecular arrange-
ment. Variations at the molecular level, occurring dur-
ing the maturation (14,15) process, contribute to the
complexity and heterogeneity observed in amyloid
structures, with different molecular arrangements
and structural organization across various length
scales underlying their multifunctionality (9,10,12).

In this study, the fluorescence properties of thiofla-
vin T (ThT), coupled with confocal fluorescence micro-
scopy, fluorescence lifetime imaging microscopy
(FLIM), and classical spectroscopic tools, were used
to monitor hen egg white lysozyme (HEWL) amyloid
and formation of a gel-like structure, particularly
focusing on the variation occurring at the molecular
level. HEWL is a model protein widely used to explore
many aspects related to protein structure, folding, and
aggregation, in particular for amyloid growth studies
(16—22). Many studies focus on HEWL supramolecu-
lar assembly under high temperature and acidic pH
conditions (18,20,22—-25) since, under these condi-
tions, aggregates display key amyloid properties
such as @3 sheet-rich structure, fibrillar morphology,
and seeding abilities ranging from small oligomers
to large amyloid fibrils and fibrillar hydrogels (26,27).
Moreover, due to its large availability and high solubi-
lity, HEWL is an excellent choice for the production of
fibrillar protein hydrogels with various applications
and it was used in the development of new protein-
based materials (23,26,28-30) and in templating
metal nanoparticles to build aerogel (28). In this
context, the fine-tuning of the material properties is
strictly related to the knowledge of the detailed molec-
ular structures, which can be regulated by controlling
solution conditions or selecting different maturation
points (31).

The focus of this work is the analysis of HEWL supra-
molecular assembly from fibrils formation to the hydro-
gel state combining different spectral observables in a
time-resolved fashion with phasor-FLIM analysis of
ThT-stained samples. In the last 50 years, ThT has
emerged as a valuable tool in the study of protein ag-
gregation and amyloid fibril formation (32—34). The
fluorescence emission intensity signal of this chromo-
phore in an aqueous environment is vanishing due to
the presence of highly efficient internal nonradiative
channels. However, there is a remarkable increase in
signal intensity when amyloid structures are present
(35—39). Its increased emission intensity upon binding
to amyloid fibrils is due to the inhibition of the rotation
around the C—-C bond, which causes the electronic
wave function in the excited state to change adiabati-
cally from an emissive LE state to a dark (nonradiative)
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CT state (40—42). Many studies have also shown that
ThT fluorescence signal grows in highly viscous media
(43) and in the presence of different confining systems,
from DNA to porous silica (44). Notwithstanding this,
the exquisite sensitivity of ThT to the formation of am-
yloid fibrils (32,41,45-47) and also to their structural
peculiarities (48) is largely assessed. Importantly,
ThT quantum yield was found to relate to the viscosity
(43,49), the polarity (39), the geometry of the surround-
ing environment and morphology of the amyloid
(48,50). It is not surprising, then, that fluorescence de-
cays of ThT could exhibit distinct characteristics when
the dye is bound to proteins at different stages of ag-
gregation kinetics, providing valuable insights into
the evolution and maturation of aggregates (46,51).
Noteworthy, the fluorescence intensity of ThT may be
influenced by both the affinity and accessibility of its
binding sites. Accessibility depends on the particular
geometric arrangement of the aggregate microstruc-
ture and the surrounding solvent conditions and regu-
lates the number of bound molecules. On the other
hand, the affinity primarily relies on the structural spec-
ificity of the binding sites, often associated with the
presence of 8 sheet structures. For these reasons, opt-
ing for the examination of ThT lifetime would be more
advantageous for gaining precious information. How-
ever, this is frequently challenging and complicated
due to the requirement for a clear-cut model. In many
studies, a multi-component analysis (involving two or
three components) has been applied to ThT fluores-
cence lifetime for the analysis of various systems
(9,31,45,46,52—54). Across all these studies, a com-
mon finding seems to suggest that a sub-nanosecond
component can be associated with environmental ri-
gidity in the surrounding of the molecular rotor,
whereas longer lifetime components relate to the spe-
cific binding sites, namely structural peculiarities of
cross-beta structures. Here, the phasor approach to
analyze FLIM data of ThT-stained samples simplifies
fluorescence lifetime representation, providing a
powerful method (55) for extracting information on
aggregated molecular structures during HEWL fibril
maturation. This allows visualization of structural
differences at various aggregation stages, enabling
a multi-faceted investigation of fibril formation.
Combining spectroscopic analyses with high-resolu-
tion imaging offers a holistic view of the aggregation
phenomenon, providing insights into structural dy-
namics and spatial distribution of fibrils. Phasor anal-
ysis of ThT-stained protein samples proves a rapid,
robust, and straightforward method for characterizing
amyloid fibril structure at the submicrometer scale,
enabling real-time analysis and identification of spe-
cies during aggregate formation, even in highly hetero-
geneous samples.



MATERIALS AND METHODS

Chemicals and reagents

Lysozyme from hen egg white (>90%, L6876) and ThT (> 65%,
T3516) were purchased from Sigma-Aldrich. Hydrochloric acid stan-
dard solution (343102) was purchased from Fluka.

Sample preparation

HEWL (40 mg/mL) was dissolved in Milli-Q water acidified to pH 2.0
with HCI and filtered through 0.45-um syringe filters before thermal
treatment. A sealed glass bottle containing 6 mL of the protein solu-
tion was placed in a glycerol bath at 90°C under stirring at 300 rpm
for up to 2.5 h (18). Aliquots of the protein solutions were collected
at different incubation time points and quenched in an ice-water
mixture to block aggregation processes. This procedure enables
us to choose various time points, with a maximum error of 1.0 min
for each selected point. Data are shown as representative of several
analogous experiments performed in the same conditions.

Circular dichroism

Circular dichroism (CD) spectra of 1:40 diluted HEWL pH 2.0 before
and after heating at 90°C at different incubation stages were re-
corded with a Jasco J-715 spectropolarimeter in the far-UV region
(194-260 nm) using quartz cuvettes with a path length of
0.2 mm. For each spectrum, four accumulations were acquired,
with data interval 0.2 nm, bandwidth 1 nm, and scan speed
50 nm/min. All spectra were acquired at room temperature.

Fourier transform infrared spectroscopy

Measurements were carried out at room temperature with a Bruker
Vertex 70 spectrometer equipped with a doped triglycine sulfate de-
tector, in a sample compartment under continuum purging and in N,
dry atmosphere to reduce water vapor. Native HEWL was dissolved
in D,O and the aggregated HEWL samples were washed several
times in D,0, to remove water, using 10-kDa MWCO spin filters
(25°C, 14,000 rpm, 15-min cycles). The filtrate did not contain
measurable amounts of protein. Washed samples, identically
treated, were placed between two CaF, windows separated by a
50 uM Teflon spacer. Each spectrum is an average of 256 scans
in the 400-7000 cm™~' range with a spectral resolution of 2 cm™".
Sample and solvent absorption spectra were calculated with respect
to the spectrum of the empty cell.

Confocal microscopy and FLIM

Each sample was stained with 60 uM ThT, and 250 uL of samples
were placed in microscope-chambered slides and imaged at
1024 x 1024 pixel resolution, using a Leica TCS SP5 confocal laser
scanning microscope and a 63x/1.4 oil objective (Leica Microsys-
tems, Germany). In these conditions, low protein/dye ratio rules
out fluorescence quenching phenomena (47). ThT was excited using
Aex = 470 nm (white light laser, repetition rate 80 MHz (Leica Micro-
system, Germany)) and the emission signal was collected in the
range 485—-600 nm. By employing a repetition rate of 80 MHz, we
transmit pulses at intervals of 12.5 ns. In this way, we avoid poten-
tial critical issues associated with laser repetition rates, much faster
than the fluorescence decay completion (56—59). Fluorescence life-
time imaging measurements were acquired in the time domain by
means of a picoHarp 300 standalone TCSPC module (Picoquant),

and 256 x 256 pixel images were obtained at a scanning frequency
of 400 Hz (pixel size 0.19 x 0.19 um) using the aforementioned laser
parameters.

FLIM-phasor plot analysis and interpretation

The phasor analysis, described by Digman et al. (60), was used for
FLIM data. The values of the sine-cosine transforms measured in
every pixel of the image are represented in a polar plot as a two-
dimensional histogram (phasor plot). Each pixel of the image gives
a point in the phasor plot. In this representation, all possible single
exponential decays lie on the “universal circle” defined as a semi-
circle, with radius %, going from point (0,0), corresponding to 7 =
%, to point (1, 0), corresponding to 7 = 0. Instead, complex decays
are represented by phasors within the universal circle. Importantly,
given that the phasors follow the vector algebra, it is possible to
geometrically resolve the fractions of two fluorescent species (in
the simplest case) by the lever rule of vector additions. Indeed, the
linear combination of two single exponential decays components
generates phasors within the universal circle, which lie on a straight
line joining the phasors of the two single components. The contribu-
tion of one selected single component to the lifetime is proportional
to the distance of the other single component from it. In simpler
terms, as the fractional intensity contribution increases, the image
phasor point moves closer to the corresponding contributing spe-
cies phasor. The phasor plot is also used in a reciprocal mode in
which each (occupied) point of the phasor plot can be selected using
colored cursors and mapped to a pixel of the image with the same
color of the cursors. In this way, the so-called lifetime maps are ob-
tained. FLIM data were processed by the SimFCS4 software (Labo-
ratory for Fluorescence Dynamics, University of California, Irvine,
CA, available at www.Ifd.uci.edu) and FLIM calibration of the system
was performed by measuring the known lifetime of the fluorescein in
aqueous solution at pH 8 that is a single exponential of 4.0 ns (61).

RESULTS

HEWL fibril formation was induced by incubating
40 mg/mL protein in HCI solution at pH 2.0 under mag-
netic stirring at 90°C. Aggregation was quenched at
different time points in an ice/water bath. The sample
was imaged using fluorescence confocal microscopy
after staining with 60 uM ThT. In Fig. 1 a, we report
1024 x 1024 pixels representative fluorescence
confocal microscopy images of the samples measured
after 30, 37, 60, and 150 min of incubation. Fig. 1 b re-
ports the average intensity fluorescence of ThT (five
measurements on images of the same size for identi-
cally treated samples) as a function of the incubation
time. Control measurements on native HEWL dissolved
in solution pH 2.0, stained with ThT under the same
conditions, show no significant fluorescence signal.
Data in Fig. 1, as expected, reveal the progressive
growth of the size and changes in the fibrils'
morphology. Elongated bright micrometer-scale aggre-
gates, which appear as fibril bundles, are evident since
the initial phases. As incubation time progresses, a
net-like (gel-like) organization emerges as is evident
from the images. The growth of ThT fluorescence in-
tensity of the whole images and at single-aggregate
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level is also detected as a function of time. The time
evolution of fluorescence intensity is reported in
Fig. 1 b. As described above, ThT is one of the most
common tools used to analyze the formation of amy-
loid structures. It shows high selectivity for amyloid fi-
brils and, upon binding to amyloid aggregates, it shows
a bright fluorescence emission in the visible region
(42,62). The increase in ThT fluorescence intensity is
believed to be associated with the abundance of
fibrillar structures in the solution, making it an effec-
tive and sensitive reporter (63). Accordingly, measure-
ments in Fig. 1 a and b show that the increase of ThT
fluorescence intensity is attributed to the growth of
the number and the size of the aggregated species
in the sample but also to the signal enhancement at
the single-aggregate level. We attribute this to
changes in the protein structure, resulting in increased
affinity between the dye and the aggregates, and/or
changes in the quantum vyield of the dye induced by
the modified environment. Specifically, it is clear that
HEWL sample, treated for 30 min, forms ThT-positive
fibrillar structures. There is significant heterogeneity
characterized by the coexistence of nonfluorescent re-
gions (black areas), small fibrils, and large clusters of
fibrils (see Fig. S1). Extending the incubation time to
37 minresults in a greater abundance of fibrils, approx-
imately 6 um in length. After a 37-min treatment, the
previously observed dark areas in the sample are no
longer present. Notably, a uniform fluorescence with
a diffuse background is now visible, indicating the
presence of small structures with size below spatial
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FIGURE. 1 ThT fluorescence intensity. (a)
1024 x 1024 pixels representative confocal fluo-
rescence microscopy images of 40 mg/mL
HEWL pH 2.0 incubated at 90°C with magnetic
stirring at 300 rpm for 30, 37, 60, and 150 min
stained with 60 uM ThT (Aexc = 470 nm, emis-
sion range 485-600 nm). (b) Average ThT fluo-
rescence intensity measured in four different
images, of the same size, acquired for each sam-
ple incubated at different times. ThT molecular
structure is also reported.

25pum

resolution, which show a positive response to ThT.
The sample incubated for 60 min is entirely populated
by aggregates that exhibit strong ThT fluorescence
signal with distinct and well-defined fibrils. Addition-
ally, large ovoidal aggregates are also visible, contain-
ing clearly identifiable individual fibril structures within
them (see Fig. S2). After 150 min of heating and contin-
uous agitation, the individual aggregates are no longer
distinguishable, and thin fibrils are organized in a gel-
like structure.

In line with the literature, amyloid fibrils are formed
in the present conditions, which readily further
assemble to form an amyloid-like hydrogel (26,27).

To gain information on the average molecular
arrangement of HEWL amyloid structures at different
time points during the observed supramolecular as-
sembly, CD and Fourier transform infrared (FTIR)
bulk measurements on the same samples were per-
formed. These spectroscopic methods are widely
used for determining the secondary structure of pro-
teins and peptides enabling the monitoring of struc-
tural changes (64-67). Both of these techniques
present a remarkable sensitivity to the molecular
arrangement of protein aggregates (13) and allow
the analysis of protein samples in different concentra-
tion regimes.

Fig. 2 a shows the far-UV CD spectra of the samples
diluted 1:40 after 30, 37, 60, and 150 min of heating
treatment at 90°C under magnetic stirring; the spec-
trum of the native protein in the same solution condi-
tions is also reported for comparison. Significant
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FIGURE. 2 Spectroscopic analysis. (a) Far-UV (194-260 nm) CD spectra, normalized at 252 nm, of HEWL after 30, 37, 60, and 150 min of
incubation at pH 2.0 and 90°C under magnetic stirring at 300 rpm in comparison with the CD spectrum of the native protein in the same so-
lution conditions (pink line). The measurements were performed in triplicates. (b) FTIR spectra in the amide I region (1735-1580 cm™") of
HEWL after 30, 60, and 150 min of incubation at pH 2.0 and 90°C under magnetic stirring at 300 rpm in comparison with the FTIR spectrum
of native protein in the same solution conditions (pink line). In the insert, the differential spectra are shown. All these samples are dissolved in

D,0 (see section “materials and methods”").

changes in spectral shape are observed during the su-
pramolecular assembly. The native HEWL sample
(pink curve), in line with the literature (18), is character-
ized by a CD spectrum with a sharp minimum at
208 nm and a broad one in the 220- to 230-nm region,
which are characteristics of the native structure of
HEWL, which comprises both « helices and 8 strands.
As shown in Fig. 2 a, comparing the spectrum of the
native HEWL with that of the sample heated for
30 min, the bulk CD measurements fail to highlight
the differences between the two samples found by
confocal microscopy measurements. Although aggre-
gates are visible in Fig. 1 a, at this stage they could
represent a minor fraction of the sample, with respect
to native or native-like protein structure, not giving rise
to a detectable signal in the presented experimental
conditions. A significant spectral change is observed
after 37 min of incubation, clearly indicating that sig-
nificant structural changes occurred. Specifically, the
decrease in the ellipticity of the peak at 208 nm,
accompanied by an increase in the ellipticity of the
peak at about 217 nm, confirms the hypothesis that
the sample undergoes a transition from its initial
native structure to intermolecular 8 sheet structures
(68,69). Changes measured at 230 nm were previously
attributed (for equine lysozyme) to modifications in ar-
omatic residues packing during amyloid fibrils forma-
tion (68). Under these conditions, the fluorescence
microscopy images at the same time point reveal an
increased presence of micrometer-scale bright aggre-
gate structures alongside a diffuse fluorescence
that was not previously observed. The CD spectra of

the samples at longer time points does not show sig-
nificant differences, notwithstanding critical morpho-
logical and intensity differences observed using
fluorescence microscopy. Fig. 2 b shows FTIR spectra,
normalized by the area in the amide I’ region
(1575 cm~'=1710 cm™'), of native HEWL and after
30, 60, and 150 min of incubation. The spectrum of
native HEWL in D,0 is also reported and resembles
the one widely reported in the literature for HEWL
with a peak centered at around 1654 cm ™. Differential
spectra with respect to the native structure are re-
ported in the inset. As can be seen, the spectrum
measured after 30 min of thermal/stirring treatment
is characterized by a decrease in the intensity of the
native peak at 1654 cm~' and a broadening of the
band with respect to the spectrum of the native
HEWL. The samples incubated for longer time
points show a progressive decrease of the peak at
1654 cm~' accompanied by the growth of the peak
atabout 1620 cm ', which is assigned to parallel inter-
molecular 8 sheets and considered a hallmark of amy-
loid structures (70,71). A parallel growth of the peak
centered at 1680 cm ™', assigned to antiparallel inter-
molecular 8 sheets, is also observed. Over time, the ab-
sorption peak at around 1620 cm ' grows, broadening
its width toward shorter wavenumbers. This could
be attributed to increased intermolecular H-bond
strength or increased number of 8 sheets (72,73), in
line with the increasing ThT fluorescence intensity
measured and reported in Fig. 1. Although bulk mea-
surements only provide averaged information, where
the contribution of less numerous but still relevant
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species may be underestimated, data in Fig. 2 confirm
a direct correlation between an extended incubation
time and an increased presence of intermolecular
B-structure content that evolves in parallel with ThT in-
tensity growth.

In summary, the incubation at high temperature and
under stirring leads to the development of HEWL fi-
brils. The size, shape, and structure of the resulting
aggregate species undergo changes over time, as
shown by fluorescence microscopy, illustrating the
gradual formation of micrometer-scale fibrils that pro-
gressively assemble into larger structures, resulting in
a dense network in the final stages. CD measurements
on the samples obtained by incubation at 30 and
37 min suggest that small, under-resolution, ThT-pos-
itive species are formed in the earlier stages. In line
with the literature, these species may constitute seeds
involved in heterogeneous nucleation as also sug-
gested by the concave shape of measured kinetics
(74). We wish to note that the detailed analysis of
nucleation mechanisms is out of the scope of this
manuscript and widely assessed in literature for
HEWL in these conditions (20). Importantly, a variety
of species were observed, with those testing positive
for ThT exhibiting a consistent fluorescence pattern
that appears to be correlated with their individual
sizes and morphologies. The average intensity
captured within a single image, akin to what would
be derived from a bulk measurement, demonstrates
an upward trend owing to the growth of aggregate
numbers in the solution and of the brightness of indi-
vidual species over time. This specific feature may be
due to the increase in the density of ThT-binding sites
within the single voxel and/or to changes in ThT quan-
tum yield related to variations in the environment sur-
rounding the binding sites.

Intensity maps

Phasor maps

150 min

In previous studies, it was shown that a certain cor-
relation exists between ThT fluorescence lifetime and
the detailed molecular architecture of the stained am-
yloid structures (9,31,36,52) and that distinct architec-
tures in amyloid fibrils lead to different lifetimes of ThT
fluorescence (31,46). Indeed, as previously mentioned,
the fluorescence-sensing properties of ThT are influ-
enced by the affinity between the dye and the binding
sites, as well as the interaction of ThT with its sur-
roundings (43,51). Measurements of ThT fluorescence
lifetime provide distinct indications of various binding
modes and differences in amyloid structures, offering
a notable advantage over assessing ThT intensity
alone. Importantly, fluorescence lifetime measure-
ments are not contingent on the concentration of
chromophores, suggesting independence from the
number of molecules occupying the binding sites.
This independence enhances the capability to analyze
amyloid structures comprehensively.

In Fig. 3, we report the FLIM analysis of measure-
ments acquired onthe HEWL samples (40 mg/mL) incu-
bated at 90°C for 30, 37, 60, and 150 min under stirring
after staining with 60 uM ThT. The phasor approach
presented here to analyze FLIM data has the potential
of simplifying the analysis, avoiding some of the
problems of the exponential analysis and providing a
graphical global view of the processes affecting the
fluorescence decay occurring at each pixel (56,60).

In Fig. 3 a—d, 256 x 256 pixels ThT fluorescence in-
tensity maps of the samples incubated for the
different interval times are shown. In Fig. 3 e—h, we
report the phasor maps in which each pixel is colored
according to the colored cursors used to select the
four lifetime distributions shown in the phasor plot
(Fig. 3 J). This analysis simplifies the identification
of ThT fluorescence decays in each pixel. Moreover,

0 0.5 G 1

FIGURE. 3 Phasor analysis. Phasor analysis of FLIM measurements on HEWL samples (40 mg/mL) incubated at 90°C under 300 rpm stirring
for 30, 37, 60, and 150 min and stained with 60 uM ThT. The signal is acquired under laser excitation at 470 nm, in the range 485—-600 nm.
(a,b,c,d) Intensity maps and (e f,g,h) the lifetime maps, corresponding to (a,b,c,d) measurements, colored according to the color circles used to
highlight the lifetime clouds in the phasor plot (/). Red pixels are related to shorter lifetimes. The progressively increasing lifetimes are mapped

using green, pink, and cyan colors.
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measured lifetime distributions lie inside the universal
circle, indicating that ThT lifetimes in these conditions
are characterized by nonsingle exponential decay. In
line with previous observations, findings suggest
that the lifetime of ThT exhibits nonsingle exponential
decay patterns, representing mixtures of different
components (31,53).

Our results reveal that the average of ThT increases
as a function of time as aggregation proceeds. In partic-
ular, referring to Fig. 3, the lifetime distribution moves
from the position highlighted with the red cursor to
the one marked with the cyan cursor going from 30 to
150 min of incubation. Additionally, this analysis em-
phasizes a remarkable level of homogeneity of ThT life-
time within each sample despite the large heterogeneity
of species with different size and morphology.

In Fig. 4, a comprehensive quantitative analysis is
presented, utilizing the decomposition of the phasor
plot data with a focus on two principal lifetime compo-
nents. It is crucial to note that a similar analysis has
previously been conducted in various systems, as
referenced in the literature (31,51,75). This analytical
approach represents the simplest model employed to
elucidate the ThT fluorescence decay under the speci-
fied conditions. The utilization of two principal lifetime
components enhances the ThT behavior analysis, al-
lowing for a deeper understanding of the intricate fluo-
rescence dynamics associated with these conditions.
Although the existence of additional components
cannot be excluded (76), this description allows the
straightforward interpretation of fluorescence signal,
intuitively spotlighting structural changes within ag-
gregates. In addition, we note that confirming a
detailed model is often less critical compared to fitting
procedures. This is because the information is
embedded in the heuristic phasor clouds' "trajectory,”
which is determined through the Fourier transforma-
tion of fluorescence decay.

In the FLIM analysis reported in Fig. 4, we used
two mono-exponential components characterized
by 7 = 0.7 ns (red cursor) and 7 = 2.7 ns (green

1“’“3 :T%f'f ~'k ’&‘, ’ii s BN

cursor), identified via the intersection of the straight
line, passing through all the lifetime distribution
clouds in the phasor plot in Fig. 3. These values
are significantly higher when compared to those
observed in water, where the lifetime of ThT falls
within the picosecond range (43,77).

Similar to previous studies on different proteins in
different solution conditions, it is possible to attribute
the fastest decay (0.7 ns) to less-specific binding sites
where ThT fluorescence is triggered by increased envi-
ronmental viscosity. Slower decay (2.7 ns) can be attrib-
uted to more-specific interactions between ThT and
intermolecular 8 structures that add more constraints
and less flexibility to the ThT-binding site. Data can be
analyzed using the two-components model

() = Aje ™ +Ae

where A; and A, are the amplitude of the single expo-
nential decays with 7 and 7, representing the fast and
slow average lifetimes. In the phasor plot, the distance
between each point of the cloud and the single-expo-
nential phasor is related to the fractional intensities
(F1 and F2) of each component which are proportional
to A, and A,. In Fig. 4 a—d, measurements reported in
Fig 3 a—d are shown in false colors according to the F»
fraction of the 7, component. The scale goes from red
(pure fast component at r; = 0.7 ns) to blue (pure slow
component at 7, = 2.7 ns). The fastest decay is domi-
nant at the earlier stages of aggregation (30 min, F, =
0.25) this seems to follow minor changes observed in
bulk at the secondary structure level (Fig. 2). The
average fraction F, grows, increasing the incubation
time from F, = 0.38 (after 37 min) to F, = 0.85 (after
150 min), passing through F, = 0.77 (after 60 min),
paralleling the growth of intermolecular 8 sheet re-
flected by CD and FTIR spectra.

At the earlier stages of aggregation, the formation of
protein assemblies results in the increase of the mi-
croviscosity (or solution-free volume) due to local
growth of protein concentration in the supramolecular

FIGURE. 4 Data analysis. Data analysis of the measurements reported in Fig. 3 performed using a double exponential decay whose principal
components are 7; = 0.7 ns (red) and 7, = 2.7 ns (green) identified drawing a straight line interpolating the two lifetime distributions clearly
evident in the phasor plot. The lifetime fraction maps for the FLIM images are colored according to the fractional contribution of the slower

component (Fy).
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assemblies. This could be accompanied by the occur-
rence of low-affinity binding modes of molecular ro-
tors for different constituents of the aggregation
mixture (such as monomers, oligomers, and fibrils)
also affecting viscosity around the dye (78). Progres-
sive increase of lifetime can be related to g-structure
maturation resulting in stronger H-bonds and/or
longer 8 chains within the aggregates.

In summary, the presented study shows that, under
heating and stirring, HEWL molecules undergo a se-
ries of dynamic events that lead to their mutual inter-
action to assemble into fibrils. As the incubation time
increases, the number of fibrils in the solution con-
tinues to rise, indicating ongoing aggregation. Eventu-
ally, these fibrils further aggregate with each other,
giving rise to a massive quantity of larger species
and finally to a gel. The observed increase in emission
intensity and lifetime of the ThT probe have poten-
tially been attributed both to the rise in intermolecular
B8 structures characterized by tight H-bonds and
also to the heightened viscosity of the surrounding
environment. Interestingly, the increased ThT lifetime
parallels the growth and the increase in strength
of intermolecular structures highlighted by FTIR;
fluorescence lifetime maps allow a qualitative
visualization of the increase in 8 structures during
aggregation.

DISCUSSION

The possibility of obtaining molecular-level informa-
tion on amyloid aggregate structures is of great inter-
est, as it has significant implications in various
research fields. Understanding these structures can
shed light on molecular mechanisms involved in
neurodegenerative pathologies, can aid in controlling
the immunogenic risk of protein drug products, and
can offer opportunities to design new protein-based
materials with controllable properties.

In this study, we analyzed the aggregation of HEWL
induced by thermal conditions in acidic environments
with stirring. We identified a straightforward, homoge-
neous amyloid formation pathway, showcasing struc-
turally uniform amyloid species at each observed
time point despite morphological inhomogeneity. By
employing fluorescence microscopy methods, CD,
and FTIR spectroscopy, we tracked the progression
of structural changes occurring during thermal
aggregation.

Microscopy techniques were employed to analyze
the fluorescence signal of ThT, enabling the direct visu-
alization and real-time monitoring of aggregate forma-
tion at the micrometer scale. This approach facilitated
the identification of distinct aggregate populations at
various maturation stages. Notably, we observed that
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changes in the secondary structure toward the forma-
tion of intermolecular 8 sheets were concurrent with
the increase in ThT fluorescence lifetime. Interestingly,
results show that, at the same maturation stage, the
dye experienced similar environments despite differ-
ences in the morphology and size of the observed spe-
cies, likely due to sample stirring, which is known to
minimize the effects of heterogeneous nucleation
phenomena.

The analyzed systems highlighted that FLIM-phasor
analysis of ThT-stained protein aggregates provides
an accessible and immediate method to capture
details on sample morphology and molecular struc-
ture at submicrometer resolution. In particular, it al-
lows the progressive enhancement of intermolecular
8 sheet strength/content to be highlighted.

Phasor analysis offered a straightforward and
rapid approach for analyzing FLIM data without
requiring specific models that could bias data inter-
pretation. In the presented conditions, we had the
possibility to easily assess that amyloid growth regu-
larly proceeds over time: the sample structural uni-
formity during gel formation and the ease of
controlling it may simplify the selection of building
blocks with diverse properties when designing amy-
loid-based materials.

Phasor-FLIM analysis revealed hidden information
within the complex ThT decays, providing insights
that are challenging to obtain using bulk methods
and affirming the valuable sensitivity of fluorescence
techniques. The analysis of ThT fluorescence life-
times during HEWL fibrillogenesis revealed that the
decays followed individual distributions lying on a
straight line connecting two distinct lifetime values
(0.7 = 0.2 ns and 2.7 = 0.2 ns), consistent with those
described for other amyloidogenic proteins under
varying conditions (31,45,46). This allowed us to
describe ThT fluorescence decays in terms of the su-
perimposition of two primary effects: the viscosity of
the environment, associated with the sub-nanosecond
component, and the ThT binding specificity to the
intermolecular 8 structures in amyloids, represented
by the longer lifetime component.

To characterize the structural properties of amy-
loids, we opted for simpler models that describe the
trajectory of phasor clouds within the phasor plot,
solely determined through the Fourier transformation
of measured fluorescence decays. Through this
approach, we demonstrate the ability to track the
growth of intermolecular 8 sheets during HEWL fibrillo-
genesis. This is achieved by monitoring the shift of the
ThT fluorescence lifetime distribution along the line,
transitioning from a position closer to the sub-nano-
second component toward the longer lifetime compo-
nent. This trajectory resembled that observed during



the maturation of alpha-lactalbumin particulates (79)
and the formation of insulin fibril (31). Intriguingly, am-
yloid-like superstructures (spherulites) arising from in-
sulin supramolecular assembly, when stained with
ThT, exhibited a broad fluorescence lifetime distribu-
tion, appearing as a cloud of points extended along
the same straight line in the phasor plot (within the
instrumental time resolution sensitivity) going from
low to high g-aggregate structure content. This obser-
vation unveiled significant aggregate-to-aggregate
structural diversity and variability within the same
aggregate. Furthermore, the coacervation of Pvfp-58
leading to the formation of amyloid fibrils displayed
analogous behavior, with early-stage protein droplets
showing ThT fluorescence due to increased environ-
mental viscosity and fluorescence lifetime dominated
by the sub-nanosecond component (53).

In these instances (31,53), the longer lifetime com-
ponents along the line characterized ThT decay within
structures with a higher or stronger content of inter-
molecular 8 structures.

Taken together, these experimental results support
the notion that analyzing ThT fluorescence lifetime
through the phasor approach provides previously un-
reported information about the properties of this dye
and offers a straightforward means to analyze the
molecular structure of protein aggregates. This is
summarized in Fig. 5, which illustrates the shift
in the ThT lifetime distribution within the phasor
diagram due to fibril maturation. ThT signal at the
beginning of the aggregation processes is mainly
attributable to increased environmental rigidity with
nonradiative decay due to ThT rotation. As the
aggregation process evolves and maturation of the
aggregates occurs, intermolecular 8 sheet content in-
creases and stronger H-bonds and/or longer 8 chains
provide specific binding sites that add more con-
straints and less flexibility to the ThT-binding sites.
This results in an increase of the fluorescence lifetime

causing a shift along a line connecting two single life-
time distributions corresponding to individual compo-
nents in the phasor plot.

The phasor analysis allowed us to propose a simple
model to interpret the significance of these decay
times. This capability is crucial as it enables the
discrimination of structurally distinct species within
aggregated samples and facilitates tracking the tem-
poral evolution of protein assembly processes into
amyloid structures. By understanding the dynamics
of fluorescence lifetimes and their correlation with
specific structural changes, researchers will gain valu-
able insights into the mechanisms and kinetics of am-
yloid formation. Such knowledge holds promise for
various fields, including biophysics, biochemistry,
and biomedical research, where studying amyloid
structures is paramount.
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FIGURE. 5 The scheme illustrates the pathway
of amyloid structure maturation for amyloid spe-
cies stained with ThT. Phasors heuristically
to describe a linear trajectory connecting the
characteristic fluorescence lifetime single expo-
nential components (0.7 = 0.2 ns and 2.7 +
0.2 ns). Although alternative complex multicom-
ponents models could be identified, the shift of
the phasor cloud along this line well describes
the transition from dense structures with low
intermolecular 8 sheet contents to mature amy-
loid structures characterized by higher content
of intermolecular 8 structures.
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