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A B S T R A C T

Liquid-liquid phase separation is a key phenomenon in the formation of membrane-less structures within the cell,
appearing as liquid biomolecular condensates. Protein condensates are the most studied for their biological
relevance, and their tendency to evolve, resulting in the formation of aggregates with a high level of order called
amyloid.
In this study, it is demonstrated that Human Insulin forms micrometric, round amyloid-like structures at room

temperature within sub-microliter scale aqueous compartments. These distinctive particles feature a solid core
enveloped by a fluid-like corona and form at the interface between the aqueous compartment and the glass
coverslip upon which they are cast. Quantitative fluorescence microscopy is used to study in real-time the for-
mation of amyloid-like superstructures. Their formation results driven by liquid–liquid phase separation process
that arises from spatially heterogeneous distribution of nuclei at the glass-water interface. The proposed
experimental setup allows modifying the surface-to-volume ratio of the aqueous compartments, which affects the
aggregation rate and particle size, while also inducing fine alterations in the molecular structures of the final
assemblies.
These findings enhance the understanding of the factors governing amyloid structure formation, shedding

light on the catalytic role of surfaces in this process.

* Corresponding author.
E-mail addresses: giuseppe.deluca04@unipa.it (G. De Luca), giuseppe.sancataldo@unipa.it (G. Sancataldo), benedetto.militello@unipa.it (B. Militello), valeria.

vetri@unipa.it (V. Vetri).

Contents lists available at ScienceDirect

Journal of Colloid And Interface Science

journal homepage: www.elsevier.com/locate/jcis

https://doi.org/10.1016/j.jcis.2024.07.135
Received 19 April 2024; Received in revised form 24 June 2024; Accepted 16 July 2024

mailto:giuseppe.deluca04@unipa.it
mailto:giuseppe.sancataldo@unipa.it
mailto:benedetto.militello@unipa.it
mailto:valeria.vetri@unipa.it
mailto:valeria.vetri@unipa.it
www.sciencedirect.com/science/journal/00219797
https://www.elsevier.com/locate/jcis
https://doi.org/10.1016/j.jcis.2024.07.135
https://doi.org/10.1016/j.jcis.2024.07.135
https://doi.org/10.1016/j.jcis.2024.07.135
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2024.07.135&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Colloid And Interface Science 676 (2024) 569–581

570

1. Introduction

In recent years, liquid–liquid phase separation (LLPS) has gained
increasing attention in both biological and biophysical research. LLPS
involves the separation of a homogeneous solution into two phases: a
denser, more concentrated phase retaining liquid-like properties, and a
diluted phase depleted of most participating macromolecules [1–4]. In
vivo, LLPS constitutes a fundamental phenomenon for the function of
cells with a crucial role in health and disease: the condensation of pro-
teins and other biomolecules, into liquid droplets is at the basis of the
formation of subcellular membrane-less organelles [3,5,6]. In such
structures, the macromolecule coacervates are in dynamic equilibrium
with the environment due to the absence of any delimiting membrane
[6]. Similar to the process of aggregation, the ability to LLPS can be
considered a common property of protein molecules. Whether a protein
solution undergoes phase separation depends on various factors,
including the concentration of proteins in the solution and the specificity
of their sequences [1,7–9]. Environmental conditions such as tempera-
ture, the type and concentration of salts, the presence of co-solutes, pH,
and the volume excluded by other macromolecules play crucial roles in
determining whether phase separation occurs [4,9–15].

Multivalent inter- and intra-molecular interactions have been found
to drive the demixing from the homogeneous phase into a phase with
different physico-chemical properties and characterized by lower free
energy than the fully mixed state [2,16–18]. A balance of long-range and
short-range forces regulates protein self-assembly into condensed states
and weak interactions such as π–π stacking, van der Waals forces,
hydrogen bonding and transient cross–β-contacts have been suggested to
have a dominant role [3,10,17–19]. These forces are common to the
ones involved in folding and aggregation but act in different extents.
Notably, the dense phase that results from LLPS process represents a
metastable state which may undergo a “maturation” process. It implies
the stabilization of intermolecular bonds, leading to the development of
a gel or solid-state structure [20,21,2,3,6].

The multiple underlying mechanisms of droplets maturation which
may lead to protein aggregates or hydrogels are not clearly understood
yet. In some instances, the LLPS of protein molecules was found also to
involve the formation of cross β-structures [22,23,2,3]. Intermolecular
hydrogen bonds, which are formed between neighboring β-strands,
stabilize the supramolecular assemblies, and create a repetitive pattern
of hydrogen bonding typical of amyloid structures. Thus, it is not sur-
prising that in several instances LLPS phenomena were also found to be
involved in amyloid structure formation [20,22–25]. Indeed, spherical
liquid droplets were previously observed in the early stage of supra-
molecular assembly phenomena leading to fibrils formation [20,26–29].
More in general weak intermolecular H-bonds in the concentrated phase
may increase their strength leading to a liquid-gel transition [24,30–33].

Amyloid structures themselves have been proposed to undergo LLPS
to form dynamic structures as stress granules in cellular environment
[3,5,34]. Moreover, amyloid structures can self-assemble in higher-
order assemblies at a macroscopic or mesoscopic scale [35–37]. They
may occur in various forms and sizes, including elongated fibrils [38],
dense spherical microparticles (particulates) [39], and core–shell con-
figurations with a dense, amorphous core surrounded by a fibril-like
corona (spherulites) [40]. Importantly, these structures are generic
and can be observed across various proteins and biological contexts.
Despite their diversity, all these structures exhibit a common amyloid
molecular structure, showcasing a regular pattern of intermolecular
hydrogen bonds. The formation of these generic structures has been
proposed to involve LLPS as the creation of spherical condensates en-
hances the interactions between protein molecules minimizing interfa-
cial energy [41–44]. In general, protein supramolecular assembly
involves multistep processes and interactions, as conformational
changes (possibly including oligomer formation) and intermolecular
bonding, nucleation mechanisms, phase transitions, etc [35,45–51].
Similar phenomena can be observed in the assembly routes of LLPS.

Protein nucleation can be triggered by or trigger LLPS and these pro-
cesses can occur either before or after oligomerization. The timing and
progression of LLPS process may be regulated by external stimuli [3],
including variations in temperature [13,52], ionic strength [10,53], or
the presence of surfaces and interfaces [54].

Notably, surfaces and interfaces have been shown to catalyze amy-
loid formation [55–58] and more in general they can accelerate or slow
down protein aggregation processes [25,59–61]. In vitro, the surface-
volume ratio of the sample was found to be critical in regulating pri-
mary nucleation mechanism [59]. Adsorption of molecules at the
interface can initiate supramolecular assembly inducing conformational
changes or favoring the formation of nuclei [62].

In the presented study Human Insulin (HI) is employed as the model
protein. This choice is motivated by extensive research conducted on it
over the past decades regarding amyloid formation and its applications
in the pharmaceutical field. HI is a relatively small hormone protein that
may reassemble in different quaternary structures depending on phys-
ical and chemical parameters of the solution as pH, solvent composition,
temperature as well as on insulin concentration [63–65]. In acidic
conditions in acetic acid solution, the monomeric state is favored
[63,65]. In such conditions, at high temperatures, the formation of
amyloid fibrils and spherulites has been extensively studied and results
show that a plethora of amyloid-like polymorphs can be formed with
variations at the nano, micro or mesoscopic level [66–74]. Here we show
a LLPS-driven process which coupled with a liquid-to-solid phase tran-
sition results in the spontaneous formation of amyloid-like self-assem-
blies. The selected experimental conditions enable the observation of the
supramolecular assembly process within aqueous compartments
ranging from nanoliters to hundreds of nanoliters. Monodisperse
spherical particles displaying amyloid properties are generated at the
solution-glass interface through homogeneous nucleation, originating
from a spatially heterogeneous distribution of similar nuclei. These
structures exhibit a solid core, and a liquid-like corona and display
characteristics features that fall between protein particulates and
spherulites.

Using quantitative fluorescence microscopy techniques, we were
able to elucidate the different phases of these peculiar supramolecular
assemblies. Specifically, by employing Thioflavin T (ThT), a gold stan-
dard fluorescent marker in amyloid research, we investigated the for-
mation and growth of aggregates within sub-microliter compartments.
The analysis of fluorescence lifetime of ThT using the phasor approach
[68,75], revealed distinct structural characteristics of the newly formed
species. Coupled with FRAP experiments, this approach allowed us to
provide a thorough description of the entire process disentangling ho-
mogenous primary nucleation as a fundamental step of the formation.
This study underscores the influence of surface-to-volume ratio on LLPS-
driven processes within microscale compartments at interfaces,
revealing a supramolecular assembly phenomenon that remains elusive
in large-scale samples.

2. Materials and methods

2.1. Sample preparation and creation of aqueous compartment

Human Insulin (HI) was dissolved in a solution containing Acetic
Acid 20 % and NaCl 0.5 M (pH=1.85). When completely dissolved, the
solution of HI was filtered by a 0.2 μm filter and then diluted to a final
concentration of 5 mg/ml. Protein concentration was measured by UV –
Vis spectroscopy by means of a Jasco – V770 spectrophotometer using
the molar extinction coefficient ε = 1 at 276 nm for 1.0 mg/ml. ThT and
Tween 20 to a final concentration of 40 μM and 0.05 % w/v, respec-
tively, were added to the solution. The stock concentration of ThT and
Tween 20 are about two orders of magnitude higher (3.36 mM ThT and
5 % w/v Tween 20) with respect to the final concentration, to minimize
the dilution effect and to make it negligible. For the experiment with HI
labeled with Alexa 647 (HI647), it was added at the last step, at a final
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concentration of 80 nM.
To create sub-microliter scale aqueous compartments a drop of a

freshly prepared protein solution was injected in a 100 µl drop of min-
eral oil deposited on a glass coverslip using a standard pipette. A glass
Hamilton syringe of 1 μl was used to inject the sample solution into the
mineral oil drop. Before using the syringe, it was thoroughly rinsed with
acetone and then with acetic acid. The initial five drops of the solution
dispensed from the syringe were discarded. This procedure is employed
to cleanse the syringe, removing undesired contaminants and any po-
tential residues of acetone that might interfere with the aggregation
process. Small aqueous droplets, with variable size, are immersed in the
oil at the interface with the glass coverslip. Protein particles formation
was observed within the microliter compartments either during mea-
surements at the microscope stage or when the sample was incubated in
the dark at lab temperature (23 ◦C). All the experiments were repeated
at least three times.

2.2. Two-photon microscopy and confocal laser scanning microscopy

The experiments were performed using a Leica TCS SP5 confocal
laser scanning microscope, with a 63×/1.40–0.60 and 40×/1.25–0.75
oil objective, and a scanning frequency 400 Hz (Leica Microsystems,
Germany). All the images were acquired at a resolution of 1024 × 1024
pixels. ThT fluorescence was excited at 780 nm (Spectra-Physics Mai-Tai
Ti:Sa ultra-fast laser) and the detection range was 450 – 600 nm for
images acquired in two-photon microscopy mode. Kinetics measure-
ments were acquired using two-photon excitation. For images acquired
by confocal microscopy the ThT fluorescence was excited at 470 nm
(Leica SupercontinuumWhite Light Laser (WLL)) with a detection range
was 485 – 585 nm, and the HI647 fluorescence was excited at 633 nm
(WLL) with a detection range is 650 – 750 nm. The analysis of the mi-
croscopy data was performed by the open-source software ImageJ Fiji
(https://imagej.net/software/fiji/).

2.3. Fluorescence lifetime imaging microscopy (FLIM)

Fluorescence lifetime imaging measurements (FLIM) were acquired
in the time domain by means of a Leica TCS SP5 confocal laser scanning
microscope coupled with picoHarp 300 TCSPC module (Picoquant,
Germany). 256× 256 pixels FLIM images were collected with a 63×/1.4
oil objective and scanning frequency 400 Hz, exciting ThT fluorescence
at 470 nm (WLL) and collecting it in the detection range 485 – 585 nm
(laser repetition rate is 80 MHz).

2.4. FLIM phasor plot analysis and interpretation

FLIM data were analyzed by phasor approach, described for the first
time by Digman and colleagues [75]. Phasor analysis is a technique that
enables a graphical representation of FLIM data. It involves mapping the
fluorescence decay data obtained at each pixel of an image into a polar
plot, known as a phasor plot, through Fourier transform. The phasor plot
consists of two coordinates, g and s, which are respectively the real and
imaginary parts of the Fourier transform of the measured fluorescence
decay. In this analysis, a single exponential lifetime decay lies on the
“universal circle,” a semicircle with a radius of 0.5 and centered at the
point with coordinates (0.5; 0). This semicircle extends from the point
(1; 0), where shorter lifetimes (τ = 0) are mapped, to the point (0; 0),
where longer lifetimes (τ = ∞) are mapped. Multi-exponential decays
fall within the universal circle because phasors respect vector algebra
rules. Specifically, a two-component lifetime decay aligns with a straight
line that connects the two individual lifetime components of the com-
plex decay. Furthermore, the distance of a phasor point on the line from
one of the two single components (normalized to the total length of the
chord) is the weight of the other single component in the complex life-
time, and vice versa. The weights are often referred to as a fraction.

To have a spatial localization of the fluorescence lifetime

distributions obtained in the phasor plot, phasor distributions can be
selected using colored cursors. As result, all the pixels of the original
image, associated with the phasors selected by the cursor, will be
colored with the same color of the used cursor, obtaining a new image in
false colors called “phasor map”. For a two components lifetime, known
the two single components, it is possible to analyze the data and to
obtain the map of the fraction of the first component, therefore
providing overall information of the lifetime with a higher spatial res-
olution. The resulting image has a continuous color code, and it is called
“fraction map”.

FLIM analysis was performed by the SimFCS4 software developed at
the Laboratory of Fluorescence Dynamics, University of California at
Irvine (https://www.lfd.uci.edu). FLIM calibration of the system was
performed by measuring the fluorescence lifetime of Fluorescein in a
basic aqueous solution that is known to be a single exponential of 4.0 ns.

2.5. Fluorescence recovery after Photobleaching (FRAP)

FRAP experiments were performed using FRAP wizard of the Leica
TCS SP5 confocal laser scanning microscope control software and WLL
as an excitation/bleaching source. The 256 × 256 pixels images were
acquired with a 63×/1.4 oil objective, and scanning frequency 400 Hz,
on the samples that present a fraction of HI647 (80 nM). HI647 fluo-
rescence was excited at 633 nm (Leica “white light” laser) and collected
photons in the range 650 – 750 nm. Bleaching was performed for 20
frames (1.306 exposure time per frame) with high laser power in a cir-
cular region of interest with a radius of about 1 – 1.2 µm. The analysis of
the microscopy data was performed by the open-source software ImageJ
Fiji (https://imagej.net/software/fiji/).

3. Results and discussions

3.1. HI particles in sub-microliter volume

To monitor the growth of protein assemblies we performed experi-
ments on sub-microliter scale sample drop (SD) containing Human In-
sulin aqueous solution. This allowed us to analyze, in real-time, the
kinetics and growth of microscale protein assemblies by means of fluo-
rescence microscopy methods.

Fig. 1a) and b) depict schematic representations of the experimental
setup from both a top view and a side view perspective. A sub-microliter
volume SD (yellow circle/hemisphere) was injected into a 100 μl min-
eral oil drop (grey circle/hemisphere) cast on a microscopy grade glass
cover slip, and the fluorescent insulin microparticles (green circles/
semicircles) on the interface between the glass coverslip and the
aqueous SD. The sample contains 5 mg/ml HI in a 20 % Acetic acid
solution (pH 1.85), 0.5 M NaCl and 0.05 % Tween 20.

As previously reported, the presence of Tween 20 favors the forma-
tion of stable aqueous compartments, well defined in shape and
encapsulated within the oil [76–78]. This non-ionic water-soluble
amphiphilic surfactant has great compatibility with protein molecules
and at the chosen concentration, stabilizes the water/oil interface
avoiding water-in-oil leaking effects [77,79]. In Fig. 1c) we report a
representative 1024 × 1024 pixels two-photon microscopy image (λexc
= 780 nm, detection range= 450–600 nm) of Thioflavin T (ThT) stained
sample after about 5 h from the deposition, the profile of the aqueous SD
((250 ± 10) μm diameter) is highlighted using a yellow circle. Repre-
sentative measurements at a higher spatial resolution of different SDs of
the same size, in the same experimental conditions, are reported in
panels d) and e). As observed, nearly spherical particles, characterized
by uniform sizes with minimal variation from one another, are evenly
dispersed within the SD, with an average diameter of approximately 5
μm. Importantly, by exploring the entire volume of several aqueous SD,
our data suggest that these particles exclusively developed near the
bottom of the SD, in proximity to the glass coverslip surface, with a
random distribution across the surface. Notably, as mentioned above,
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the experimental conditions also include Tween 20 as an amphiphilic
agent to stabilize the aqueous compartment. Our data do not allow for
the specific localization of Tween 20 within the drop. However, since its
concentration is above the critical micellar concentration [80,81], it can
be inferred that this surfactant is distributed both in bulk and at the
interfaces. As shown, protein supramolecular assemblies positive to ThT
exclusively at the glass surface and no diffusing species are observed in
bulk solution or at the water–oil interface. This suggests a preferential
role of the water–glass interface in the formation of these structures.

The observed fluorescence signal is due to the presence of ThT
staining, a widely recognized fluorescent dye extensively employed for
the identification and analysis of amyloid structures. ThT is particularly
valuable in highlighting key stages of supramolecular assembly during
amyloid formation, ranging from liquid-liquid phase separation (LLPS)
events to the development of mature intermolecular β-structures
[20,33,82–84]. Noteworthy, the fluorescence signal is not homogeneous
within the particles. Specifically, the fluorescence signal is lower in the
central part resulting in the presence of a darker core region (in Fig. 1e).
The lack of fluorescence observed in the central region, located at the
equatorial plane of these small particles, can be ascribed to various
factors; among them the existence of an internal cavity within the par-
ticles, the limited affinity of ThT for the particle core, or the restricted
accessibility of ThT molecules to the internal regions of the particles. We
have previously observed low ThT fluorescence intensity in the core of
HI spherulites, which we were able to correlate with a high density of
native protein in the core of these structures [68].

To acquire additional information on the structure of the HI micro-
particles, we conducted an analogous experiment to the one described
above, adding HI covalently labeled with Alexa 647 (from now on
HI647) to the solution. HI647 concentration is 80 nM, resulting in a
molar ratio 1:104 between labeled and unlabeled molecules: the same
spherical fluorescent particles were observed to form in the sample on

the same timescale. Interestingly, higher Alexa 647 fluorescence in-
tensity was measured in the central part of the microparticles (see
Figure S1).

In Fig. 2, results of Fluorescence Recovery After Photobleaching
(FRAP) experiments on the particles are reported. These measurements
are aimed at investigating the mobility of HI molecules within protein
particles. Fig. 2a-c) shows representative 1024x1024 confocal micro-
scopy fluorescence images of particles grown in a 330 μm (diameter) SD,
containing HI647. Images were acquired in two channels, green and red.
The green channel in Fig. 2a) shows ThT fluorescence (λexc = 470 nm,
detection range = 485–585 nm). Alexa 647 fluorescence is shown in the
red channel in Fig. 2b) (λexc = 633 nm, detection range = 650–750 nm).
The signals of ThT and Alexa 647 are overlapped in Fig. 2c), showing the
two channels merged. In Fig. 2d) a representative 1024x1024 two-
photon microscopy fluorescence image of the particles obtained incu-
bating HI overnight in a 300 μm is shown.

ThT staining allows detecting the presence of spherical structures
with an average diameter of about 5 μm. As shown in Fig. 2a) and d) and
in line with results in Fig. 1 these structures exhibit lower ThT fluores-
cence intensity in the central region. To better visualize the intensity
profile of ThT fluorescence measured along the diameter (yellow dashed
line) of one particle is shown (green line) to highlight the reduced
fluorescence in the core. As evident from the data reported in Fig. 2b),
the intensity of Alexa 647 is notably higher in the central region of the
spherical particles. This observation suggests that HI molecules accu-
mulate within the core of the particles. Higher density of protein is found
compared to the external portion, where a lower ThT signal is detected
(Fig. 2c). This is more evident in Fig. 2e) where the magnification of a
single particle image is shown in the red channel. Purple and orange
circles are used to highlight two representative ROI (radius ~1.2 µm) in
the core and the edge of the particles respectively where FRAP experi-
ments were performed.

Fig. 1. (a) Top-view and (b) three-dimensional side-view representations (not in scale) of the experimental setup diagram: an aqueous SD (depicted as a yellow
circle/hemisphere) is injected into a mineral oil drop (grey circle/hemisphere) on a glass cover slip. Protein assemblies grow at the bottom of the aqueous SD (small
green circles/semicircles). (c) A representative two-photon microscopy fluorescence image (1024 × 1024 pixels) of the aqueous SD (outlined in orange) within the
oil. The HI particles form by incubating 5 mg/ml HI in a 20 % acetic acid solution (pH 1.85), 0.5 M NaCl, 0.05 % Tween 20, and 40 µM ThT at room temperature for
approximately 5 h in a 250 μm SD. A scale bar of 25 μm is provided. (d-e) Representative two-photon microscopy fluorescence images (1024 × 1024 pixels) of
analogous samples in repeated experiments at different spatial resolutions. Spherical particles exhibiting positive ThT staining consistently exhibit similar
morphology. The measured fluorescence intensity tends to be lower in the central region of these particles.
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The fluorescence intensity recovery is reported as a function of time
in Fig. 2f) for the two ROIs. Data are normalized to the average fluo-
rescence intensity within the ROI before the bleaching. As can be seen,
after photo-bleaching, the fluorescence intensity signal measured at the
edge of the particle increases to a plateau in about 80 s. The signal re-
covery is about 60 % of the initial signal, so an immobile fraction of
about 40 % can be estimated. On the contrary, no significant fluores-
cence recovery is measured in ROI at the core of the particles.

These observations can be explained considering that the observed
HI supramolecular structures are constituted by a central compact core
where proteins are in an immobile state, due to a rigid environment,
which may reflect a solid, gel or highly viscous state, surrounded by a
region where HI proteins have a larger mobility indicating that HI
molecules are able to diffuse in a fluid-like matrix. The solid nucleus at
the core of the observed protein condensates shows a lower affinity for
ThT. This indicates a different molecular structure in this region with
respect to the one in the external part similar to what was previously
reported for HI spherulites formed at high temperature and in bulk ex-
periments [68]. The fact that the outer region of the observed protein
particles is in a fluid-like state, together with the spherical shape of the
newly formed structures, indicates liquid–liquid phase separation as an
underlying mechanism of the formation of these liquid-like condensates
with a solid core.

3.2. Formation and evolution of supramolecular assemblies

By collecting images at regular time intervals after SD deposition, we

were able to monitor the aggregation kinetics in situ within the sub-
microscale SD. Representative fluorescence microscopy images of
events occurring in a 260 μm diameter drop as a function of time are
reported in Fig. 3. The time-lapse Video is reported in the supplementary
materials (see Video1). In the initial stages (about 2.5 h) a lag phase is
observed where no significant ThT fluorescence signal is measured; af-
terward, almost simultaneously (within 10 – 15 min), fluorescence in-
tensity starts growing from small and fixed spots (nucleation points)
close to the coverslip glass surface. The fluorescence intensity increases
abruptly, while the size of the particles grows with a radial symmetry
until an equilibrium is reached. Once the size is stabilized the fluores-
cence intensity remains constant over time. Within the spatial resolution
of the measurements, no diffusing species are detected, and it is possible
to note that protein particles grow radially from a nucleation point in the
center corresponding to the solid native-like core of the condensate
found at the end of the kinetics.

The time evolution of the supramolecular assembly can be retrieved
by measuring the ThT fluorescence intensity over time, in various Re-
gions of Interest (ROIs) of the image. ThT intensity can be quantified at
multiple levels including the entire SD, individual particles, or even
specific regions within the particles, down to the resolution of single
pixel. This comprehensive approach allows for a detailed examination of
how ThT fluorescence evolves at different spatial scales throughout the
assembly process.

In Fig. 4a) we report a 1024 × 1024 pixels two-photon microscopy
fluorescence image of a 260 μm diameter SD after the formation of HI
particles, after about 16 h of incubation at room temperature. Magnified

Fig. 2. (a-c) 1024 × 1024 pixels representative fluorescence confocal microscopy images in two channels of HI particles obtained incubating at room temperature
overnight 5 mg/ml HI and HI647 80 nM in a 20 % Acetic acid solution (pH 1.85), containing 0.5 M NaCl, 0.05 % Tween 20 and 40 mM ThT in a 330 μm SD. HI647 is
present in the sample with a molar ratio 1:104 ratio with respect to HI. a) ThT fluorescence is shown in the green channel (λexc = 470 nm, detection range = 485–585
nm). b) Alexa 647 fluorescence is shown in the red channel (λexc = 633 nm, detection range = 650–750 nm). c) Merged image showing the fluorescence of ThT and
Alexa 647 in the same color code. d) Two-photon microscopy fluorescence image of the HI particles stained with ThT incubated overnight in a 300 μm SD. Lower
fluorescence intensity is detected in the core of each particle. The green line represents the intensity profile of ThT fluorescence measured at the yellow dashed line. e)
Magnification of a single structure in the red channel. The purple and the orange circles are used to select typical regions (radius ~1.2 μm) where bleaching was
performed in FRAP experiments. f) Fluorescence intensity recovery as a function of time in ROIs in the core (purple dots) and at the edge of the HI condensates
(orange dots). Fluorescence Intensity is normalized to the average intensity measured in the ROI before photo-bleaching.
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Fig. 3. Representative fluorescence microscopy images of events occurring as a function of time when a 5 mg/ml HI in a 20 % Acetic acid solution (pH 1.85), 0.5 M
NaCl, 0.05 % Tween 20 and 40 mM ThT is incubated at room temperature for 6.4 h in a 260 μm SD. Images at different time points are shown: a) 145 min, b) 170
min, c) 185 min, d)195 min, e) 220 min, and f) 250 min. The time-lapse video is reported in the supplementary materials (see Video1).

Fig. 4. (a) 1024 × 1024 pixels two-photon microscopy fluorescence image of HI particles within an aqueous SD with 260 μm diameter (λexc = 780 nm, detection
range = 450–600 nm). Scale bar is 50 μm. (b − c) Magnification of details in the image in panel (a). A SD of 5 mg/ml HI dissolved in a 20 % Acetic acid solution (pH
1.85, containing 0.5 M NaCl, 0.05 % Tween 20 and 40 mM ThT), is injected in a 50 μl mineral oil and the sample is incubated at room temperature on the microscope
stage during time-lapse measurements. Image stacks are acquired at regular time intervals and ThT fluorescence intensity is monitored in single ROIs with different
sizes highlighted in red. (d − f) Normalized ThT fluorescence intensity versus time, obtained by integrating in each frame the values of every pixel of the ROI,
neglecting the one with a value under 5, to eliminate the contributions of free ThT in solution. The kinetics has a sigmoidal profile with a lag phase, growth phase and
plateau phase.
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areas of this measurement are reported in panels b) and c). ThT fluo-
rescence intensity was measured as a function of time in the red ROIs.
ThT fluorescence time evolution in the different ROIs is reported in
panel d) for the entire SD, e) for a single particle, and f) for a pixel within
the particle. Fluorescence intensity is normalized to the maximum value
reached at the equilibrium. All observed kinetics exhibit a characteristic
sigmoidal shape, typical of nucleated processes, featuring a lag phase of
approximately 150 min followed by a growth phase lasting 100 min,
reaching a plateau phase thereafter. The kinetics profile of the ThT
fluorescence measured in a single particle (Fig. 4e) and at a single point
within the particles (Fig. 4f) resemble the kinetics measured in the entire
SD, with an expected decrease of the signal-to-noise ratio due to the
reduction of ROIs’ size.

ThT fluorescence intensity kinetics were measured for various par-
ticles and in diverse regions within individual particles, revealing
analogous profiles within the same sample, indicative of an ergodic
behavior. Under the observed conditions, it is possible that nucleation at
the bottom of the SD at the solution-glass interface serves as the initial
stage of new phase formation. The initial formation of small clusters or
“seeds” of a different protein phase triggers the growth of a new liquid
dense phase.

It is worth noting that HI is often used as a model protein [37] for
amyloid aggregation studies and that, in analogous solution conditions,
amyloid formation was extensively studied in bulk with typical volumes
from tens or hundreds of microliters up to milliliters at temperatures
well above 50 ◦C [37,59,61,67–73,85]. The sample holder volumes re-
ported in the literature are at least one magnitude order larger with
respect to the ones explored here. As a reference, in the approximation of
SD as spherical hemispheres, the volume of a 250 μm diameter SD is
about 2 nl. Larger SDs present volumes ranging between tens and few
hundreds of nanoliters; these volumes critically differ from the one used
in standard plate readers. We have performed control experiments at
room temperature, for the very same HI solution, in milliliter scale
sample volumes in cuvette. In these conditions, supramolecular assem-
bly is not observed for up to 48 h (see Figure S2). It is well known in the
literature that, at high temperature and in acidic conditions, HI forms
amyloid fibrils or spherulites following mechanisms regulated by het-
erogeneous nucleation [66,67,71]. In the conditions reported in litera-
ture, insulin supramolecular assembly at high temperature is known to
be regulated by secondary nucleation mechanisms. Aggregation occurs
following several steps which include a stochastic formation of the sta-
ble aggregates both in bulk and at the surface which trigger further
aggregation. This results in both spatial and temporal heterogeneity of
the aggregation kinetics and in multiple and diversified aggregate spe-
cies within the same sample. In the presented conditions data clearly
show that the protein supramolecular assemblies form only at the

solution-glass interface, from heterogeneously distributed nuclei. Ag-
gregates growth is characterized by analogous ThT fluorescence kinetics
profiles. Furthermore, the newly formed supramolecular assemblies are
homogeneous in size and shape within the same samples. This suggests
that homogeneous mechanisms are involved in the onset and maturation
of these structures.

3.3. Effect of sample drop size in the supramolecular assembly

With the idea of exploring the role of sample size in the observed HI
supramolecular assembly we report in Fig. 5a) the ThT fluorescence
intensity kinetics in five different SDs, prepared using the very same
protocol but with different diameters which range from about 130 μm to
1500 μm.

The observable under consideration is the ThT fluorescence in-
tensity, measured over time across the entire SD. The obtained kinetics
data are normalized to the final fluorescence intensity value in the
plateau region. Consistent with the observations reported in Fig. 4, the
growth of fluorescence intensity exhibits a sigmoidal profile in all the
measured samples. Notably, this process is more rapid in smaller-sized
SDs. The kinetics profile reveals a critical correlation with SD size,
with larger SDs exhibiting a longer lag phase before observable changes
occur. In panel 5b) the same kinetics are reported after being offset to
match the duration of the lag phase, thereby allowing the growth pro-
files to overlap, and in Fig. 5c) the aggregation rate, measured as the
inverse of the lag phase duration, is reported as a function of the radius
of the SDs. The observed process takes place within a small-volume SD,
which, at equilibrium, can be approximated as a hemisphere. The base
of the hemisphere is the solution-glass interface, while the remaining
surface is the water–oil interface.

Fluorescence microscopy measurements reveal that protein micro-
particles grow from small structures at fixed points at the drop bottom.
Their radius increases over time as shown in Fig. 3. By monitoring the
sample drops over the entire volume, at different heights above the
glass, the formation of protein microparticles has not been observed.
Moreover, during and after their formation, no diffusing species above
instrumental resolution are observed in the volume or at the interfaces.
These multiple observations confirmed that the process only takes place
at the solution-glass interface which, due to the presented experimental
protocol, can be manipulated and tuned in terms of the surface area
accessible to protein. Notably, the duration of the lag phase in the ki-
netics is significantly influenced by the SD size (and therefore the
accessible surface). On the contrary, the slope of the growth phase does
not change significantly within the experimental error (Fig. 5b). This
suggests that similar processes occur once a critical nucleus forms at the
surface. In this context it is possible to infer that a nucleation process

Fig. 5. (a) Time evolution of ThT fluorescence intensity measured in the whole SD, for 5 mg/ml HI in a 20 % Acetic acid solution (pH 1.85) containing 0.5 M NaCl,
0.05 % Tween 20 and 40 mM ThT in SDs with different sizes ranging from 130 μm diameter to 1500 μm diameter. Kinetics presents a sigmoidal profile with a longer
lag phase in larger SDs. (b) The same kinetics reported in panel a) overlapped, reveal superimposable profiles. Time has been offset to the lag phase duration of each
ThT kinetics. (c) Aggregation rate, measured as the inverse of the lag phase duration, as a function of the SD radius: the lag phase duration was measured as the time
for which ThT fluorescence intensity reached 2 % of the maximum fluorescence (plateau region). Data were fitted by the function y = A+(B/x). The fit and the
associated error are reported in red.
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occurs at the surface, triggering coacervation phenomena. It is well-
known that protein molecules display a tendency to aggregate at the
surface compared to the bulk. The interaction of proteins with surfaces
may decrease the surface energy required for the formation of aggre-
gation nuclei [58,86] which may concur in protein association via
multiple mechanisms. Here, experimental data suggest that the observed
process is regulated by the attachment of protein molecules to the sur-
face at the bottom of the SD. Attached nucleation [87] where nuclei
presence is triggered by protein/surface interactions appears to be a
dominant mechanism. After the appearance of nuclei, proteins homo-
geneously condense around them forming micron-scale particles that
exhibit positive staining with ThT. The aggregation rate of the process
decreases as the SD radius increases, as shown in Fig. 5c), and it can be
associated with the time during which sub-microscopic clusters of pro-
teins form at the bottom of the SD and reach a critical size.

To rationalize the observed behavior, it is possible to consider that
the formation of such nuclei on the surface is likely governed by the
probability (P) of proteins diffusing within the SD and colliding with the
surface. In a simplified description, we can posit that insulin molecules
are uniformly distributed in the volume of the hemispherical SD and
freely diffuse within it with an average free path λ. Under these as-
sumptions, we can argue that the probability depends on the inverse of
the radius of the hemisphere. Indeed, in an oversimplified model where
particles freely travel for a length λ and then collide with other particles,
the probability for a particle distant y < λ from the surface of the SD to
impinge the surface itself can be obtained as the ratio between two
volumes: the volume of a spherical cap (Vc) of height λ-y and radius λ
(the region where the particle would end up after crossing the surface),
and the volume of a sphere (Vs) of radius λ (the entire region of points
where the particle could end up after traveling a distance λ in an arbi-
trary direction). Denote such ratio as Pc(y).

Further, the probability (PL) to find a particle in a layer of thickness
dy at distance y ≪ r from the SD surface is essentially the ratio between
the volume of the layer (VL) and the entire volume of the hemisphere
(VH),

PL =
VL

VH
=

πr2dy
2πr3
3

=
3
2

dy
r

Finally, integration of the product PLPc(y) over the interval [0, λ] leads
to the final result:

P =

∫λ

0

Pc(y)PL =

∫λ

0

3
2r

Pc(y)dy

P =
9λ
16r

As expected, an inverse relationship exists between the probability P and
the radius r, which derives from the SD size in terms of surface-to-
volume ratio. This is a heuristic description and is not intended to pro-
vide a detailed quantitative analysis. However, in Fig. 5c), we present a
fit of the data using a hyperbolic function. We find a reasonable agree-
ment with the experimental data, which supports the idea that attach-
ment nucleation mechanisms occur and are regulated by the free
diffusion of insulin molecules. Moreover, the observed condensation
phenomenon is nucleated and favored when the surface-to-volume ratio
of the SD increases (i.e. smaller radius). This underlines the importance
of the surface-to-volume ratio in the observed phenomenon.

Importantly, the observation of aggregation kinetics occurring in SDs
of the same size reveals that nucleation sites are heterogeneously
distributed on the bottom of the SD at the glass surface level and their
number affects the size and the number of the protein particles at the end
of the aggregation. A close relation between the number of newly
formed supramolecular assemblies and their size exists: at the equilib-
rium, the number of particles within SDs of the same sizes may vary, as

shown in Figure S3. In SDs of the same size a higher number of nucle-
ation sites results in smaller microscale particles in average (see
Figure S3 as a reference). This variation may result from the intrinsic
variability of the glass surface which determines a different number of
nuclei formed at the water–glass interface. Moreover, this could indicate
that the same fraction of HI molecules is sequestered within the
condensate regardless of the number of nucleation sites, leading to
particles of the same spherical morphology, and denoting that the ag-
gregation process is independent of their number.

In Fig. 6a) we report size distributions of HI condensates measured at
the end of the kinetics in three representative SDs characterized by the
same diameter d = 270 ± 10 μm. In these conditions, identical (within
the experimental error) volumes of 5 mg/ml HI solution are incubated at
room temperature overnight until the equilibrium is reached and the
diameter of fluorescent objects is measured. A 1024 × 1024 pixels
representative image of a SD is reported in the inset of the panels. As can
be seen in panel 6a), in SDs of the same size, particles are characterized
by monodisperse size distributions characterized by different average
diameters namely 2.9 ± 1.1 μm (green distribution), 5.0 ± 0.9 μm
(yellow distribution) and 6.4 ± 1.5 μm (red distribution).

In Fig. 6b) we report representative size distributions of particles
formed in three different SDs with an average diameter of about 1.8 ±

0.1 mm. The inset shows a 1024 × 1024 pixels representative image of
the sample with the same scale (50 μm) as the one in panel a). In
particular, the size distributions in panel 6b) are centered at 8 ± 2 μm
(green distribution), 10 ± 2 μm (yellow distribution) and (9.9 ± 1.5) μm
(red distribution), so also in this case a certain variability in the size of
the particles is observed, and in average the measured average diameters
of the particles are significantly larger than the ones formed in the
smaller SD in panel 6a). To better visualize that, two black dotted lines
are drawn in correspondence with the centers of the lower diameter
distributions (green) for both samples.

A close observation of the data highlights that the average size of the
particles increases when the number of particles is reduced, consistent
with the constant number of monomers initially in solution. The varia-
tion in the measured size of different particles corresponds to the
different number of supramolecular structures that grow from fixed
nucleation sites observed in the initial stages of the supramolecular as-
sembly. In particular, when a lower number of nuclei occurs the parti-
cles grow larger. Therefore, as the experiments are conducted at
constant protein concentration, data support the idea that the supra-
molecular association of HI, in these conditions, ends when the same
fraction of HI molecules is recruited in the condensates regardless of
their number. Fig. 6c) shows the ratio between the number of pixels
where the fluorescent signal is detected and the total number of pixels
taking into consideration samples analyzed in panel 6a) and b). This is
an estimation of the fraction of the surface occupied by condensates with
respect to the total attachment-available surface. The same color code
was used to identify the corresponding size distribution in panels a) and
b). It is immediately evident that this parameter is constant for SDs of the
same size resulting in average 17 % for the 270 μm diameter SD and 45
% for the 1.8 mm diameter SD. This is a further indication that the same
fraction of HI molecules is involved in the protein condensation process
independently of the number and the size of the final particles in SD of
the same size. However, in larger SDs the fraction of occupied area is
higher with respect to smaller SDs, which is dictated by the surface-to-
volume ratio of the SDs. Indeed, at constant protein concentration, the
number of molecules depends on the sample volume (r3), while the
available attached surface depends on (r2). Since the observed associa-
tion process occurs at the surface, and the inner volume of the SD serves
as a reservoir for molecules, the number of molecules that can be
recruited in the condensation process is linearly dependent on the
radius.

N
Σ

∝Cr
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where N is the number of molecules, Σ is the accessible surface, C is the
concentration and r is the radius of the SD. So, comparing surfaces with
the same extension, in a larger SD there is a higher number of molecules
available for the growth of the particles, resulting in larger condensates
and in a higher fraction of the occupied surface.

Summarizing, the presented experiments allowed us to isolate a su-
pramolecular assembly phenomenon involving HI proteins occurring at
the solution-glass interface. Proteins are found to associate within dense
spherical condensates positive to ThT with a solid core and a fluid-like
corona. The process begins with the formation of small protein clus-
ters/aggregates of HI molecules at the solution-glass interface which
serve as nuclei, which are the starting points for phase separation. Once
primary nucleation at the interface occurs, proteins gradually separate
from the surrounding solution leading to radial growth of the observed
microscale coacervates. In difference from what is standardly observed
for LLPS the newly formed condensates are not dynamic and remain
stable at fixed position around the fixed solid nuclei as shown in ex-
periments reported in Fig. 3, which also allows to exclude the formation
of other microscale aggregates in the sample. The evolution of the
process brings to hybrid structures and possibly underlying a liquid-
–solid state transition and the formation of intermolecular β-structures
typical of amyloid.

It is possible to gain information on the inter-molecular amyloid
β-structure and the spatial heterogeneity of the particles by exploiting
the spectroscopic properties of ThT [68]. As reported before, ThT ex-
hibits a remarkable affinity for amyloid fibrils driven by specific in-
teractions with intermolecular β-sheet-rich regions. ThT radiative
mechanisms depend on the binding site properties such as charge,
presence of specific residues (e.g., aromatics) or spacing between the

β-strands [88,89]. Therefore, ThT fluorescence signal exhibits signifi-
cant variations in both quantum yield and fluorescence lifetime when
the dye interacts with structurally diverse amyloid fibrils, enabling the
exploration of the polymorphic nature inherent to amyloid aggregates.

In particular, we have previously shown a strict relation between the
molecular organization of amyloid-like structures and the ThT fluores-
cence lifetime by means of Fluorescence Lifetime Imaging Microscopy
(FLIM), analyzing the data by means of the phasor approach [68]. FLIM-
phasor method allows an estimation of the fluorescence lifetime in each
pixel of the image providing a global and graphical representation of the
data, without the use of any model [75] (see methods for details). FLIM-
Phasor analysis of ThT-stained samples enables the mapping of struc-
tural details at a submicron scale, revealing fundamental molecular
characteristics such as the degree of β-structure packing [20,68,69,90].

The phasor approach is based on mapping lifetimes onto the phasor
plane by applying the Fourier transform to fluorescence decays, without
any manipulation of the original data. This allows for a graphical rep-
resentation of the lifetime data, enabling analysis through a no-fit pro-
cedure, which significantly simplifies the process. This is particularly
important in the case of complex multi-exponential decays, which
further complicate the analysis, as is the case in our study. In such cases,
one typically must assume a priori models of fluorescence decay, with
the lifetime obtained through a complex function of the parameters
describing the measured intensity decay. Conversely, using the phasor
method, the model often emerges from the data itself, avoiding incorrect
interpretations due to ineffective modeling.

Fig. 7a) shows 256× 256 pixels representative fluorescence intensity
images of particles sample incubated for about 3.5 h in a 220 μm
diameter SD at room temperature (scale bar is 10 μm). In Fig. 7b) the

Fig. 6. a) size distributions of particles formed by incubating a 5 mg/ml HI in a 20 % Acetic acid solution (pH 1.85), 0.5 M NaCl, 0.05 % Tween 20 and 40 mM ThT at
room temperature overnight in three different aqueous compartments with average diameter 270 ± 10 μm. Histograms bin size is 0.5 μm. The inset shows a 1024 ×

1024 pixels representative two-photon microscopy fluorescence image of the HI particles stained with ThT (scale bar 50 μm). Within the same SD particles present
the same shape and size but a difference in size is detected in different compartments. The measured average diameter results 2.9 ± 1.1 μm (green distribution), 5.0
± 0.9 μm yellow distribution and 6.4 ± 1.5 μm (red distribution). b) Size distributions of particles formed in the same solution condition obtained in three different
aqueous compartments with average diameter 1.8 mm. Histograms bin size is 0.5 μm. The inset shows a 1024 × 1024 pixels representative two-photon microscopy
fluorescence image of the HI particles stained with ThT (scale bar 50 μm). The average measured diameter is 8 ± 2 μm (green distribution), 10 ± 2 μm (yellow
distribution) and 9.9 ± 1.5 mm (red distribution). Black dotted vertical lines are used as a guide for the eye allowing to qualitatively observe the different sizes of the
particles incubated in SDs with different sizes. c) Ratio between the number of pixels where ThT fluorescence is detected with respect to the one where there is no
signal at the end of the supramolecular assembly in SDs with similar sizes. This measures the ratio between the surface occupied by the particles and the total area.
The ratios were calculated for the same SDs for which the size distributions were analyzed (legend presents the same color code). The measured ratio is constant at
about 17 % and 45 % of the total number of pixels for 270 μm and 1.8 mm SD respectively. This indicates that the same fraction of the glass cover slip is occupied by
the particles, independently of their number/size.
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phasor maps obtained from the phasor plot in Fig. 7c) are shown. In
Fig. 7d-e) we reported 256 × 256 pixels fluorescence intensity images
that focus on individual particles in samples that were incubated over-
night at room temperature in SDs measuring 190 μm (d) and 830 μm (e).
In Fig. 7f-g) we report the color-coded lifetime fraction maps obtained
from the analysis of the corresponding phasor plot in Fig. 7h).

As shown in Fig. 7a), the condensates have a spherical shape as
previously observed and their size is about 5 μm in diameter. The phasor
analysis reveals a single cluster of pixels located within the universal
circle, (Fig. 7c) that stem for a single ThT lifetime distribution charac-
terized by a multi-component lifetime. This observation is in line with
what was already observed for ThT in literature where this dye is
characterized by a complex fluorescence decay [68,88,91]. To obtain
the lifetime map, the lifetime distribution in the phasor plot is selected
using a red cursor, and the corresponding are colored in red (phasor
maps in Fig. 7b). As can be seen, all the fluorescent particles in the
phasor maps result colored in red, indicating that ThT fluorescence
lifetime is uniform within the sample. This observation is related to the
structural homogeneity of the sample at microscale level.

To explore whether the size of the SDs influences the structure of the
particles and to analyze whether the observed ThT fluorescence in-
tensity in Fig. 2d) reflects structural differences within the particles,
phasor-FLIM analysis was performed at higher spatial resolution, im-
aging individual particles formed in SDs of critically different sizes. In
the phasor plot presented in Fig. S4e) in SM two distinct and clearly
discernible lifetime distributions are evident. The lifetime distribution
associated with the longer lifetimes (pink cursor) corresponds to the
larger particles incubated in the 830 μm SDs, shown in Fig. 7e), while
the distribution linked to the shorter lifetimes (green cursor) is observed
in the smaller particles incubated in the 190 μm SDs, shown in Fig. 7d)
(refer to Fig. S4c-d) for the phasor maps). This result suggests structural
differences between the observed particles at the level of ThT binding
sites. Moreover, in phasor maps of the larger particles (Fig. S4d)) it is

possible to observe that the core, in correspondence with the lower in-
tensity region, is colored in green. This provides the indication that the
core of the particles presents such a molecular organization, that dif-
ferentiates the core and the edges of the structure, in line with the results
reported in Fig. 2. A similar trend is not visible in the smaller particles,
since this analysis is limited by the size of the cursors.

Consistent with observations in other amyloid-related systems
[20,68,69,90,91], the lifetime distribution clusters extend along a
straight line in the phasor plot, connecting two points on the universal
circle corresponding to τ1 = 0.6 ns and τ2 = 2.5 ns, respectively. This
allows us to describe Thioflavin T (ThT) lifetime observed in both
samples as double exponential decays, characterized by two primary
components with characteristic lifetimes of τ1 and τ2. The rapid decay
component (τ1) is attributed to less specific binding sites, where ThT
fluorescence arises due to increased environmental viscosity.
Conversely, the slower decay component (τ2) is associated with more
specific interactions between ThT and intermolecular β-structures,
which impose greater constraints and reduce flexibility within the ThT-
binding site, inducing an increase in its quantum yield and lifetime.

A quantitative analysis of the Fluorescence Lifetime Imaging Mi-
croscopy (FLIM) data, employing a double exponential model, is per-
formed using the two principal lifetime components according to the
equation:

I(t) = A1e
− t
τ1 +A2e

− t
τ2

where A1 and A2 are the amplitude of the single exponential decays τ1
and τ2. In the phasor plot, the distance between each point of the cloud
and the other single exponential phasor is related to the fraction F1 and
F2 of each component which are proportional to A1 and A2. We used an
analysis that enables the mapping of fractions F1 and F2 in false color
(see methods). Specifically, the color scale used ranges from blue, rep-
resenting the pure fast component with a short lifetime of τ1= 0.6 ns, to

Fig. 7. Phasor analysis of FLIM measurements on particles formed by incubating a 5 mg/ml HI in a 20 % Acetic acid solution (pH 1.85), 0.5 M NaCl, 0.05 % Tween
20 and 40 mM ThT at room temperature. a) 256 × 256 pixels fluorescent intensity images of HI particles incubated in a 220 μm SD for about 3.5 h. Scale bar 10 μm.
b) Phasor maps of the previous intensity images: the pixels are colored in red according to the red cursor which selects the single lifetime distribution in the phasor
plot (c). d-e) 256 × 256 pixels fluorescent intensity images of single HI particles incubated overnight in a 190 μm SD (d) and 830 μm SD (e). Scale bar 4 μm. f-g)
Lifetime fraction maps of the previous intensity image. h) Phasor plot showing an elongated lifetime distribution that lies on a straight line between the two lifetime
components, highlighted by the red (longer lifetime) and the blue (shorter lifetime) cursors on the universal circle. The color code is shown above the phasor plot,
going from red to blue continuously. The colors of the phasor maps (panel f-g)) follow the color code above the phasor plot.
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red, the pure slow component with a long lifetime of τ2 = 2.5 ns. This
color-coded representation provides a visual tool to distinguish and
highlight the relative proportions of these two fluorescence components
across the analyzed samples. In particular, the shorter lifetime is
dominant in the smaller condensates, incubated in the 190 μmSD, with a
F1 = 0.71 (light blue), while the larger condensates, incubated in the
830 μm, present a longer lifetime with a F1 = 0.62 (light green). In both
samples, it is evident that the shorter lifetime component is dominant,
this being in line with the findings from Fluorescence Recovery After
Photobleaching (FRAP) measurements. This result indicates that the
fluid-like environment surrounding ThT is characterized by binding sites
with relatively low specificity for the dye being indicative of their
coacervation nature and/or of the presence of a low amount of
β-structures within the observed area. Moreover, the analysis suggests
that the particles formed in the 190 μm SD have a less densely packed
structure in terms of β-sheets, or exhibit lower viscosity compared to
those grown in the larger SD where more densely packed intermolecular
β-structures are present.

It is important to note that the analysis, using a continuous color
map, allows a higher detail in the lifetime map as it is not constrained by
the radius of the cursors. For this reason, it is possible to distinguish that
in the core of the particles ThT decays are characterized by a shorter
fluorescent lifetime (dark blue) with respect to the edge confirming the
lower affinity of the particle part in this region for ThT. By examining
the phasor plot and comparing the results obtained with what has been
previously reported in the literature, we can conclude that the micro-
scale particles observed at the solution-glass interface share structural
characteristics with naturally occurring amyloid superstructures
[35,36,92]. These particles exhibit similarities in shape and size to
particulates [39,90,93] and display a core–shell structure, that in our
hypothesis arises from primary nucleation, similar to spherulites
[68,72]. However, they exhibit relatively weak or sparse intermolecular
amyloid β-structures.

4. Conclusions

This study aims to advance our understanding of the factors that
initiate the process of amyloid structure formation. This phenomenon
represents a critical step in various diseases but, on the bright side, also
holds promise as a starting point for the development of new bioinspired
sustainable materials. We successfully identified the initial triggers and
acquired valuable insights into the subsequent stages of insulin particle
formation at the solution-glass interface. In particular, we described a
process driven by liquid–liquid phase separation, that leads to the
spontaneous formation at room temperature of human insulin amyloid-
like particles in sub-microliter scale aqueous sample drops. Interest-
ingly, protein condensation starts from a heterogeneous distribution of
nuclei at the surface and occurs almost simultaneously in the whole
sample. The presented experimental setup allowed us to highlight a
process occurring at the interface which is not energetically favorable as
the surface-to-volume ratio decreases. The process is initiated by pri-
mary nucleation events occurring at the solution-glass interface and
continues via progressive radial size growth of liquid-like condensates.

The formation and growth process, monitored through Thioflavin T
fluorescence intensity kinetics at varying spatial resolutions (point,
single particle, entire volume of the sample drop) and spectroscopic
analysis of Thioflavin T fluorescence signal, indicated a remarkable
homogeneity of the process in contrast to the spatiotemporal heteroge-
neity often observed in the literature for insulin fibril formation at high
temperatures [66,67,71]. Nevertheless, similarly to what was reported
for high temperature studies [61,69], the interface played a dominant
role also in this case. The presence of heterogeneous nuclei was indeed
found to control both the number and size of the condensates. Moreover,
the surface-to-volume ratio of the sample drop regulates the rate of

aggregation kinetics (specifically the lag phase duration) and the size of
condensates. Shorter lag phases and smaller condensates are observed
when the sample drops possess a higher surface-to-volume ratio. This
observation suggests that the probability of individual molecules being
recruited into the nuclei is primarily determined by free diffusion.

Finally, we note that the sample volume reduction and the pecu-
liarities of the sample drop size allowed to single out a process which
produce particles with amyloid-like nature. Their molecular structure,
as shown by FLIM [68], contains few/weak intermolecular β-structures
whose content/strength is found to be regulated by the compartment.

The observed protein particles show amyloid-like nature and
intriguingly shared features with generic amyloid superstructures ob-
tained in diverse conditions. The size and shape of these structures
closely resemble that of protein particulates, and they exhibit a dense
solid core enveloped by a fluid-like corona, with a similar architecture to
protein spherulites. These observations, again, point out that protein
building blocks, when exposed to a range of environmental conditions,
exhibit the remarkable ability to form common molecular structures
supporting the idea that fundamental and generic laws exist that govern
the intricate processes of protein folding and aggregation. These prin-
ciples transcend environmental variations, emphasizing the robust na-
ture of these biological processes. The identification of such shared traits
in protein behavior yields invaluable insights into the fundamental
mechanisms that drive protein self-assembly. This understanding is
pivotal for unraveling the complexities of protein function and mis-
folding across diverse biological contexts. Moreover, these insights have
the potential for widespread applications, extending beyond basic
research to impact various fields where the manipulation of protein
structures is significant.
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[66] V. Foderà, F. Librizzi, M. Groenning, M. Van De Weert, M. Leone, Secondary

nucleation and accessible surface in insulin amyloid fibril formation, J. Phys.
Chem. B 112 (2008) 3853–3858.
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