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ABSTRACT This study investigates the use of spectral phasor analysis, hyperspectral imaging, and 6-acetyl-2-
dimethylaminonaphthalene (ACDAN) fluorescence to explore key protein transitions: unfolding, amyloid aggregation, and
liquid-liquid phase separation. We show that ACDAN fluorescence can sensitively detect subtle conformational changes
before the complete protein unfolds, revealing early microenvironmental shifts. During amyloid formation, ACDAN identifies
solvent dipolar relaxation events undetectable by conventional thioflavin T, providing critical insight into early aggregation
events. Additionally, we map the physicochemical properties of protein biocondensates and highlight distinct microenviron-
ments within these condensates, emphasizing the significance of dipolar relaxation in phase-separated systems. The
approach provides a flexible and user-friendly toolkit for studying protein transitions, which can be easily implemented in

commercial spectrofluorometers and microscopes.

WHY IT MATTERS Understanding protein conformational transitions is fundamental to unraveling key biological
processes and diseases. This study presents a simple yet powerful approach employing spectral phasor analysis,
hyperspectral imaging, and 6-acetyl-2-dimethylaminonaphthalene fluorescence to investigate protein behavior. By
capturing subtle shifts before unfolding, identifying the initial stages of amyloid aggregation, and mapping the
microenvironments of protein biocondensates, the method offers deeper insights into protein stability and phase
transitions. The approach is accessible and easily implemented, making it a valuable tool for various biochemical and
biomedical applications, advancing research in protein dynamics, disease pathology, and therapeutic development.

INTRODUCTION

Proteins are essential macromolecules in biology.
They play a crucial role in nearly all cellular processes,
from catalyzing biochemical reactions to structural
support for cells and tissues, and as signaling mole-
cules regulating communication within and between
cells. Protein (un)structure, dynamics, and stability
are essential to preserve their activity and function.
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Understanding proteins is fundamental to under-
standing life processes, diseases, and biotechnolog-
ical advancements.

Following Anfinsen's discovery that proteins can be
reversibly folded outside of a cell (1), researchers are
exploring the in vitro folding/unfolding process to un-
derstand the mechanisms and the thermodynamics
by which polypeptides reach their lowest free energy
states. The fundamental principles of protein folding
have practical applications in the understanding of
several pathologies, in the design of novel proteins
with specific functions, and in the formulation of pro-
tein pharmaceuticals (2). Although the traditional
view of a functional protein sees it as a highly con-
strained conformational ensemble, many such pro-
teins may contain significantly disordered regions or
may be largely unstructured, and these are often
referred to as intrinsically disordered proteins
(IDPs). Despite the complex proteostasis network
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that functions to maintain proteins in their soluble
state, they can convert into nonfunctional and poten-
tially harmful protein aggregates under certain cir-
cumstances. Both globular proteins and IDPs have
been implicated in the formation of these aggregates,
more frequently amyloids, which are associated with
human diseases (3). Seven out of the 37 polypeptides
associated with amyloid disease form deposits in the
central nervous system, giving rise to neurodegenera-
tive conditions, such as Alzheimer's and Parkinson's
diseases. These disorders are among the most preva-
lent progressive age-related neuropathies and
constitute a major cause of disability and mortality
worldwide (4,5). There is an increasing interest in
exploring the link between amyloid aggregation and
liquid-liquid phase separation (LLPS), i.e., the thermo-
dynamic process in which a homogeneous solution of
macromolecules separates into two compositionally
distinct liquid phases, with a dense polymer-rich
phase coexisting with a diluted phase. Although
recognized as a crucial mechanism governing the
spatiotemporal organization of biochemical path-
ways (6), increasing evidence suggests that the for-
mation of condensates through LLPS may be one
pathway leading to protein aggregation (7,8). The hy-
pothesis has sparked a revolution in research and
therapeutic advancements for neurodegenerative
disorders.

Several techniques can be employed to undergo
biochemical and biophysical studies of proteins
in vitro, in cells, and in vivo. Among these, fluores-
cence spectroscopy is widely used due to its tech-
nical simplicity, high versatility, and well-established
theoretical framework of chemical and physical pro-
cesses (9,10). It has been a cornerstone technique
for investigating protein conformational changes. It
offers advantages over other spectroscopic methods
through its superb sensitivity, high-resolution capabil-
ities, and the continuous development of novel fluoro-
phores (11). Traditional methods, like monitoring
intrinsic tryptophan (Trp) fluorescence, have offered
valuable insights into protein folding/unfolding transi-
tions. However, these methods often fall short in
revealing information about changes in the local envi-
ronment (microenvironment) that occur during com-
plex protein transitions, such as amyloid formation
and LLPS. Measuring microenvironmental properties
is crucial, as they significantly influence the physical
and chemical behaviors of surrounding molecules.
Environment-sensitive dyes change their emission
characteristics (intensity and/or color) in response
to the properties of their solvation shell. As such,
they are universal tools in fluorescence sensing and
imaging, responding to any biomolecular interaction
or change in biomolecular organization that modifies
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their local microenvironment (12). A major contribu-
tion in this field came from the pioneering work of Gre-
gorio Weber, who introduced a series of fluorescent
probes known as naphthalene derivatives, commonly
referred to as the DAN family (13). Among these,
6-acetyl-2-dimethylaminonaphthalene (ACDAN), a wa-
ter-soluble member of the DAN family, has gained
considerable attention for its ability to sense solvent
relaxation phenomena in biomimetic systems, cells,
and tissues (14). On the other hand, the phasor anal-
ysis (15,16), either lifetime or spectral, has improved
the ease and intuitiveness of the data analysis of
cuvette and imaging fluorescence measurements
(17-19). Spectral phasor (SP) analysis is a model-
free methodology that converts emission spectra
into a two-dimensional plot, effectively capturing vari-
ation in the center of mass of the spectrum (phase)
and the spectrum's full width at half maximum (mod-
ulation) (17). These features are intimately related to
alterations in the local microenvironment of the fluo-
rophore. Here, we combine SP analysis and ACDAN
fluorescence to explore three key protein transitions:
unfolding, amyloid aggregation, and LLPS. Our find-
ings demonstrate that this approach provides valu-
able insights that enhance the information obtained
from traditional methods.

MATERIALS AND METHODS

Reagents

Polyethylene glycol 6000 (PEG-6000), spermine (Spe), human
serum albumin (HSA), guanidinium hydrochloride (GuHCI), and thi-
oflavin T (ThioT) were purchased from Sigma-Aldrich (St. Louis,
Missouri). ACDAN was a kind gift from Professors Luis A. Bagatolli
and Leonel Malacrida. Buffer solutions were of analytical grade.
Milli-Q water was obtained from an ion exchange resin. Solutions
were filtered through a 0.22-um-size membrane.

Protein expression and purification

Recombinant human a-synuclein (a-syn) was expressed in Escheri-
chia coli BL21(DE3) cells transformed with a pT7-7 plasmid encod-
ing for the protein as described previously (20). For specific labeling
with thiol-reactive fluorophores, the residue Ala'*° was replaced by
Cys (a-syn-A140C). The variant a-syn-A140C was expressed and pu-
rified as the wild-type protein, adding 5 mM DTT (Genbiotech, San
Francisco, California) in the elution buffer to avoid disulfide
bridge formation (20). The sequence encoding for human full-length
Tau (2N4R) was cloned into a PpET-16b expression vector
(GeneUniversal, Newark, Delaware) and was preceded by a tobacco
etch virus protease-recognition sequence fused at the N-terminus
to a poly-histidine tag. The protein was expressed in Rosetta 2 cells
and purified as described in (21).

HSA chemical denaturation assay

30 mg mL~" HSA and 9 M GuHCl stock solutions were prepared in
25 mM Tris-HCI buffer (pH 7.4). 150 M ACDAN was prepared in the



same buffer and stored in amber-colored Eppendorf tubes at 4°C for
no longer than 3 weeks. Protein concentration was quantified by
absorbance using an 2% of 35700 M~' cm~'. Solutions of
50 uM HSA at increasing concentrations of GuHCI were equilibrated
for 5 min before measurements. ACDAN was added to a final con-
centration of 1 uM. Unfolding curves were monitored by Trp and
ACDAN fluorescence. Experiments were performed in triplicate
(Trp) or duplicate (ACDAN) and analyzed independently.

The midpoint of denaturation ([GuHCl]; ;) was obtained by fitting
the data (Amax Or the fraction of unfolded protein calculated from the
phasors) with the Boltzmann sigmoidal relation:

il M)
[GuHCI) — [GuHCl}, ,’
1+e dx

where A; and A, are the asymptotes (0 and 1, respectively, for the
phasor analysis) and dx is related to the slope at [GuHCI]; ,.

y =A+

Fibrillation assay

The aggregation of 100 uM a-syn in the presence of 100 uM Spe
was carried out in 25 mM Tris-HCI (pH 7.4), 0.01% NaN3, containing
10% PEG-6000 as a crowding agent. Samples were incubated for up
to 48 h at 37°C under quiescent conditions in a Dalvo incubator. Al-
iquots were withdrawn at different points and mixed with 5 uM
ThioT in glycine buffer (pH 8.2) to a final protein concentration of
0.25 uM. Simultaneously, aliquots mixed with 5 M ACDAN in
25 mM Tris-HCI buffer (pH 7.4) were measured. Experiments were
performed in duplicate and analyzed independently.

Kinetic traces of amyloid formation monitored by ThioT were
analyzed assuming a nucleation polymerization model according
to an equation for the fractional normalized amyloid conversion

(r@®):
1 — e kot

r(®) P L 2
where k;p, is the apparent rate constant for the incorporation of
monomers at the growth point located in aggregates and t;; is
the time point of 50% of apparent conversion. In this model, y(t)
is the fractional ThioT signal without independent determination
of monomer conversion (22). Fibril formation at the endpoint of ag-
gregation was confirmed by atomic force microscopy.

LLPS assay

Mixed a-syn/Tau and a-syn-Spe induced liquid droplets were ob-
tained according to (21). Briefly, 100 uM a-syn in 25 mM Tris-HCI
(pH 7.4), 10% PEG-6000, 0.01% Na-azide, was mixed with 1 uM
Tau or 100 uM Spe at room temperature. Tau liquid droplets were
formed by incubating 5 uM protein solution in the same buffer.
Droplet formation was monitored by fluorescence microscopy
within the first hour of incubation, as described below. Experiments
were performed in triplicate.

Fluorescence spectroscopy

Corrected steady-state emission spectra were acquired at room
temperature in a Cary Eclipse spectrofluorometer (Agilent Technol-
ogies, Lexington, Massachusetts). Trp and ACDAN fluorescence
were measured using a 3 mm optical path length cell and excited
at 295 and 370 nm, respectively, with spectral bandwidths set at
10 and 5 nm, respectively. ThioT measurements were performed us-

iNg dexe = 446 nm, spectral bandwidths of 10 nm, and a 1 cm path
cuvette.

Fluorescence microscopy

Liquid droplets were visualized using an Olympus FV1000 micro-
scope with a PlanApo N 60x/1.42 numerical aperture oil immersion
objective under differential interference contrast and fluorescence
modes. Aliquots from each LLPS assay were incubated with 10 uM
of ACDAN and placed in Nunc Lab-Tek Il chambers (Thermo Fisher
Scientific, Waltham, Massachusetts) with a microscopic quality
glass of 0.17 mm thickness whose surface was passivated with a
1% w/v bovine serum albumin solution to avoid nonspecific interac-
tions between the sample and the glass. The confocal spectral im-
aging experiments were performed by exciting at 405 nm and
collecting the emission light between 430 and 600 nm with a reso-
lution of 1 nm. The emission spectra collected from specific regions
of interest were normalized to enable easier comparison.

Atomic force microscopy

Aliquots (10 uL) of the samples were diluted with water and spin
coated on freshly cleaved mica surfaces. The spin-coated cycles
were 3000 rpm for 1 min and 500 rpm for 1 min. Images of
512 x 512 pixels were collected at a scanning rate between 0.3
and 0.4 in s™' on a multimode atomic force microscope (SPM,
Agilent Technology 5500). All experiments were carried out at
room temperature. The images were processed using Gwyddion
software.

HSI

Hyperspectral imaging (HSI) data were collected by registering
ACDAN emission spectra at 10 nm intervals, from 420 to
720 nm (a total of 30 spectra). Spatial information was obtained
using 256 x 256 pixel fields with a pixel size of ~100 nm. The
acquisition duration was 90 s using the 405 nm excitation line
of a diode laser, a B520/80 beam splitter, and a dwell time of 10
us/pixel. The spectral configuration of a Hamamatzu AW 064600
detector built into an Olympus FV 1000 microscope was used
for all measurements.

SP approach

The SP approach is a fast and robust method to approach complex
processes without the necessity for preconceived models that can
be applied to spectral data obtained from commercial fluorometers
and microscopes. The method transforms the emission spectrum
into a phasor, which contains all the information reported by the
probe and represented by the coordinates G(;) and S, calculated
as follows:

) S, F(4)cos (727m(/1L 4o) )

2F ()

G and (3)

~ SFsin (L’%_ %) )

SFO) ; (4)

Sw)
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where F(1) are the fluorescence intensity values, 1 is the initial
wavelength of the spectrum, L is the total range of wavelength
used for the spectrum (Amax — 4o), and n is the harmonic value
(n =1 in our case) (23,24). The angular position of the phasor is
related to the center of mass of the spectrum, with red-shifted
spectra displaced counterclockwise in the phasor plot (Fig. 1 A).
The radial position, an indicator of the heterogeneity of the probe's
environment, is inversely related to the full width at half maximum
and moves toward the center of the plot as the width increases
(Fig. 1 B). Phasors allow easy identification of single or combined
spectra and the quantification of the fraction of multiple compo-
nents using the linear combination rule (Fig. 1 C). In the phasor
analysis of fluorescence images (Fig. 1 D), each pixel in the image
has an associated point in the phasor plot, and each point in the
phasor plot maps to pixels and features in the image (24). G
and S, values of each pixel within an image provide information
about the heterogeneity of the environment where the probe is
located (25).

Cuvette SP analysis and visualization were performed using
the open-source Java software found at https://github.com/
Isocas314/Spectrasor/releases/tag/v1.0 (26), and HSI processing
and visualization were conducted using simFCS software
(https://www.Ifd.uci.edu/globals/). For the analysis of conden-
sates under different experimental conditions, the phasors for the
diluted phase were excluded.

The distinct environments were characterized by measuring the
extent of dipolar relaxation (DR). DR refers to the process by which
the orientation of solvent dipoles around a fluorescent probe re-
laxes after excitation. Changes in DR indicate alterations in the
local polarity, viscosity, and environment dynamics surrounding
the probe (9,27). In protein condensates, variations in DR detected
by ACDAN fluorescence can reveal differences in the microenviron-
mental properties within the condensates, such as hydrophobicity
or molecular ordering.

A B Cc
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The data were analyzed using a two-cursor approach based on
the method described by Mangiarotti et al. (25). This method was
selected because the phasor cloud from the different condensates
can be represented as two states of low and high DR, allowing us to
apply the linear properties of phasor space. The histograms display
the number of pixels for each step along the line between the two
cursors, normalized by the total pixel count. The center of mass
for each distribution, a measure of the extent of DR within each
droplet, was calculated as

i=1 i=1
CM = Y Fi [ > F, (5)
i=0 i=0

where F; represents the fraction for DR. Regardless of the specific
positions chosen for the cursors on the phasor plot, any difference
in the center of mass of the histograms is determined through
statistical analysis. Calculated DR values are presented in
box-and-whisker plots for clarity. Statistical significance was deter-
mined using one-way ANOVA. Asterisks indicate statistical signifi-
cance (**p < 0.01).

RESULTS AND DISCUSSION

ACDAN paired with SP analysis reveals
conformation changes before protein unfolding

Trp fluorescence is a common readout used to study
protein denaturation due to the bathochromic shift
observed upon exposure to a polar environment. Pre-
vious studies have demonstrated the usefulness of
the SP method for investigating protein denaturation
(26,28,29) and homo-oligomerization (30). Here, we
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evaluate the effectiveness of this method by
analyzing the emissions of Trp and ACDAN to monitor
chemically induced HSA denaturation in a comple-
mentary manner. HSA is a vital blood plasma protein
that transports various endogenous and exogenous
molecules, including drugs, fatty acids, and hormones
(31), which is frequently used as a model for folding
studies.

HSA contains a single Trp residue (Trp?'#) located
in a hydrophobic cavity within subdomain IIA, which
corresponds to the Sudlow | ligand-binding site
(31,32). Fig. 2 A shows the normalized Trp fluores-
cence spectra at increasing concentrations of
GuHCI. Under native conditions, Trp emission is
centered at 348 nm and shifts to 360 nm upon dena-
turation. These changes indicate that Trp becomes
more solvent accessible, suggesting the unfolding
of domain Il. Although the peak position is not, a priori,
proportional to the population of the states and could
lead to a biased assignment toward the state with the
higher quantum yield (33), such as the native state
in our case, the shift in Anax is frequently used to
monitor the equilibrium unfolding transition, as
shown in Fig. 2 C. From these data, we estimated
the midpoint of denaturation [GuHCI], , to be ~3.33
M, a free energy of unfolding AGY, , of ~2 kcal
mol~", and an m value of ~0.6 kcal mol~' M~', which
correlate with previous reports (34). Then, we con-

structed the SP plot from the Trp emission spectra
(Fig. 2 B). The displacement of the phasor in the pha-
sor space can be reasonably approximated by a linear
trajectory, reflecting the conformational transition
from which the fractional contribution of the dena-
tured state can be calculated (Fig. 2 C). The denatur-
ation profile obtained from this method matched the
profile derived from the shift in Amax, and similar equi-
librium unfolding parameters were calculated.
ACDAN binds to bovine serum albumin in presum-
able hydrophobic pockets that could also include
charged or polar amino acids (35). Thus, it is reason-
able to expect that ACDAN also binds to HSA. Fig. 2 D
shows normalized emission spectra of ACDAN in the
presence of HSA at increasing amounts of GUHCI. In
the absence of a denaturant, ACDAN showed a peak
at 460 nm, indicating a constrained environment. As
the amount of GuHCl increased, a shoulder at
~520 nm (relaxed) emerged, becoming dominant at
higher GUHCI concentrations. These spectral changes
are likely due to the release of the bound dye resulting
from the loss of the HSA tertiary structure. Interest-
ingly, the SP plot (Fig. 2, E and F) displays a clockwise
rotation of the phasor at GuHCI concentrations lower
than the midpoint of denaturation. This suggests a
more restricted environment around the probe before
protein unfolding. Structural studies using small-
angle X-ray scattering have demonstrated that HSA
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FIGURE 2 SP of ACDAN emission reveals a conformational change at low GuHCI concentrations. Representative normalized Trp (4) and
ACDAN (D) fluorescence spectra along the corresponding SP plots (B and E) of GuHCI-induced HSA chemical denaturation. (C) Denaturation
profiles obtained from Trp spectral shifts (w) and SP plot (@). (F) Magnified section of ACDAN SP plot at low GuHCI concentrations.
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can adopt more compact conformations at low con-
centrations of denaturing agents (34,36). Additionally,
a thermodynamic analysis of calorimetric traces for
bovine serum albumin in the presence of GuHCI indi-
cated a stabilizing effect on the native state at low
denaturant concentrations (37).

These data highlight the significance of the SP
approach as a valuable tool in protein spectroscopy.
Furthermore, when combined with environment-sensi-
tive dyes, it offers additional insights into the unfold-
ing process of both soluble and membrane proteins
(26,28-30).

ACDAN paired with SP analysis reveals early events
during amyloid formation

Amyloid formation is another protein transition that
has gained considerable attention due to its func-
tional and pathological implications. Over the years,
extensive efforts have been made to design new sen-
sors and techniques to unravel protein association
dynamics. To this end, we assessed the effectiveness
of ACDAN and the SP approach for monitoring protein
fibrillation, comparing them with the widely used
ThioT fluorescence method. We used a-syn aggrega-
tion in the presence of Spe as our model system.
a-syn is an IDP that accumulates into insoluble amy-
loid fibrils pathognomonic of Parkinson's disease
and related neurodegenerative disorders. Spe is a

biogenic tetramine that is typically elevated in age-
related neuropathies (38) and has been shown to
accelerate a-syn aggregation (39).

Fig. 3 shows the fluorescence spectra of ThioT at
different time points during Spe-induced a-syn fibrilla-
tion (Fig. 3 A), along with the normalized kinetic
aggregation curve (Fig. 3 C). As expected, ThioT fluo-
rescence, which senses the cross-g fibrillar structure,
displayed a classical sigmoidal profile, typically attrib-
uted to a nucleation-polymerization mechanism. Ac-
cording to this model, nucleation centers form
initially, and during the lag phase, they progress
through oligomerization into an elongation phase, ul-
timately resulting in the formation of the character-
istic fibrils (40). Analysis of the kinetic ThioT curve
indicated that under our experimental conditions,
a-syn forms fibrils with a lag time of ~10 h, an aggre-
gation t;, of ~15 h, and an apparent growth rate con-
stant kapp Of ~0.38 h™'. The presence of fibrils at the
end of the aggregation was confirmed by atomic force
microscopy (inset, Fig. 3 C).

The ACDAN emission spectra are included in
Fig. 3 B. Initially, the emission maximum of ACDAN
was located at 518 = 5 nm, near the position
observed in the buffer alone (525 + 5 nm, data
not shown). This slight blue shift may arise from
nonspecific interactions between the naphthalene
moiety and hydrophobic regions on the disordered
monomeric proteins (41), as has been suggested

FIGURE 3 SP of ACDAN emission reveals

early changes during amyloid formation.
Normalized ThioT (A) and ACDAN (B) fluores-
cence spectra during quiescent fibrillation of

a-syn in the presence of Spe. (C) Time course
of a-syn aggregation sensed by ThioT. Inset:

atomic force microscopy (AFM) image
(5 x 5 um) of the sample after 48 h of incuba-
tion. (D) SP plot of ACDAN during a-syn fibril-
lation.
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for other naphthalene derivatives (22). As aggrega-
tion proceeded, a hypsochromic shift in the emis-
sion band and the appearance of a shoulder at
about 455 nm were observed. The contribution of
this blue-shifted band increased over time and was
located at around 450 at the end of the aggregation.
These changes can be easily visualized in the SP
plot in Fig. 3 D. A continuous change from the initial
monomeric state to the final fibrillar state can be
visualized in the phasor space. The position of the
phasor at the beginning of the aggregation indicates
a more relaxed environment, characterized by higher
homogeneity in the probe's surroundings in the
monomeric state. During aggregation, a clockwise
rotation and a shift toward the center were
observed, representing a continuous reduction in
the DR of the environment and higher heterogeneity
around the probe.

The spectral changes described above responding
to a-syn aggregation may be associated with global
changes in solvent properties of the system and/or
probe interactions with different aggregated states.
Importantly, ACDAN is sensitive to changes occur-
ring in the early steps of aggregation, which are
not identified by the traditional ThioT probe. Water
modulates the free energy landscape that dictates
proteins' folding, structure, stability, flexibility, and
functionality (42,43). Hydration water also plays a
role in modulating atomic motions in IDPs, which
typically exhibit a significantly greater exposed sur-
face area when compared to a similarly sized glob-
ular protein. The increased mobility of hydration
water and H-bonding in IDPs enables functional
plasticity through enhanced protein flexibility (44).
Therefore, changes in water dynamics can lead to
lower desolvation energy barriers and decreased
protein mobility, potentially increasing the likelihood
of protein-protein interactions and aggregation
(44,45). Indeed, changes in surface hydration water
dynamics and solvent accessibility detected by
Overhauser dynamic nuclear polarization of water
interacting with stable nitroxide spin labels tethered
to specific protein sites have been used to monitor
protein aggregation (46,47). On the other hand, a
myriad of conformational structures of a-syn
exist at various stages of aggregation, including
spheroids, chains of spheres, rings resembling
circular protofibrils, acunas, and fully formed poly-
morphic fibrillar structures (48—50). Thus, the appli-
cation of ACDAN and SP analysis represents a
useful, accessible, and simple tool to investigate
amyloid kinetics, which, in combination with other
traditional techniques, has the potential to provide
valuable information on the mechanism of amyloid
formation.

ACDAN paired with SP analysis and HSI reveals
distinct environments within protein
biocondensates

a-syn and Tau, an IDP linked to Alzheimer's disease,
undergo LLPS under various conditions in vitro, in
cells, and in model organisms (51-55). Additionally,
both proteins can coexist within liquid droplets
(21,56-58), which has been associated with a
possible mechanism underlying the pathological
overlap between dementias and parkinsonism (55).
In addition to the effect of Spe on a-syn aggregation
mentioned above, Spe has also been linked to the
phase separation of the protein (21) and the liquid-
to-solid transition of a-syn/Tau condensates (58). At
this point, we used ACDAN fluorescence and HSI to
analyze the physicochemical environment in biologi-
cally relevant condensates at the nanometer scale:
homotypic Tau droplets, heterotypic a-syn/Tau con-
densates, and a-syn droplets induced by Spe.

Fig. 4 A presents the differential interference
contrast and fluorescence images of ACDAN for three
different protein-containing condensates. The spec-
tral resolution of ACDAN emission showed clear dif-
ferences between the diluted and condensed phases
(Fig. 4, C—E). The emission maximum of ACDAN in
the diluted phase was ~520 + 5 nm for all three
cases. In contrast, Tau droplets showed an emission
maximum at 486 + 3 nm, the a-syn/Tau condensates
exhibited a slightly blue-shifted spectrum at 481 =+
2 nm, and the Spe-induced a-syn droplets displayed
two distinct maxima, one at 522 + 4 nm and the other
at 479 = 3 nm. These shifts to shorter wavelengths
indicate that the condensates have a reduced DR
environment as compared to the dilute phase, which
is influenced by their compositions. Additionally, the
red-shifted band in Spe-induced a-syn droplets local-
ized with the position of the emission spectrum of
the dispersed phase, which suggests a well-defined
inner heterogeneity, probably at the two-phase
interface.

To analyze the spectral shifts described above, we
followed a similar approach described by Mangiarotti
et al. (25), who applied a two-cursor analysis to
extract the histograms for the pixel distribution along
a linear phasor trajectory as a convenient way of visu-
alizing the DR changes of ACDAN. Fig. 4 F depicts the
phasor plot of the spectral emission of ACDAN within
the three condensates, where the linear trajectory
connects the low and high DR environments denoted
by the green and red circles, respectively. The normal-
ized histograms shown in Fig. 4 G indicate that DR
values (x axis) decreased in the order Tau > Tau/
a-syn > Spe-induced a-syn condensates. For a quanti-
tative and statistical analysis of DR changes, we
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FIGURE 4 ACDAN reveals different environments inside protein condensates. (4) Differential interference contrast (DIC) and fluorescence
microscopy images of homotypic Tau, heterotypic a-syn/Tau, and Spe-induced a-syn liquid droplets. Scale bars: 10 um (Tau) and 5 um
(a-syn-containing droplets). (B) ACDAN HSI for representative droplets (top) and the corresponding phasor code images visualized with a
bi-color pattern defined in (F). Scale bar: 5 um. (C-E) ACDAN emission spectra inside and outside condensates: (C) ——diluted (olive) and
condensed (green) phase in homotypic Tau droplets; (D) —diluted (blue) and condensed (yellow) phase in heterotypic a-syn/Tau droplets;

and (E)

diluted (dark cyan) and condensed (gray) phase in Spe-induced a-syn droplets. (F) ACDAN SP plot where two distinctive states are

defined: higher (0) and lower (0) DR environments. Data correspond to all conditions. (G) Histograms from a two-cursor analysis showing
the normalized distribution of pixels along the green line of (F). (H) Center of mass of DR distributions. Statistical significance was deter-
mined using one-way ANOVA. Asterisks indicate statistical significance (**p < 0.01).

calculated the center of mass of these histograms
(Fig. 4 H). The three condensates differed signifi-
cantly, with a-syn droplets induced by Spe displaying
the lowest DR value, reflecting the most restricted
environment.

Then, we took advantage of the reciprocity principle
(18) of the phasor approach to obtain phasor-code im-
ages displaying the spatial distributions of phasors
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within the condensates, which are included in Fig. 4
B. Both Tau-containing condensates exhibited inter-
nal inhomogeneities that were distributed throughout
the droplets. In contrast, Spe-induced a-syn conden-
sates showed the highest proportion of green pixels,
constituting most of the droplet's volume, whereas
red pixels were localized at the droplet’s exterior shell
in contact with the diluted phase.



SP and HSI analyses of ACDAN fluorescence pro-
vide insights into the physicochemical properties of
condensates. Our findings demonstrate that conden-
sates differ from the dispersed phase and show vary-
ing physicochemical environments based on their
composition. The lower DR values observed within
the interior of the condensates suggest that these re-
gions have a constrained environment where the reor-
ientation of solvent molecules is limited. In the
context of the intracellular environment, these results
provide evidence that the composition of conden-
sates, influenced by cellular conditions, modulates
their biophysical properties, with both functional and
pathological implications.

Recent studies have employed both experimental
and computational methods to rationalize the selec-
tive partitioning of small molecules into condensates
(59,60). The use of diverse chemical compounds
spread over a wide range of partition coefficients sug-
gested that a hydrophobic environment emerges
upon the formation of condensates, which influences
the distribution of molecules (59). This aligns with our
observation that the interior of the condensates dis-
plays lower DR, indicating reduced solvent dynamics.
Conversely, condensates formed by different proteins
exhibit distinct partitioning patterns within a narrow
range of partition coefficients. This observation sup-
ports the idea that different condensates possess
unique chemical solvation environments (59,60). In
this connection, our results denote that ACDAN fluo-
rescence can distinguish subtle differences in solvent
DR among compositionally different condensates.
This finding is reinforced by recent reports indicating
that ACDAN can differentiate between condensates
formed by dengue and Zika viruses (61) and among
glycinin condensates under varying salinity condi-
tions (25).

Water is essential in the formation of protein drop-
lets through LLPS. In environments where water ac-
tivity is particularly low, the conditions become
highly conducive to aggregation, both kinetically
and thermodynamically, highlighting the critical na-
ture of water in these processes (45). Thus, our
findings align with increasing evidence that conden-
sates likely serve as nucleation sites for patholog-
ical aggregation, especially in neurodegenerative
conditions (62,63). Our analysis has revealed the
presence of solvent DR heterogeneity within
the three model condensates. On the one hand,
the a-syn condensates induced by Spe exhibited a
distinct rim on their surface, indicating a more
relaxed environment at the boundary between the
two coexisting phases. On the other hand, spatial in-
homogeneities in solvent properties were detected
in Tau-containing droplets. Recent experiments

have shown that condensate interfaces influence
the kinetics of amyloid fibril formation (64-69),
highlighting the importance of condensate inter-
faces on the liquid-to-solid transition. In other cases,
however, the amyloid-like aggregation was pro-
moted within the droplets (58,63,70,71). Further
research connecting protein aggregation foci and
ACDAN fluorescent features could yield important
insights into the physicochemical factors contrib-
uting to the initiation of condensate-mediated amy-
loid formation.

CONCLUSIONS

In this study, we underscore the power of the SP
approach combined with ACDAN fluorescence
as a valuable complementary tool for studying
protein conformational transitions. By leveraging
this method, we not only confirmed the equilibrium
unfolding parameters of HSA derived from traditional
spectral shifts but also identified subtle conforma-
tional changes before unfolding.

Beyond unfolding studies, we demonstrated that
ACDAN fluorescence and SP analysis effectively cap-
ture early-stage structural changes during amyloid
formation. Unlike the conventional ThioT method,
which primarily detects mature fibrillar states, our
approach highlighted solvent environment shifts
occurring in the initial aggregation phases. The
sensitivity of ACDAN to DR changes allowed us to
track the dynamic transitions of a-syn, revealing a
progressive restriction in solvent mobility that could
contribute to nucleation and fibril growth. These re-
sults suggest that our technique offers a more
comprehensive perspective on protein aggregation
mechanisms, potentially aiding in the development
of therapeutic strategies targeting early amyloid for-
mation events.

Furthermore, our study on protein biocondensates
uncovered distinct solvent environments within drop-
lets. The ability of ACDAN fluorescence and HSI to
map heterogeneities at the nanoscale provides a
new lens for understanding condensate composition
and stability, enhancing the current toolkit used for
measuring condensate properties both in vitro and
in cells. The differential DR patterns observed among
Tau, a-syn/Tau, and Spe-induced a-syn droplets
suggest that condensates create unique microenvi-
ronments influencing molecular partitioning and ag-
gregation propensity. Given the growing recognition
of condensates as precursors for pathological amy-
loid formation, our findings highlight the potential of
ACDAN and SP analysis in unraveling the physico-
chemical factors that govern phase transitions and
neurodegenerative disease progression.
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