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Alzheimer's disease (AD) is a major public health challenge, with its onset
occurring years before symptoms appear. Soluble amyloid-p (Ap) oligo-
mers are key species in AD pathogenesis and diagnosis, highlighting the
need for early detection. This study investigates the intrinsic fluorescence
of AB(1-40) (Ap40) as a label-free approach to detecting early-stage
oligomers. AB40 exhibits autofluorescence dominated by tyrosine emis-
sion, which undergoes a strong blue shift and quenching during oligo-
merization. Additionally, aggregation-induced emission (AIE) in the
visible spectral region emerges, correlating with Af oligomer concen-
tration and providing a means to detect and quantify oligomers. At the
critical aggregation concentrations cac; = 0.5 pM and cac, = 19 pM,
distinct aggregation behaviours are observed. By employing steady-state
fluorescence spectroscopy, a widely accessible technique, these findings
establish a direct link between early Ap aggregation and intrinsic fluores-
cence changes. This approach eliminates the need for extrinsic probes,
simplifying experimental procedures and reducing artefacts. Although
further studies are required to develop a robust quantitative correlation
for potential diagnostic applications, Ap autofluorescence represents a
promising strategy for investigating early aggregation processes in the
context of AD.

Alzheimer’s disease (AD) constitutes one of the most significant
public health challenges in ageing societies." It is well-
established that the onset of AD occurs several years before
the first symptoms manifest, highlighting the critical need for
developing methods that enable early diagnosis.” The for-
mation of neurotoxic oligomers during the initial stages of
amyloid-p (AB) aggregation is believed to be a key process in the
progression of AD.>” Therefore, the early detection of AP
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oligomers (APOs) in biological fluids could represent a valuable
diagnostic strategy.®°

Due to the complex AP aggregation process, the character-
ization of APOs requires specialised experimental techniques
and detailed data analysis. Fluorescence correlation spectro-
scopy (FCS), a single-molecule technique, is a valuable tool for
determining the critical aggregation concentration (cac) of AB
and characterising its aggregates in vitro.'>'" While FCS could,
in principle, be applied to biological fluids, its complexity and
specialised requirements limit its practicality for routine diag-
nostics. More conventional techniques, such as steady-state
fluorescence spectroscopy, offer a broadly accessible alternative
for clinical analysis.

Traditional probes such as Thioflavin T (ThT) primarily bind
to amyloid fibrils rather than oligomers and are not specific to
fibrillar structures.’>** In the past decade, new probes capable of
specifically detecting oligomers have been developed.** These
probes typically follow two main strategies: modifying the peptide
backbone—through the fusion of fluorescent proteins or the
attachment of chemical tags—or designing molecular probes
that selectively interact with ABOs."* Typically, probes with strong
fluorescence enhancement upon binding and high affinity to
soluble ABOs are employed,'>'® and in some cases, they enable
ratiometric tracking.'” Their suitability for in vivo studies™>"” and
potential for quantifying ABO in biological fluids are also sig-
nificant advantages.'”'® However, most extrinsic probes lack
specificity for early soluble AP oligomers, as they can also bind
to peptides in non-B-sheet conformations.

These limitations could potentially be addressed by exploiting
the intrinsic fluorescence of the peptides, specifically their aromatic
residues. The most relevant AB peptides, AB40 and APB42 comprising
40 and 42 amino acids, respectively contain the aromatic amino
acids tyrosine and phenylalanine, with one tyrosine and three
phenylalanine residues. Since tyrosine is significantly more emissive
than phenylalanine, its fluorescence is expected to dominate the
photophysical behaviour of these peptides.

In this work, we explore the potential of detecting ABOs
through their autofluorescence by analysing their steady-state
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excitation and emission spectra. The photodissociation of
tyrosine in an aqueous environment, leading to the deprotona-
tion of its phenol group, may provide a means to distinguish
monomers from oligomers, as this process is likely significantly
reduced in the latter.'® Additionally, changes with incuba-
tion time in the relative contributions of the different tyrosine
fluorescence lifetimes have been reported, offering a poten-
tial strategy to monitor the kinetics of the aggregation
process.>’
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We investigated the autofluorescence of AB40 within the
concentration range where its oligomerization behaviour is
well-characterised from our previous work using FCS."" Speci-
fically, we prepared samples under the same conditions as in
our prior studies, where AB40 was shown to aggregate in two
distinct steps, with critical aggregation concentrations of cac; =
0.5 uM and cac, = 19 puM. At the first step, which is reversible,
only about 10% of AR molecules aggregate, primarily consisting
of stable oligomers of approximately 60 AB units, alongside a
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Fig. 1

(a) and (b) Corrected emission spectra of A solutions in PBS with an excitation wavelength (/exc) of 245 nm: (a) low-concentration series and (b)

high-concentration dilution series. Samples were prepared by serial dilution-extraction from stock solutions of 6.0 uM (a) and 86 uM (b) (see ESI¥).
Different cuvettes were used for each series, making the fluorescence intensities not directly comparable. Arrows indicate the direction of increasing
concentration. (c) Emission maximum wavelength determined from fits of a Gaussian to the peak as a function of AB40 concentration. (d) Mean
Fluorescence intensity in the intervals from 280 nm to 320 nm and from 450 nm to 600 nm as a function of AB40 concentration. (e) and (f) Molar
fluorescence intensities at the indicated emission wavelengths for (e) the low-concentration series and (f) the high-concentration series. The curves in (e)
represent fits using a model that combines dynamic and static quenching. Grey vertical lines indicate the critical aggregation concentrations for AB40,
with cac; = 0.5 pM and cac, = 19 uM.* The violet dashed line and crossed symbols denote measurements of the most diluted sample repeated after
24 hours.
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smaller population of metastable aggregates. In the second
aggregation phase, the proportion of aggregated AP increases to
around 50%, forming larger, kinetically trapped aggregates
with limited reversibility. By studying AB40 autofluorescence
across this concentration range, we aimed to correlate its
intrinsic fluorescence properties with these aggregation states.

Fig. 1 presents the fluorescence emission spectra of AB40
obtained with excitation at 245 nm, the wavelength where the
largest spectral changes were observed without distor-
tions from the Raman band. These spectra were corrected by
subtracting the weak emission of the quartz microcuvettes
(Fig. S1, ESIt) from the experimental spectra (Fig. S2, ESIT).
The figure presents two dilution series: (a) low-concentration
and (b) high-concentration.

The spectrum at the lowest AB concentration in Fig. 1a),
corresponding to the first cac (0.5 uM), shows an emission
maximum near 350 nm, characteristic of tyrosinate — the form
of tyrosine deprotonated at the phenol, formed in the excited
state.”?> This suggests that AP40 is in a monomeric state
where tyrosine remains exposed to the aqueous environment,
allowing photodissociation of the proton. As the concentration
increases within the low-concentration range (Fig. 1a), fluores-
cence intensity decreases strongly, initially without spectral
shift, followed by a blue shift of the emission band (Fig. 1c).

If we analyse the spectral changes in the high-concentration
range (Fig. 1b), the shift of the tyrosine emission band from
350 nm to 302 nm remains evident up to cac, (19 uM) (Fig. 1c).
This blue shift of the emission band observed across the
concentration range correlates with amyloid aggregation and
reflects the transition from monomers to aggregates, where
tyrosine molecules are shielded from the aqueous environment
and no longer undergo photodissociation.'® However, at con-
centrations exceeding cac, the position of the emission band
stabilizes, indicating that the monomers are no longer con-
tributing to the observed fluorescence.

The excitation spectra measured at 330 nm (Fig. S3a, ESIY)
support this interpretation, showing a maximum around
275 nm characteristic of tyrosine absorption. A similar pat-
tern is observed in the emission spectra with excitation at
290 nm (Fig. S4, ESIt), although with some distortions from
the Raman band.

In addition to the blue shift of the tyrosine band, an
anomalous emission band appears in the visible spectral region
around 500 nm (Fig. 1b), where peptides typically do not emit.
This blue-green fluorescence, first detectable at the highest
concentration in the low-concentration series (Fig. 1a),
increases in intensity as AB40 concentration rises (Fig. 1d),
and is also observed in emission spectra recorded with excita-
tion at 290 nm (Fig. S4c, ESIt), where the cuvette emission is
minimal, ruling out experimental artefacts. The excitation
spectrum for this emission (Fig. S3b, ESIf) reveals an absorp-
tion feature near 300 nm, suggesting an alternative electronic
state of tyrosine in the distinct environment of aggregated
peptides.

We attribute this visible emission to an aggregation-induced
emission (AIE), identifying it as a characteristic feature of Af
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aggregates. Similar intrinsic fluorescence in the visible region
has been previously reported for AB40 and AP42 fibres in
suspension and in the solid state, where it has been linked to
B-sheet-rich structures formed upon aggregation.”*®* The
appearance of this emission in soluble Ap oligomers suggests
a related phenomenon, reinforcing the idea that aggregation-
induced fluorescence arises from structural rearrangements
rather than from conventional aromatic fluorescence. However,
the underlying mechanism remains unclear. Proposed explana-
tions include proton transfer processes in hydrogen-bond-rich
protein structures®® or UV-light-induced oxidation of amino
acids,”® though their relevance to soluble A oligomers requires
further investigation.

To the best of our knowledge, this is the first reported
observation of AIE in soluble AP oligomers. The detection of
this intrinsic visible fluorescence in these early-stage aggre-
gates suggest that it may serve as a new optical signature of
amyloid aggregation. This finding opens new avenues for label-
free detection and characterisation of AP} oligomers, potentially
aiding in the study of amyloid formation and its pathological
implications.

The results also provide insight into the reversibility of AB40
aggregation, as the samples were prepared using a dilution-
extraction method that assumes oligomer disaggregation upon
dilution. This assumption is supported by previous FCS stu-
dies, which demonstrated that early AB40 oligomers are rever-
sible upon dilution, though a kinetic barrier may delay
complete disaggregation.™*

Focusing on the low-concentration series (Fig. 1a), we
observe that the characteristic visible emission associated with
oligomers in the initial 6.0 uM stock solution disappears upon
dilution, while the UV band shifts to longer wavelengths,
indicative of monomer emission. This suggests that within this
concentration range, oligomers dissociate fully upon dilution,
consistent with the reported reversibility of early aggregates.'*

In contrast, the high-concentration series exhibits partial
irreversibility, as reflected in the spectra of the more diluted
samples (Fig. 1b) and their intensity values (Fig. 1d), which do
not follow the expected decrease in intensity. However, after
24 hours, the emission spectrum and intensity of the most
dilute sample more closely resemble the expected values for
this concentration, suggesting that disaggregation is not
immediate but occurs gradually. This delayed equilibration is
consistent with the presence of a kinetic barrier for larger
aggregates, as observed in FCS studies, where oligomers
formed at cac, (0.5 pM) were fully reversible, while larger
aggregates beyond cac, (19 uM) exhibited limited reversibility
due to kinetic constraints.™

To better analyse the behaviour of the emission bands as a
function of concentration, the experimental fluorescence spec-
tra (Fig. 1a and b) were normalised by dividing by the total AB
concentration. This normalisation removes the trivial linear
relationship between intensity and concentration, allowing us
to examine deviations that arise from aggregation effects. The
resulting spectra, now expressed as molar fluorescence inten-
sity, are shown in Fig. S5 (ESIt). Fig. le and f present the
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variation of these molar fluorescence intensities with the AB40
concentration at selected wavelengths from both emission
bands. In the low-concentration range, focusing on the shorter
wavelength band (Fig. 1e), the fluorescence intensity decrease is
far more pronounced once the opposing concentration effect is
accounted for (compare Fig. 1a vs. Fig. S5a, ESIT). The dramatic
decrease in intensity of the 350 nm band, initially without a
spectral shift (Fig. 1c), suggests collisional quenching of the
tyrosinate fluorescence in monomeric AB. At higher AB con-
centrations (Fig. 1b and Fig. S5b, ESIt), the observed blue shift
of this band, along with the emergence of the tyrosine emission
band around 302 nm, indicates the formation of stable aggre-
gates in which photodissociation of the phenolic proton is
inhibited. Instrumental limitations prevented us from obtain-
ing reliable fluorescence lifetime measurements needed to
distinguish between static and dynamic quenching.

These results also indicate that tyrosinate emission in
monomeric AB40 has a significantly higher fluorescence quan-
tum yield than tyrosine emission in aggregates. However,
strong quenching of the tyrosinate fluorescence, likely by the
peptides themselves, its contribution to the
observed fluorescence at concentrations around the cac,
(Fig. 1c) where only 10% of the AP is aggregated.

The aggregation-induced emission band around 500 nm
(Fig. S5¢, ESIt) exhibits a sharp molar intensity decrease at
concentrations below cac, (Fig. 1f and Fig. S5c¢, S6, ESIY),
followed by a more gradual decline at higher concentrations.
These changes suggest that the AIE band is sensitive to the type
and size of aggregates formed. This aligns with the formation of
larger aggregates beyond cac,, which may differ structurally
from oligomers. However, these data are influenced by incom-
plete aggregation reversibility, which may affect the applied
normalization. Conversely, the increase in the tyrosine band at
concentrations above cac,, could be exploited for a ratiometric
quantification method for oligomers.

The autofluorescence of AB40 enables tracking of the oligo-
merisation process through tyrosine-linked emission, which
exhibits a blue shift and fluorescence quenching upon aggrega-
tion, and visible aggregation-induced emission. While these
initial results demonstrate the potential of intrinsic autofluor-
escence for detecting early-stage AP oligomers, the approach
remains qualitative. More detailed and extensive experiments
are needed to establish a robust quantitative correlation
between the autofluorescence signals and the formation of
different soluble AP oligomers. Such studies will be essential
for advancing the method towards reliable applications in early
AD diagnostics.
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