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Amyloid-beta (Ap) aggregation is a critical factor in the pathogenesis of Alzheimer’s disease, with distinct ag-
gregation behaviours observed between its isoforms Amyloid-p 1-40 (Ap40) and 1-42 (Ap42). In this study, we
investigated the aggregation properties of Ap40 using fluorescence correlation spectroscopy (FCS) and detailed
data analysis. Our results reveal that AB40 undergoes a two-step cooperative aggregation process. The first step,
characterized by a critical aggregation concentration (cac) of 0.5 & 0.3 pM, results in the formation of metastable
oligomers of 5-25 monomers and stable oligomers of 50-100 monomers, with less than 10 % of the total amyloid
aggregated. The second step, with a cac of 19 + 2 pM, leads to the formation of much larger aggregates,
consistent with protofibrils, and approximately 50 % aggregated amyloid. Notably, the cac for Ap40 is signifi-
cantly higher, and the fraction of aggregated amyloid is much lower compared to Ap42, indicating a lower
propensity for aggregation. Additionally, our findings suggest that Ap40 early oligomers are reversible upon
dilution, albeit with a kinetic barrier to disaggregation. These insights into the aggregation mechanisms of Ap40
enhance our understanding of its role in Alzheimer’s disease and may inform therapeutic strategies targeting

amyloid aggregation.

1. Introduction

Understanding neurodegenerative diseases remains a prominent and
expanding field of research due to their significant impact on public
health. Alzheimer’s disease (AD) is a major disorder within this category
and continues to be incompletely understood. Several hypotheses
regarding its causes are currently under debate, primarily focusing on
the role of tau protein and amyloid peptides [1-5]. The most widely
accepted one is the ‘amyloid cascade hypothesis,” which identifies am-
yloid peptide aggregation as a detrimental factor for AD [3,6,7]. Amy-
loid peptides are intrinsically disordered proteins with a high propensity
for aggregation. During this process several species such as dimers, tri-
mers, oligomers and protofibrils are formed. It is widely believed that
the neurotoxic species triggering AD are not the final fibrils, but the
early-stage species such as oligomers and protofibrils [8-12].

Among the different amyloid peptides, amyloid-p (1-40) and (1-42)
(Ap40 and AP42, respectively) are identified as the main precursors of
AD. Even though their sequences differ only in the last two amino acids,
their properties vary significantly. Ap40, the most abundant peptide
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(representing 80-90 %), has higher solubility and a lower tendency to
aggregate compared to AB42. Due to its higher aggregation propensity,
AP42 has been the primary focus of study. However, research indicates
that aggregation mechanisms vary with sequence length, cross-
interactions among different peptides, extrinsic physicochemical fac-
tors and interactions with lipid membranes and metal ions [12-23]. This
requires a multidisciplinary approach to the aggregation process to
understand its mechanism and characterize the aggregates formed and
their toxicity [12,24,25].

Given that Ap40 is the predominant species in the organism, deci-
phering its aggregation mechanism seems crucial. But the literature on
AP40 aggregation reveals significant discrepancies. Some authors sug-
gest that AP40 aggregation leads directly to fibrils without forming
oligomers or protofibrils [20,21]. In contrast, others report results that
hint at an early aggregation leading to oligomer formation [17,18,
26-31], though there are inconsistencies in the reported sizes of these
oligomers [17,28,31,32]. The lack of reproducibility in amyloid aggre-
gation studies is intrinsic to the self-association process itself, stochastic
and autocatalytic, and is aggravated by the difficulty of obtaining
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completely monomeric starting samples and the presence of impurities
[12].

Our objective is an in vitro quantitative study of the early aggregation
of AP40 starting from monomeric samples and the comparison with our
previously reported results for AB42 [33,34]. In previous studies we
found that Ap42 aggregates only when the concentration of amyloid
monomers exceeds the critical aggregation concentration (cac) of 91 +
14 nmol/L [33]. This spontaneous, cooperative process resembles sur-
factant self-assembly and yields stable micelle-like oligomers whose size
(~50 monomers, Ry =~ 7.3 nm-10.7 nm) and elongated shape are in-
dependent of incubation time and peptide concentration. These results
for the oligomers are in very good agreement with the reported micellar
assemblies of several amyloid peptides [26,29,35,36]. In general, these
studies show relatively high values of critical aggregation concentra-
tions, which are affected by the sensitivity of the technique and the
strong adsorption of amyloids that influences the real concentration in
solution [37].

We employ Fluorescence Correlation Spectroscopy (FCS), a tech-
nique that provides information about the number and size of freely
diffusing particles in solution. FCS allows us to monitor the fraction of
both aggregates and monomers in solution and to determine the size
distribution of the aggregates as a function of peptide concentration and
time. Additionally, FCS enables the determination of the true total am-
yloid concentration, which is a critical parameter in quantitative ag-
gregation studies due to the strong adsorption of the peptides to
interfaces [37]. Using this information, we aim to determine the cac of
Ap40 oligomerization and to study the reversibility and stability of the
aggregates.

2. Experimental section
2.1. Materials

This study utilized both fluorescently labelled (Ap40*) and unla-
belled (Ap40) commercial amyloid-p 1-40. The labelled HiLyte Fluor
488-p-amyloid(1-42) was obtained from Anaspec Inc. with a purity of
>95 % while the unlabelled amyloid was purchased from Genscript USA
Inc. To prevent contamination, aliquoted 1,1,1,3,3,3-hexafluoro-2-prop-
anol (HFIP) >99 % from Sigma Aldrich was used. Aqueous solutions
under physiological conditions were prepared using PBS (pH 7.5, ionic
strength 0.18 M, phosphate concentration 13 mM and salt concentration
of 142 mM sodium and 2.7 mM potassium) as the buffer.

2.2. Preparation of monomeric amyloid

To ensure the amyloid peptide samples were initially free of aggre-
gates, the disaggregation procedure reported by Stine et al. [38,39] was
applied as first step of the sample preparation for both labelled and
unlabelled commercial peptides.

The amyloid was dissolved in HFIP at a concentration of not
exceeding 1 mg/mL. This solution was then incubated at room tem-
perature for 1 h with occasional mixing, followed by 20 min of contin-
uous shaking. This solution was then aliquoted into several vials, and the
HFIP was evaporated under a stream of nitrogen. The vials were trans-
ferred into a desiccator and subjected to vacuum for 3 h to remove any
remaining traces of HFIP. The resulting dried aliquots of monomeric
AB40 were sealed and stored at —20 °C.

2.3. Sample preparation

All samples were prepared maintaining the concentration of labelled
amyloid around 20 nM while changing the concentration of the unla-
belled peptide. Different procedures were applied depending on the
specific objectives of each experiment.
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2.3.1. Independent samples for aggregation studies

These samples were prepared individually to investigate the poten-
tial dependence of the aggregation process on the incubation time and to
obtain independent measurements for each concentration, as reported in
previous studies [33,34].

First, an aliquot of dry monomeric labelled amyloid was dissolved in
PBS to achieve the desired concentration of about 20 nM. After verifying
the absence of aggregates by measuring a FCS curve, this solution was
used to directly dissolve an aliquot of the unlabelled peptide. The final
solution was then mixed thoroughly at room temperature for 5 min and
used for FCS measurements. The concentration of unlabelled amyloid
was varied from O to 32 pM.

2.3.2. Samples for reversibility studies

Reversibility of the aggregation process was studied by dilution of
concentrated amyloid samples covering peptide concentrations ranging
from 150 pM to 0.5 pM, divided into three series with nominal con-
centration ranges of 0.5-25 pM, 5-100 pM, and 50-150 pM.

For each series, the sample of the highest concentration was prepared
as described above for the individual samples. Diluted samples were
then prepared directly in the microplate well during the FCS experiment
using an extraction-dilution method. A small volume was extracted from
the total sample volume of 100 pL and replaced with the same volume of
a solution containing the same concentration of labelled amyloid but no
unlabelled peptide. This method ensured the concentration of labelled
amyloid and the sample volume remained constant while the unlabelled
amyloid was diluted. The sample was mixed in the well by repeated
pipetting. FCS curves were measured for the solutions obtained at each
step within few minutes after dilution. These extraction-dilution-
measurement cycles were repeated to cover the desired concentration
range.

2.3.3. Samples for time stability studies

For the stability studies, the independent samples from the aggre-
gation studies were stored at room temperature. For short incubation
times, they were kept in the well plate covered with Parafilm sealing
film and a silicone sealing mat to avoid evaporation and contamination.
FCS curves were measured every 10-20 min for 2 h. For longer incu-
bation times the same samples were stored in microcentrifuge tubes for
the desired incubation period and then transferred to the well plate for
FCS measurements.

2.4. Fluorescence correlation spectroscopy

For FCS experiments 100 pL of the sample were placed into a well of
a 96-well glass-bottom microplate (Whatman Ltd) and allowed to
equilibrate for approximately 5 min to achieve a constant temperature.
All measurements were conducted at room temperature (21.5 + 0.5 °C).
The FCS setup, previously described [40,41], is summarized in the SI.
For each sample, several correlation curves, each consisting of 5 million
photons, were recorded to ensure high-quality data.

The FCS focus volume (V = 0.52 + 0.04 pm3, radial width ayy = 0.27
4+ 0.01 pm) was calibrated using Rhodamine 123 as reference dye, with a
diffusion coefficient Dryz3 = (4.7 £ 0.3) x 107 m? s~ at 25 °C derived
from multiple literature sources [42-44]. For the calculation of the
diffusion coefficients, temperature effects were taking into account
using Stokes-Einstein relation.

From power series of monomeric and aggregated samples of the
peptide (Figure SI1) an excitation power of 30 pW, corresponding to an
irradiance of 24 kW cm ™2 was selected to prevent photobleaching.

2.5. Data analysis
We applied a specific data analysis procedure developed by our

group for Ap42 to extract quantitative information on the conformation
and size of the aggregates as well as on the degree of aggregation [33,
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34]. In the following discussion we make reference to the analysis steps
briefly described in the Data Analysis section of the SI, which includes a
theoretical background explanation followed by a description of the
data analysis procedure applied to the experimental data. This analysis
yields the degree of aggregation as a function of concentration, the ag-
gregation number and scaling factor of the oligomers, and the true total
amyloid concentration.

To determine the critical aggregation concentrations from the
observed dependence of the degree of aggregation on the total amyloid
concentration, we adapted the aggregation concentration model
initially derived by our group for surfactant micelle formation [45] to
the case of two independent aggregation processes (see equation SI45).

3. Results and discussion
3.1. Monomeric Af40 characterization

First, we characterized the monomeric Ap40 to confirm that the
starting peptide samples were free of aggregates. FCS measurements of
samples of low concentrations of labelled amyloid (Ap40*) fit well with
a single diffusion term (eq. SI1), yielding a diffusion time of 151 + 2 s,
and a value of the diffusion coefficient of monomeric Ap40 of (1.30 +
0.14) x 10" 1°m? s~ at 25 °C. This value is consistent with that obtained
for monomeric Ap42 [33], (1.27 + 0.09) x 1071 m? s~ at 25 °C con-
verted to the R123 reference value used in this work. Both values follow
the relative molar mass dependency D ~ M* with a value of v = 0.44 as
determined by Danielsson et al. [46] for a series of amyloid peptides
using PFG-NMR.

Comparing the absolute diffusion coefficients, our values of labelled
monomeric amyloids are approximately 10 % lower than those reported
by Danielsson et al. [46], a difference within the uncertainty range
primarily due to the uncertainty of the reference value. This discrepancy
may also arise from a potential change in the scaling factor v in the
labelled amyloids due to the fluorophore or to the presence of small
amounts of dimers in the samples. A dimer would have a diffusion co-
efficient at least 2% = 1.26 times lower than that of the monomer,
assuming a compact sphere — other shapes would lead to even higher
factors [46]. Thus, Ap40 dimers or higher assemblies would correspond
to significantly smaller diffusion coefficients than those observed. We
therefore conclude that our starting amyloids are indeed predominantly
monomeric.
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Using the Stokes-Einstein equation, we obtained a hydrodynamic
radius for the Ap40 monomer of Ry = 1.88 + 0.20 nm, which coincides
within its error with that reported by our group for Ap42 (1.93 + 0.13
nm) [33] and with literature values found for Ap40 monomers (ranging
from 1 nm to 2 nm) [17,21,36,47].

3.2. Aggregation of Ap — degree of aggregation

To determine the degree of aggregation, we followed the data
analysis procedure described in the Supplementary Information.

The first step involved fitting the FCS curves (Step SI1) obtained for
solutions with varying concentrations of unlabelled amyloid and a
constant single-molecule concentration of labelled amyloid. For this
Equation SI2 was globally fitted with a shared monomer diffusion time
(zp1), and free diffusion times of the oligomers (zpy), relative contribu-
tions (R) and the total number of observed molecules (N).

3.2.1. Time dependency: short incubation times

To study the potential influence of the incubation time, FCS curves
were recorded up to 180 min after sample preparation. For each sample,
series of FCS curves were measured covering the entire observation time
(Fig. 1a) and fitted with the two species model (eq. SI2) with a monomer
diffusion time shared among all curves. We observed no systematic
variation in the diffusion times of the aggregates (Fig. 1b) or in the
relative contributions of the species (Fig. 1c), indicating that the ag-
gregates do not grow or change during the studied time. This finding is
consistent with previous observations for Ap42 [33].

3.2.2. Brightness ratio

The fit results show that the brightness of labelled amyloid is lower in
aggregates (Q2) than in monomers (Q;). For Ap40* we determined a
brightness ratio ¢’ = Q2/Q; = 0.53 + 0.09 (Step SI2), which coincides
with the value of 0.6 + 0.1 obtained for Ap42 [33].

3.2.3. Aggregation number of the oligomers
From the brightness ratio ¢’ and the monomer brightness Q; we

obtained the mean number of labelled Ap per aggregate iuk and a pre-
liminary uncorrected mean aggregation number 71, of each experiment
(Step SI3). The double-logarithmic plot of the diffusion time ratios zpy/
7p; versus 1, (Figure SI2) yields a scaling factor of the aggregates vy =
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Fig. 1. Panel A: Normalized FCS curves of a given amyloid sample (nominal total amyloid concentration 4 M) recorded during 180 min at the incubation times
indicated in panels B and C. Panel B: Diffusion times of the aggregates, 7p2, obtained from global fits of eq. SI2 to the FCS curves shown in Panel A as a function of
incubation time. The monomer diffusion time, 77, was fixed to the value obtained for monomeric Ap40. Panel C: Factor R representing the relative contribution of
monomeric amyloids to the FCS curves obtained from each of the curves shown in Panel A over the incubation time. The FCS curves in panel A were normalized using

the value of N obtained from the fits.
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0.71 + 0.07 (Step SI4). This relatively high value indicates a shift from
the random coil conformation of the monomer to a more elongated,
fibril-like conformation of the early aggregates. Such a conformation
was already observed in the case of Ap42 (v = 0.75) [33] and is in good
agreement with the reported spherocylindrical geometry of Af40
micellar assemblies determined from small angle neutron scattering
[26].

Using the results of the previous step, we calculate a new corrected
aggregation number 7. for each measurement (Step SI5). Figure SI3
shows the corrected mean aggregation number as a function of the
nominal total AB40 concentration. No systematic variation of the ag-
gregation numbers with the incubation time or the total amyloid con-
centration is observed, consistent with the findings for Ap42 [33]. Mean
aggregation numbers range between approximately 10 and 200,
although some values fall outside this range with high uncertainties,
especially in the dilution series. We further analyse the size of the ag-
gregates below.

3.2.4. Degree of aggregation

Next, we analyse the fraction of the total amyloid that is aggregated
(degree of aggregation y) as a function of the total true AB40 concen-
tration. The procedure is described in Steps S5 and S6 of the SI. Due to
the high tendency of amyloids to adsorb to surfaces, determining the
true amyloid concentration is crucial in this analysis, although for AB40
a much better correlation between nominal and true concentrations than
for Ap42 is observed (Figure SI4) [33].

Fig. 2 shows the degree of aggregation determined from individually
prepared samples as a function of the total true Ap40 concentrations
(depicted by orange circles in Fig. 2, nominal concentrations ranging
from 0.005 pM to 43 pM). The fraction of aggregated amyloid depends
strongly on the total Ap40 concentration, revealing three distinct re-
gions. Below 0.1 pM minimal aggregation is observed. Between 0.1 pM
and 10 pM, the degree of aggregation rises, reaching up to 10 % of the
total AB40. Above 10 pM, the degree of aggregation increases markedly.

The dilution series that we discuss in more detail in the following
section, provides data for the degree of aggregation at higher Ap40
concentrations, not reached in the individually prepared samples. As
shown in Fig. 2, at concentrations higher than 10 pM, the degree of
aggregation increases further from values of y = 0.05-0.1 to around 0.5,
corresponding to roughly 50 % of aggregated Ap40 above 100 pM. A
very good agreement is observed between the different types of samples.

054 Independent samples A AA
o 38 mM-0.006 mM A
o4 Extraction-Dilution samples 2 A
g o 8uM-0.4uM o
Q
< ¢ 80 uM-4uM
o R £
03] & 154uM-32uM 82 ¢
9 9%
(=)}
% 8
s 0.
g 8 g0 @8A
3] = o
£ 01 gle & 07 @
I s
: o o
0.0 -mGD a&)oommm'&?& % § E [=]u] ‘— Lol i o .
0.01 0.1 1 10 100

[AB40]e / UM

Fig. 2. Degree of aggregation y of AB40 samples, determined using the pro-
cedure outlined in the SI, plotted against the true total amyloid concentration in
solution. Independently prepared samples are compared with series of pro-
gressively diluted samples covering the indicated nominal concentra-
tion intervals.
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3.2.5. Reversibility and long-term stability

To analyse the reversibility of Ap40 aggregation, dilution series
covering the full concentration range were prepared. Fig. 2 shows the
results of the degree of aggregation of these samples as a function of the
true total AB40 concentration, together with those obtained for the
independently prepared samples for comparison. It can be seen that the
degree of aggregation decreases with the dilution of Ap40, with values
that overlap among the dilution series. Moreover, the degree of aggre-
gation of samples diluted from higher concentrations decrease to the
same value obtained for samples directly prepared from lower A(340
concentrations, hinting at an effective disaggregation of the Ap40 olig-
omers. This reduction of the degree of aggregation upon dilution is
accompanied by the expected increase of the relative contribution R of
the monomers to the amplitude of the FCS curves (see Figure SI5). These
findings suggest that the AB40 aggregation is reversible within the
studied concentration interval.

Further studies were performed to check the stability of the samples
over extended incubation periods. Figure SI6 compares data from
independently prepared samples measured during 2-3 h after prepara-
tion and again after one week. No significant changes were observed in
the diffusion times of the aggregates (Figures SI6 A and B) or in the
relative contribution R of the monomers to the FCS curves (Figures SI6 C
and D), except that for low concentrations, R values were closer to 1
after one week. This finding suggests the presence of a kinetic barrier to
oligomer disaggregation, indicating that reversibility may require
longer times to complete. This kinetic barrier may depend on the specific
aggregation state of each oligomer. Given the dynamic nature of ag-
gregation and disaggregation various aggregation states are likely to
coexist as equilibrium is reached, which could explain the highly
dispersed data in the dilution data within the range between the two cac
values, from 0.4 to 8 pM (Fig. 2, blue squares).

The true total amyloid concentration remained constant after one
week, showing no precipitation of the aggregates, which would be ex-
pected for assemblies larger than the soluble oligomers. The data
collected after one week show similar standard errors of the mean values
of 7p 2 and R, however, the uncertainties of each of individual fitted
value (not shown) was much higher after one week than at the beginning
of the incubation period. This suggests an increase in polydispersity as
compared to the shorter incubation.

3.3. Critical aggregation concentrations

Combining all y-values from independent samples and dilution series
(Fig. 2), and calculating the mean values and uncertainties with all
measurements of each sample, we obtain the data shown in Fig. 3 which
will allow us to obtain the critical aggregation concentration (Step SI7).
The observed variation in the degree of aggregation with the true total
amyloid concentration suggests two cooperative aggregation processes
at two critical aggregation concentrations. To address this, we extended
the aggregation concentration model originally developed for the self-
assembly of surfactants [45] to include two independent aggregations
with their corresponding cac values, as described in the SI.

The continuous line in Fig. 3 represents the result of the weighted
nonlinear fit of Equation SI45 to the experimental data. The double
aggregation model fits the data well, indicating a first aggregation at
cac; = 0.5 £ 0.3 pM and a second at cac; = 19 + 2 pM. The corre-
sponding transition widths (¢; = ry-cacy) of 6; = 0.2 pyM and 62 = 5.7 puM,
respectively, indicate that under the studied conditions the transition
from monomeric amyloid to the first type of aggregate takes place be-
tween 0.4 and 0.7 pM, while the transition from this first oligomeric
amyloid to the next one occurs in a concentration range from 13 pM to
25 pM. The fit curve also indicates that the first aggregation leads to less
of 10 % of aggregated amyloid and to around 50 % well over the second
cac, indicating that a significant fraction of Ap40 remains monomeric
even at very high amyloid concentrations.

For AB42, we previously found a single critical aggregation process
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with a cac around 0.09 uM [33]. However, the concentration ranges are
significantly different in both studies. Due to the strong adsorption of
ApB42, in our previous study the true concentration of Ap42 did not
exceed 1.5 pM, about 17 times its cac. In contrast, the much lower
tendency to adsorb of AB40 allowed us in this study to reach much
higher concentrations (300 times the cac;) and thus to observe different
aggregation processes not visible in the previous study.

The cac; of Ap40 is approximately 5 times higher than that of Ap42,
in accordance with the increased probability of dimerization of ab42 as
an initial step of aggregation [23]. However, when comparing a con-
centration range up to 17 X cacj, the behaviour of Ap40 is very similar to
that of Ap42. Below the cac, only small or no aggregates are found.
Above it, stable aggregates with a relatively narrow size distribution are
formed. For AB42, no further aggregation process was found due to the
limited concentration range. In contrast, for A40, a second aggregation
process was observed above the cacy (=25 X cacy), resulting in much
bigger aggregates. This second aggregation can be explained by the
further growth of the initial oligomers to form protofibrils, as described
in the literature [21].

The higher cac; of AB40 and its much lower degree of aggregation
compared to AB42 align with its significantly lower tendency to aggre-
gate. Moreover, this significant difference in the aggregation behaviour
could be underestimated since, in contrast to the Ap40 samples used in
this work, the Ap42 samples for oligomerization studies were treated
with DMSO prior to solubilization with PBS [33], possibly leading to a
somewhat higher cac of Ap42.

Compared to literature data, the cacy of AB40 determined in this
work is close to the value of 35 pM reported by Yong et al. [26]. The low
degree of aggregation could also explain the mechanism proposed for
Ap40 of direct fibril formation [21].

3.4. Size distribution of the aggregates

We estimate the size distribution of the aggregates from the histo-
gram of the mean aggregation number of the oligomers shown in Fig. 4
(Step SI8). The histogram reveals a high number of very small aggre-
gates with n < 30, and a second population with higher aggregation

I Ap40
02 —— Triple LogNormal Fit
13
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=< 0.1
0.0 : 7 T
[ Ap42
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0.2
£
o
= 0.1
0.0+ —r— T T T T
0 50 100 150 200 250 300

aggregate size (mean aggregation number 1)

Fig. 4. Size distribution of A aggregates. Upper panel: Histogram of the mean
aggregation number obtained from all Ap40 samples at different amyloid concen-
trations. The curve corresponds to the fit of a triple Lognormal distribution with
Mmean1 = 14, Mimean2 = 62, and Nmeans = 128. Lower panel: Histogram of Ap42
aggregates recalculated with data from Ref. [33]. The curve corresponds to the fit of
a Lognormal distribution with Nipean = 45.

numbers between 40 and 80. Furthermore, a small number of much
bigger aggregates were observed, with sizes up to several hundreds of
monomers. The number of these big aggregates is clearly under-
estimated due to limitations of the FCS experiment.

Fitting the histogram with a triple log-normal distribution, we obtain
a first group of small aggregates of 5-25 monomers (7imesn1 = 14) and a
second wider group with 40-80 monomers (fimeqn2 = 62) per aggregate.
The third distribution represents much bigger aggregates.

To relate this size distribution to the double aggregation process
deduced from the degree of aggregation (Fig. 3) we constructed separate
size histograms from samples with very low and very high true Ap40
concentrations (Figure SI7). Below the first critical aggregation con-
centration (cacj), only small aggregates were found (Figure SI7A). Once
the cac; is reached a relatively homogeneous population of aggregates
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with n = 62 forms. Well above the second aggregation concentration
mostly much bigger aggregates are observed with a very wide size dis-
tribution (Figure SI7B).

A possible interpretation of these findings is that during the first
aggregation at cac; a small fraction of the monomeric Ap40 forms stable
oligomers with predominantly n = 62 and a much lower amount of
metastable oligomers with 7 = 14, which convert into the former as
concentration increases. At higher concentrations, above cacy, these
oligomers coalesce and/or seed much bigger aggregates involving a
much higher fraction of the amyloid. In fact, at the studied higher
concentrations, the critical aggregation model used for the fitting may
underestimate the degree of aggregation, which may increase to much
higher values than the model indicates. Experiments with much higher
amyloid concentration would be needed to confirm one or the other
prediction.

Focusing on the smaller oligomers, their aggregation numbers
correspond to values of the hydrodynamic radius around 4 nm for the
metastable aggregates and 12 nm for the larger ones. These results are in
very good agreement with the reported micelle-like oligomers of A40
with hydrodynamic radii around 5 nm at 120 min (metastable) and
10-20 nm at 720 min [29]. Additionally, two populations of low (0.9
nm < Rp < 5 nm) and higher (5 nm < Ry < 50 nm) molar mass were
observed by Deleanu et al. [21], with a very small percentage of the total
amyloid, which is consistent with the low fraction of aggregated amy-
loid that we observed in the first aggregation step.

In contrast, in our study of the early aggregation of Ap42 [33], we
only observed the oligomer species with larger aggregation number
around 50 and hydrodynamic radius between 7.3 nm and 10.7 nm. This
difference was also reported by Morel et al. [29], who found only stable
oligomers around 15 nm. The different behavior in the size distribution
of the aggregates of the two amyloids could be related to the more
pronounced conformational change of Ap40 during the aggregation
process [29].

In relation to the longer aggregates observed in AB40, especially
above cacy, their mean hydrodynamic radius would be around 20 nm
and its size would increase with time, in good agreement with what is
described in the bibliography [29]. In the case of Ab42, these types of
aggregates were hardly observed, which may be due to the much lower
true concentration of amyloid in those experiments [33].

4. Conclusions

In this study, we have systematically investigated the aggregation
behaviour of Ap40 using fluorescence correlation spectroscopy (FCS).
Our results reveal a two-step cooperative aggregation process for AB40,
which contrasts with the single-step aggregation observed for AB42.

The first critical aggregation concentration (cacj) for Ap40 is
approximately 0.5 + 0.3 pM, about five times higher than that of Ap42.
Below this concentration, no significant aggregation is observed. Sur-
passing cac;, small metastable oligomers of about 14 monomers and
stable oligomers of 62 monomers form, together not exceeding 10 % of
the total Ap40 concentration. These stable aggregates are similar in size
and shape to those observed in Ap42, but the higher cac and the much
lower fraction of aggregated amyloid highlight Ap40’s much lower ag-
gregation tendency.

A second critical aggregation concentration (cacy) at 19 + 2 uM leads
to the formation of much larger aggregates, possibly protofibrils, with
around 50 % aggregated amyloid. This demonstrates the potential for
further growth of initial oligomers at higher concentrations.

The transition widths for these aggregation steps indicate relatively
narrow concentration ranges in which these processes occur, under-
scoring the distinct stages of Ap40 aggregation.

Our results suggest that early Ap40 oligomers are reversible upon
dilution, although a kinetic barrier may exist, implying that longer times
are required for complete reversibility.

Our comparative analysis shows that while Ap40 and Ap42 share
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some similarities in their aggregation behaviour, AB40 has a markedly
lower aggregation tendency. This is evidenced by its higher cac; and
lower degree of aggregation. Finally, the stability studies indicate that
AB40 oligomers remain stable over time, with no significant changes in
aggregate size or composition after one week, although an increase in
polydispersity is noted. This stability, combined with the higher aggre-
gation threshold, further underscores the distinct aggregation dynamics
of Ap40 compared to Ap42.

Our findings provide a deeper understanding of the aggregation
mechanisms of AB40 and highlight the importance of concentration and
incubation time in studying amyloid aggregation. These insights could
inform therapeutic strategies targeting amyloid aggregation in Alz-
heimer’s disease.
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