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Influence of Seed structure on Volume distribution of α-
Synuclein Oligomer at Early Stages of Aggregation using
nanopipette
Saly Charles-Achille,[a] Jean-Marc Janot,[a] Bastien Cayrol,[b] and Sebastien Balme*[b]

Understanding α-synuclein aggregation is crucial in the context
of Parkinson’s disease. The objective of this study was to
investigate the influence of aggregation induced by preformed
seeding on the volume of oligomers during the early stages,
using a label-free, single-molecule characterization approach.
By utilizing nanopipettes of varying sizes, the volume of the
oligomers can be calculated from the amplitude of the current
blockade and pipette geometry. Further investigation of the
aggregates formed over time in the presence of added seeds

revealed an acceleration in the formation of large aggregates
and the existence of multiple distinct populations of oligomers.
Additionally, we observed that spontaneously formed seeds
inhibited the formation of smaller oligomers, in contrast to the
effect of HNE seeds. These results suggest that the seeds play a
crucial role in the formation of oligomers and their sizes during
the early stages of aggregation, whereas the classical thioflavin
T assay remains negative.

Introduction

α-Synuclein is an intrinsically disordered protein involved in the
pathogenesis of Parkinson’s disease (PD) and other
synucleinopathies.[1] The aggregation can be divided into three
stages. The first phase, known as the lag phase, is the initial
stage of oligomer formation. It is characterized by a negative
thioflavin T (ThT) assay before exponential growth of fibrils.[2] It
is characterized by a very slow nucleation growth rate, in which
monomers coexist with small, soluble transient oligomers.[3]

Oligomers produced during the lag phase are considered the
most toxic species and vary in size, structure, and morphology.
Oligomers produced during the lag phase are often difficult to
characterize owing to their heterogeneity and transient
nature.[4] This necessitates the development of an innovative
approach based on the label-free single-molecule character-
ization of samples with continuous measurements.

Seeding accelerates the nucleation process by adding
preformed aggregates to the monomers.[5] They can be
generated from mature fibers sonicated into shorter fibrils[6] or
by large, stable oligomers.[7] The species from which α-synuclein

seeds are generated influences seeding rate.[8] For example,
when human α-synuclein is seeded with A53T aggregates,
straight fibrils with short protease-resistant cores are formed.[9]

Oligomers induced by 4-Hydroxy-2-Nonenal (HNE) are capable
of initiate the formation of amyloid fibrils from monomeric α-
synuclein under in vitro conditions.[10] The formation of α-
synuclein amyloid fibrils is accelerated in the presence of
preformed lysozyme and insulin fibril seeds via a cross-seeding
process.[11] The formation of β-sheet-rich neurotoxic tau oligom-
ers has also been observed in vitro due to the cross-seeding
effect of α-synuclein.[12] In addition to its effect on the
aggregation mechanism and kinetics, seeding plays a crucial
role in the real-time quaking-induced conversion (RT-QUIC)
technique, which is currently being developed for diagnosis.[13]

The limitations of this approach are the time and monomer
concentration that are intrinsically linked to the detection
method. Specifically, the fluorescence of ThT requires conver-
sion of a sufficient number of monomers into amyloid-rich β-
sheet structures. However, this time can be significantly
reduced through single-molecule detection using confocal
fluorescence spectroscopy and utilization of mutant
monomers.[14]

Among single-molecule sensing, biological nanopores are
an emerging one that is particularly relevant for the inves-
tigation of protein assembly, mutation, or post-translational
modification.[15] On the other hand the utilization of solid-state
nanopore technology has proven to be highly effective for the
detection of protein aggregates using the resistance pulse
method.[16,17] This label-free method involves the application of
a continuous voltage across a nanometer-sized aperture filled
with an electrolyte solution to record the resulting ionic current
over time. The passage of a protein aggregate induces
fluctuations in the current signal, and the characteristics of
these fluctuations are linked to the properties of the aggregate,
such as its size, charge, or diffusion coefficient. Various solid-
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state nanopores have been used to detect aβ and α-synuclein
aggregates.[16] Nanopores with a low aspect ratio, typically
composed of SiN and functionalized to prevent fouling, have
been shown to offer the best resolution, as recently demon-
strated in the case of α-synuclein.[18] Their sensitivity allows the
differentiation of several populations of oligomers produced
during aggregation.[19] It has also been used to compare the
composition of oligomers between mutants and the wild-
type.[20] Despite their high resolution, the production and
functionalization of SiN nanopores are challenging, leading to a
low success rate across all experimental steps. Conversely,
nanopores with asymmetrical geometry and high aspect ratio,
obtained through the track-etching technique of polymer films
or laser-pulled quartz nanopipettes, offer long lifetimes and are
easy to design. In addition, their asymmetrical shape allows the
detection of fibrils.[21,22] They have been used to detect various
protein aggregates and amyloids, including β-lactoglobulin,[23]

lysozyme,[24] tau,[25] aβ,[26] and α-synuclein,[27] at different stages
of aggregation. They have also been successfully used to
characterize the effects of enzyme degradation.[28] Among the
high-aspect-ratio nanopores, nanopipettes offer an interesting
platform for amyloid sensing. They were composed of a
reservoir of 10 μL and a tunable sensing zone ranging from a
few nanometers to micrometers. Using these nanopores, we
recently demonstrated good agreement between the recorded
signal and the volume of the fiber and small oligomers of aβ-42
using a simple geometric model.[22] On the other hand, the
nanopipette allows us to follow the aggregation induced by the
addition of seeds through an innovative technique called real-
time fast amyloid seeding and translocation (RT-FAST).[29,30] The
latter, which is suitable for α-synuclein and aβ-42, shows
promise for further development of diagnostic tools. It also
allows for the investigation of aggregation at an early stage,
enabling evaluation of the volume of each detected oligomer.

Following the proof-of-concept of RT-FAST, we propose to
further enhance the method by providing size information
about the oligomer produced during the early stage of
aggregation. The primary objective of the present study was to
develop a strategy for determining the size of oligomer species.
To achieve this objective, we calibrated a series of nanopipettes
of varying diameters using two solutions of α-synuclein
oligomers. Our aim was to propose a straightforward geo-
metrical model that could be used to determine the volume of
oligomers based on the amplitude of the current blockade. We
then applied the model to investigate the impact of seeds with
different morphologies on the volume of oligomers during the
early stage of aggregation under continuous measurements. To
this end, a series of experiments using RT-FAST were proposed,
in which α-synuclein aggregates were seeded with fibrillar and
non-fibrillar oligomers. The goal of this second part was to
provide, for the first time, a map of oligomer size at an early
stage (less than 6 h) measured fly-by, regardless of their
structure and without the use of labels.

Results and Discussion

Geometrical model to estimate oligomer volume

The first objective of this study was to propose an approach for
deducing the volumes of oligomers from the amplitudes of the
current blockades. To this end, two types of α-synuclein
oligomers produced by ND Biosciences were used.[31] The
oligomers obtained through spontaneous aggregation (SP) had
a size distribution ranging from 10 to 37 nm, whereas those
incubated with dopamine (DA) were smaller, measuring
between 8 nm and 22 nm. The supplied data were confirmed
by TEM at the end of our nanopore experiments to ensure that
their sizes did not change during the experiments (Figure SI-2).
Both types of oligomer solutions were analyzed using several
nanopipettes with diameters ranging from 10 to 50 nm to map
all the oligomers present in the solution (see Table SI-2). In
general, biomolecules can be detected by nanopores either by
applying an electroosmotic force (EOF) with a voltage greater
than 0 V or, more classically, by applying an electrophoretic
force (EF).[32] At pH 7.4, α-synuclein became negatively charged
on the quartz surface of the pipette following plasma activation.
This was confirmed by the rectification of the ionic current
observed when a positive voltage was applied ( Figure SI-1).
Thus, in our device, when a negative voltage is applied to a
reservoir containing α-synuclein oligomers, the latter are driven
towards the nanopore by an electrophoretic force. Conversely,
when a positive voltage is applied, cation transport within the
electrical double layer causes the solution to flow out of the
nanopores. This, in turn, creates an electroosmotic driving force
for the analyte. Examples of current traces obtained for the
detection of α-synuclein oligomers using nanopores of various
diameters are shown in Figure 1. The traces recorded for
voltages of +500 mV (EOF) and � 500 mV (EF) show current
blockages induced by the oligomer, regardless of the diameter
of the nanopore. In addition, when EF was applied, the capture
rate was greater than that EOF was applied. This first result
demonstrates that the oligomers are more easily translocated
towards the detection zone of the pipette under the influence
of the electric field. However, we only observed that for
nanopores smaller than 25 nm, clogging under a negative
voltage could be attributed to the presence of larger aggre-
gates in the sample. However, by applying electroosmotic flow,
this clogging phenomenon does not occur. This can be
interpreted by the fact that the less charged and smaller
oligomers move more easily towards the sensing zone of the
nanopipette than the larger and, therefore, more charged ones.
This leads to a drop in the capture rate, as is generally reported,
but is also a type of'electroselection’ in our case. In summary,
electrophoretic force is the most suitable method for detecting
oligomers. However, a disadvantage of this approach is that it
can cause clogging of the small pipette when dealing with
oligomers larger than the nanopores. It is preferable to avoid
nanopore clogging over time when studying the aggregation
kinetics. Our aim was to map all oligomer species using a wide
range of nanopipette diameters. Consequently, we continued
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our investigation by applying electroosmotic flow (+500 mV),
even though the capture rate was lower.

Figure 2 illustrates the distribution of ΔImax/I measured
during the translocation of the two types of oligomers into
nanopores of varying diameters. These distributions were
dispersed, indicating polydispersity of the samples. However,
contrary to the findings reported by Awasthi et al.,[18] the use of
a nanopipette did not allow for a clear distinction between the
different oligomer populations when considering nanopores
with diameters ranging from 26 nm to 50 nm. This limitation in
the resolution of the nanopore can be attributed to the conical
geometry and the high aspect ratio of the nanopipette. To
substantiate this, we simulated the expected blocking ampli-
tudes for aggregates of different volumes using a straightfor-
ward geometric model. Specifically, we considered the resist-
ance of the nanopore with an oligomer to be the sum of the
resistance Rmax (as shown in Figure 2c).

Rmax ¼ Rp þ Rr ¼
1
Gr
þ

1
Gp

(1)

Rp corresponds to the resistance of the sensing zone of the
nanopipette, which is partially obstructed by an oligomer.
Therefore, it depended on the radius (rp) and angle (α) of the
pipette determined for each nanopipette and the volume (VoÞ

of the oligomer. To simplify the problem, the latter was
considered as a cylinder of length (LoÞ and radius (ro) for those
Lo ¼ 2ro

with a radius equal to the length of x, placed exactly at the
nanopipette aperture, and centered on the x-axis (see Fig-
ure 2c). Rr corresponds to part of the nanopipette that is free of
oligomers. The resistance is expressed as follows:

Rr ¼
1
G
�

Lo
kprp rp þ 2r0ð Þa

� � witha ¼< zs > 2ð Þ

In equation 3, the first term G is the nanopore conductance
without aggregates. The second term is related to the nanopore
entrance in the oligomer. It is defined by the radius of the
nanopipette and length Lo of the oligomer. It should be noted
Rempty
p is free and Rp is occupied within oligomers. The latter can
be defined from the adaptation of ref[33] as

Gp ¼ Gempty
p 1 �

Vo

Vp

� �

(3)

Where Vo and Vp are the volumes of the oligomer and the
sensing zone of the nanopore, respectively. By including the
eqs. 2 and 3 in the eq. 1,

Rmax ¼
1

kprp rp þ 2r0a
� �

=2r0
� �

�

1 � r20=2rp rp þ 2r0a
� �� �� �

�

1
G
�

2x
kprp rp þ 2r0ð Þa

� �

(4)

Finally the DImax=I is obtained by the following relation eq. 5

Figure 1. a) Sketch of α-synuclein oligomers detection using nanopipette.
Typical current trace obtained during the detection of α-synuclein oligomers
(SP) and (DA) using nanopipette with diameter b 39 nm, c 22 nm, d 19 nm
by applied+500 mV (orange trace) or � 500 mV (bleu trace). These current
traces were recorded using the following condition NaCl 1 M, PBS 1X, the
base line was not corrected.

Figure 2. a) Distribution of the DImax=I recorded for the α-synuclein SP
oligomers using small (red) nanopipettes (diameter 5 nm, 7 nm, 9 nm
respectively) and using large (blue) nanopipettes (diameter 20 nm, 28 nm,
39 and 40 nm respectively). b) Distribution of the DImax=I recorded for the α-
synuclein DA oligomers using small (red) nanopipettes (diameter 9 nm,
11 nm and 12 nm respectively) and using large (blue) nanopipettes
(diameter 20 nm and 22 nm respectively). c) Scheme of the nanopore
geometry used for the equations 2 to 6. d) Simulations of DImax=I using
equations 6 and 7 as a function of the 2r0, considering nanopipette with
diameter 9 nm (bleu), 12 nm (orange), 16 nm (light green), 30 nm (dark
green) and 57 nm (violet).

Wiley VCH Mittwoch, 21.02.2024

2405 / 338905 [S. 129/134] 1

ChemBioChem 2024, 25, e202300748 (3 of 8) © 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH

ChemBioChem
Research Article
doi.org/10.1002/cbic.202300748

 14397633, 2024, 5, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202300748 by Inrae - D
ipso, W

iley O
nline L

ibrary on [03/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



DImax

I
¼

G� 1

G� 1 � Rmax
(5)

The simulations reported in Figure 2d show that a nanopore
can only discriminate a small fraction of oligomers when the
detection threshold is set at 1% of the current. Specifically, for a
set of representative experimental nanopipettes with diameters
of approximately 10 nm, 20 nm, and 40 nm, only oligomers
larger than 5 nm, 15 nm, and 26 nm were detected. This refers
to oligomer sizes that are larger than the radius of the
nanopore. The simulation confirmed that the nanopipette had a
limited range of size detection compared to the low-aspect-
ratio nanopore. Additionally, it confirms that analysis using
pipettes of various sizes can provide comprehensive informa-
tion on the volume of oligomers present in a sample. We
noticed that a nanopore with a low aspect ratio (SiN) also
required a set of diameters ranging from 25 nm to 56 nm to
size oligomers up to 5000 nm3.[18]

Using the geometric approach described above, we calcu-
lated the equivalent volume of each oligomer. Briefly, we
deduced the Rmax of the events from the DImax=I and the G using
equation 6. Then, equation 5 is solved for each value of Rmax to
find the value of ro and finally calculate the volume Vo. The
results obtained from the seven nanopores used to characterize
the SP oligomers and the five nanopores used to characterize
the DA oligomers were combined, and the distribution histo-
gram is plotted in Figure 3. For SP oligomers, the distribution of
oligomer volumes obtained with nanopores with diameters
greater than 10 nm was found to be between 100 nm3 and
2000 nm3 and between 5000 nm3 and 25000 nm3 when a larger
nanopore was used. To estimate the order of magnitude of the
oligomer size, we calculated the size, Lo of the cylinder. It is
clear that this size is not exact because we cannot state about
the exact oligomer geometry. These measured volumes corre-
sponded to oligomer sizes L0 ranging from 5 to 30 nm, which is
consistent with the data provided by the supplier. We also note
that the distributions are multimodal, allowing us to determine
peaks centered at 150 nm3, 780 nm3, and 4545 nm3, 9670 nm3

by combining the results obtained with different nanopores
corresponding to sizes L0 of 6 nm, 10 nm, 18 nm, and 23 nm.

Analysis of the DA oligomers revealed a smaller size
distribution than typical SPs, with a volume distribution ranging
from 150 nm3 to 5000 nm3, corresponding to sizes between
6 nm and 19 nm. Further analysis revealed two populations,
one centered around 341 nm3 and the other at 2866 nm3,
corresponding to oligomer sizes of 8 nm and 15 nm, respec-
tively. The latter result also agrees with the supplier’s data. In
this section, we demonstrate that a straightforward geometric
model can be utilized to estimate the diameter of oligomers
based on the amplitude of the current blockade and the pore
geometry, including its diameter and angle. However, unlike
nanopores with low aspect ratios, nanopipettes are not efficient
in detecting a wide range of oligomer sizes, particularly small
ones. By using pipettes of different diameters and combining
the results, it is possible to analyze complex samples and
determine various populations. The simplicity and low cost of

nanopipette fabrication make it a feasible option. Additionally,
the application of an electroosmotic force allows for the use of
nanopore diameters smaller than the size of the oligomers
while minimizing the occurrence of clogging.

Impact of seed structure on the aggregation of α-Synuclein

In the previous section, we validated a method for characteriz-
ing a mixture of oligomers by combining a geometric model
and an analysis using nanopores of different diameters. In this
section, we employ this approach to investigate the impact of
incorporating seeds on the size distribution of α-synuclein
aggregates over time. Specifically, we aimed to determine the
influence of seed morphology on oligomer formation during
the early stages of aggregation, when the ThT signal was
negative.

Figure 3. Distribution of a) SP and b) DA oligomer volume deduced from the
DImax=I and the equations 6,7. The red line is the Gaussian fit of the
distribution.
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The characterization of the aggregates formed over time
was followed by RT-FAST. These experiments involved incubat-
ing α-synuclein monomers directly in the reservoir of a nano-
pipette at a concentration of 100 nM. Two conditions were
tested: one without preformed seeds (control) and the other
with 200 pM (Eq. monomer) of seeds. The oligomers formed
were analyzed on the nanopore sensor by applying an EOF (V=

500 mV) every 30 min for 360 min to obtain information on the
formation time of the different populations of aggregates as
well as their size. For each condition, the RT-FAST experiments
were carried out with nanopipettes ranging in diameter from
10 nm to 45 nm (Figures 4 and SI-3, 4). The seeds used for this
application were obtained through spontaneous aggregation of
α-synuclein monomers at two different time points: 6 h and
23 h. TEM imaging showed that after 6 h of aggregation, the
solution mainly contained oligomers with a nonfibrillar struc-
ture, as confirmed by a negative response to the ThT assay.
After 23 h of incubation, the signal was positive for ThT, and
TEM revealed a heterogeneous sample consisting of spherical
oligomers and fibrillar structures. The latest seeds containing
HNE that were used in this study exhibited a homogeneous
fibrillar structure. However, they remain soluble in water even
though their structures are mostly composed of β-sheets.[10,34]

We have also controlled the presence of oligomers at the end
of incubation under all RT-FAST condition time by TEM
(Figure SI-5).

The control experiment, which investigated aggregate
formation in the absence of seeds, was replicated using nine
nanopipettes (Table SI-3). Figure 5a depicts the volume distribu-
tion of the oligomers detected over time. These results reveal
the existence of two distinct populations. The smaller popula-
tion consisted of oligomers with volumes of less than 1000 nm3

and diameters greater than 15 nm. This population was
detected after a 30-minute incubation period. This population
corresponded to spontaneously formed oligomers with sizes
smaller than 10 nm. A larger population of oligomers with a
volume range of 1000 nm3 to 4000 nm3 (diameter between 10
and 17 nm) appeared only after a 120-minute incubation
period. The oligomer sizes measured are in agreement with
those previously characterized and are consistent with literature
reports.[7,35] The first series of experiments revealed a non-
monomodal distribution of oligomers, indicating heterogene-
ous mixing during the lag phase (negative ThT assay signals).
These findings are consistent with those of previous studies
showing the polymorphic nature of α-synuclein oligomers.

Figure 5b and c depict the distributions of oligomer
formation upon the addition of non-fibrillar and fibrillar seeds,
respectively. In both cases, aggregates with volumes exceeding
1000 nm3 were detected within 30 min of incubation. This
finding emphasizes the role of seeds in accelerating the
formation of this type of oligomer. In contrast, the control
exhibited a non-monomodal volume distribution of the
oligomers, indicating the presence of multiple distinct species.
Further examination of the results revealed significant discrep-
ancies depending on the seed added. Specifically, the addition
of non-fibrillar oligomers led to the rapid formation of
oligomers with a volume greater than 1000 nm3, whereas the
addition of fibrillar seeds led to the formation of smaller

Figure 4. a) Sketch of RT-FAST experiments. TEM of b) oligomers obtained
after 6 h of incubation, c) fibrils obtained by incubation with HNE d) fibrils
obtained after 24 h of incubation. e) Examples of current trace obtained after
210 min of incubation for the control (blue), the experiment performed by
adding seeds oligomers (red), fibril-HNE (pink), and fibrils (orange). For TEM
image the scale bare is 200 nm. The baseline values are 6.75 nA, 6.6 nA 6.15
nA and 5.6 nA for the control (blue), the experiment performed by adding
seeds oligomers, fibril-HNE, and fibrils.

Figure 5. Distribution of oligomer volume detected by nanopore with
diameters from 10 nm to 50 nm as a function of incubation time for a) the
control (light green) the experiment performed by adding seeds, b)
oligomers (brown), c) fibrils (green) and d) fibril-HNE (blue).
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oligomers. As the incubation time increased, the distribution of
oligomers became more dispersed. Oligomers with a volume of
less than 1000 nm3 only after 2 h. This may seem counter-
intuitive, but it is plausible that the smaller oligomers were not
concentrated enough to be detected by nanopore detection.
When fibrillar seeds were added, the oligomers were larger and
more dispersed. The results revealed the formation of oligomers
with a volume greater than 4000 nm3 after 90 min of incuba-
tion, which were not detected in the control or with the
addition of nonfibrous oligomers. This oligomer population was
highly dispersed and consisted of a heterogeneous oligomer
mixture. Regarding the addition of non-fibrillar seeds, species
with a volume of less than 1000 nm3 were detected at a later
time, specifically after 60 min of incubation. This confirmed the
role of the seed in promoting the formation of larger oligomers.
The effect of seed morphology, specifically whether the
oligomer and fiber were sonicated, has already been inves-
tigated using ThT fluorescence emission. It has been reported
that sonication of fibers accelerates the aggregation process.[36]

On the other hand, confocal fluorescence spectroscopy inves-
tigations have indicated that fibers are more seeding-compe-
tent than oligomers.[37] Similarly, our findings demonstrate that
the aggregation process proceeds through the formation of
large aggregates when small fibers are used as seeds. 4-
Hydroxy-2-Nonenal is known to modify the structure of α-
synuclein fibers, which raises the question of its effect on the
size distribution of oligomers formed. Similarly, compared to
previous experiments, a population of oligomers with a volume
greater than 1000 nm3 appeared earlier than in the control. This
occurred after 30 min of incubation along with a population of
smaller oligomers with a volume of less than 1000 nm3. In this
case, the results suggest that HNE fibers can accelerate the
formation of large oligomers. However, they do not inhibit the
formation of smaller α-synuclein seeds, as observed with
spontaneously formed α-synuclein seeds (both fibrillar and non-
fibrillar). Furthermore, although the seeds were fibrillar, we did
not detect any oligomers with a volume greater than 4000 nm3

within the first 360 min. For all conditions (seeded and control),
we confirmed the presence of oligomers of comparable sizes by
conducting TEM experiments at the end of the incubation time
inside a nanopipette. Obviously, this confirmation does not
allow for detailed analysis of the size distribution of the
oligomers, as achieved by nanopore technology. This is because
the low concentration and chemical treatment of the sample
necessary to obtain the images can affect the accuracy of the
results. Looking at the results as a whole, we observed that the
volume distributions of the oligomers fluctuated with time for
all experiments (control and seed). This phenomenon has been
observed for Aβ peptides and α-synuclein.[29,30] This has been
interpreted as the result of the different transient conformations
that the oligomers take on over time before forming stable β-
sheet structures. These structures adopt the most favorable
conformation to form fibers. Interestingly, our results demon-
strated that the addition of different types of seeds influences
the morphology and formation times of oligomers.

Conclusions

Our study aimed to investigate the influence of seeds on the
volume of α-synuclein oligomers during early stages of
aggregation. To achieve this, we present a geometric model
that estimates the volume of detected aggregates based on the
current blockade amplitude and pipette geometry (including
diameter and angle). Our findings showed a significant agree-
ment between the experimental values obtained through
nanopores and microscopic analysis of oligomers produced
using two different methods. This allowed us to directly map
the species present during the initial stages of aggregation over
time, and revealed that seeds induced the formation of larger
oligomers compared to the control without seeds. Furthermore,
fibrillar aggregates demonstrated better seed competency than
fiber aggregates with HNE and oligomers. Overall, our study
highlights the utility of nanopore technology for investigating
the early stage aggregation kinetics. This technology provides
information on oligomer size independent of specific structures,
such as ThT. We believe that our findings open avenues for
further investigations into amyloid growth and provide access
to information on small oligomer sizes.

Experimental Section

Biochemistry

α-Synuclein monomers and oligomers were purchased from ND
Biosciences (Lausanne, Switzerland). The solubilization of α-synu-
clein monomers in 1X PBS at 4 °C was performed according to a
previously described protocol.[29] The concentration of the mono-
mer solution was determined by measuring absorbance at 280 nm
using a JASCO spectrophotometer. The solution was then aliquoted
to a final concentration of 36 μM and stored at � 80 °C until use.

To produce seeds, wild-type recombinant α-synuclein monomers
(stock solution 58 μM in PBS 1X) were diluted to 50 μM in PBS in
low-binding Eppendorf tubes and incubated at 37 °C without
shaking to allow aggregation. After 6 and 23 h of incubation, the
solutions were diluted in PBS to a concentration of 2 nM and stored
at � 80 °C until the seeding experiments. For microscopy of α-
synuclein seeds and oligomers, samples were deposited onto
Formvar carbon-coated grids, negatively stained with freshly
filtered 2% uranyl acetate, and then dried. The TEM images were
obtained using a JEOL 1400 electron microscope at an accelerating
voltage of 80 kV.

Pipette production and Characterization

Quartz capillaries were purchased from Sutter Instruments (ref
Q100-30-7.5, OD: 1 mm & ID: 0.3 mm; ref Q100-50-10, OD: 1 mm &
ID: 0.5 mm; and ref Q100-70-10, OD: 1 mm & ID: 0.7 mm). The
capillaries were pulled using a P-2000 pipette puller (Sutter
Instruments). The pulling parameters were chosen to achieve a tip
diameter ranging from 10 to 60 nm (Table SI-1). After pulling the
nanopipette, the surface was activated with O2 plasma at 100 W for
4 min at 20 sccm. The pipettes were then filled with pure degassed
water using a thermally driven approach [32]. After complete filling,
the nanopipettes were characterized using a 1 M NaCl solution and
1X PBS solution with a pH of 7.4. The nanopipette diameter (rp) was
determined using equation 1, which involves measuring the
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conductance of a 1 M NaCl solution, PBS 1X pH 7.4, and the angle α
determined by fluorescence microscopy (x1000) after filling it with
a solution of Rhodamine G (Figure SI-1). A table of nanopipettes
utilized in this study is provided in the Supporting Information.

rp ¼
G

kptan að Þ þ 0:25 (1)

where k is the conductivity of the electrolyte solution.

Resistive pulse experiments

The resistive pulse experiments were performed as follows: A
solution containing α-synuclein was placed inside nanopipettes
connected to the working electrode of an amplifier (EPC10 double
or EPC10, HEKA, Germany). The ground electrode was placed in an
external reservoir, and the detection experiment was conducted
using a solution of 1 M NaCl, PBS 1X, with a pH of 7.4 at a
temperature of 23 °C. A constant voltage was applied and the
current was measured using a frequency of 200 kHz or 100 kHz,
which was filtered with a Bessel filter at 10 kHz. The current traces
were then analyzed using the custom-made LabVIEW software
(PeakNanoTool). The signal was filtered using a Butterworth filter
with a 5 kHz order of 1. Subsequently, the baseline fluctuations
were corrected using a Savitzky-Golay filter of the order of 1. This
correction was performed to establish a detection threshold of 6 σ,
where σ represents the standard deviation of the baseline signal.
These events were characterized by their relative blockade
amplitudes (ΔImax/I). Statistical analyses were performed using a
custom MATLAB script.

For the analysis, 500 nM α-synuclein oligomers (ND Biosciences,
Lausanne, Switzerland) in 1 M NaCl (containing 1X PBS, pH 7.4) was
added directly to the pipette. A voltage of +500 mV or � 500 mV
was applied.

For the seeding experiments, monomers were diluted to a
concentration of 100 nM in NaCl 1 M (containing PBS 1X, pH 7.4).
These diluted monomers were then added directly into the pipette,
either without seeds or with seeds, at an equivalent monomer
concentration of 200 pM. The experiment consisted of two phases.
First, a voltage of 500 mV was applied for 7.5 min, followed by a
voltage of � 500 mV for the same duration. During this experiment,
the current was measured using an EPC10 amplifier (HEKA,
Lambrecht, Germany) at sampling rates of 200 kHz or 100 kHz. The
signal was filtered using a Bessel filter set at 10 kHz. The second
phase was a 15-minute break without an applied voltage. This
process was repeated for 6 h to incubate the α-synuclein inside the
pipette. The data were analyzed every 30-minute cycle to obtain
kinetic information.

Supporting Information

The authors have cited additional references in the Supporting
Information. Additional data on nanopipette production and
characterization, lists of nanopipettes used in this work, TEM
images of α-synuclein oligomers SP and DA, evolution of
current trace recorded over the incubation time and TEM
images of α-synuclein oligomers obtained after 6H of incuba-
tion inside a nanopipette without and with different preformed
seeds.
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