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Characterizing Prion-Like Protein Aggregation: Emerging
Nanopore-Based Approaches

Nathan Meyer, Joan Torrent, and Sébastien Balme*

Prion-like protein aggregation is characteristic of numerous
neurodegenerative diseases, such as Alzheimer’s and Parkinson’s diseases.
This process involves the formation of aggregates ranging from small and
potentially neurotoxic oligomers to highly structured self-propagating amyloid
fibrils. Various approaches are used to study protein aggregation, but they do
not always provide continuous information on the polymorphic, transient, and
heterogeneous species formed. This review provides an updated
state-of-the-art approach to the detection and characterization of a wide range
of protein aggregates using nanopore technology. For each type of nanopore,
biological, solid-state polymer, and nanopipette, discuss the main
achievements for the detection of protein aggregates as well as the significant
contributions to the understanding of protein aggregation and diagnostics.

1. Introduction

Prion-like protein aggregation is a common characteristic of
numerous neurodegenerative diseases, including Alzheimer’s
and Parkinson’s diseases.[1] This three-phase process involves
the formation of aggregates ranging from small and potentially
neurotoxic oligomers to highly structured self-propagating amy-
loid fibrils.[2] The first phase, known as the lag phase, involves
the formation of small aggregates of misfolded proteins, which
exhibit diverse structures and lower growth rates than fibrils.[3]

These oligomers are considered metastable and can be either
on- or off-pathway. In the second phase, called the growing
phase, on-pathway oligomers grow to form protofibrils and
fibrils highly structured 𝛽-sheets.[4] Finally, the aggregation
process reaches a plateau, where the majority of the monomers
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are in fibrillar form (Figure 1). In re-
cent years, considerable research has
been devoted to understanding the mech-
anism of protein aggregation, particu-
larly in the early stages, which are not
yet fully understood due to the low
concentration, and highly heterogeneous
structure.[5] Indeed, the species formed
during this phase are soluble oligomers
that are mostly unorganized into 𝛽-sheet
structures, making them undetectable by
ThT fluorescence emission. These solu-
ble oligomers appear to trigger the ag-
gregation process and the amyloid cas-
cade. Moreover, research has suggested
that they are the most toxic to neurons.[6]

Oligomer formation during the initial
phase was highly complex. These entities are poorly character-
ized owing to their metastable nature in solution.[7] However, ex-
perimental studies coupled with theoretical kinetic models have
revealed the biochemical mechanisms of their production.[8] The
aggregation process involves interconnected phenomena, start-
ing with a primary nucleation step, where non-fibrillar oligomers
known as “off-pathways” are formed and then reorganized into
oligomers capable of forming a fiber (“on-pathways”). In fact,
only fibrillar oligomers will be stable enough to produce an amy-
loid fiber. Once produced, the latter can catalyze the formation of
new fibrillar oligomers on its surface. This phenomenon, known
as secondary nucleation, is responsible for the rapid proliferation
of 𝛽-sheet-rich structures observed during the exponential aggre-
gation phase (Figure 2c).[3] Two distinct nucleation mechanisms
lead to the formation of fibrillar structures during the early
phases.[9] The primary nucleation mechanism corresponds to
the formation of fibrillar oligomers following self-aggregation
(Figure 2c, top). In the second mechanism, known as secondary
nucleation, the fibers formed by primary nucleation act as a
catalytic surface for the peptide, facilitating its aggregation.

Over the years, various approaches have been developed to
study the early stages of protein aggregation. These include
monitoring the depletion of monomers and the formation of
aggregate structures.[3] The most commonly used technique
for monitoring the aggregation kinetics is the enhancement of
Thioflavine T (ThT) fluorescence, which binds to the character-
istic 𝛽-sheet structures of amyloid.[10] Nuclear magnetic reso-
nance (NMR) spectroscopy in solution was used to study the evo-
lution of the monomer concentration over time (Figure 2a).[11]

In contrast, solid-state NMR (ssNMR) is suitable for resolv-
ing the structure of amyloid fibers harvested in the plateau
phase.[12] Fourier Transform Infrared (FTIR) spectroscopy can
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Figure 1. Diagram of amyloid protein aggregation. The kinetics follow a sigmoidal pattern, which can be broken down into 3 phases (lag, exponential,
plateau). The species present in the lag phase, mainly oligomers, are insensitive to Thioflavin T, as they are not structured into 𝛽-sheets. At the end of
the aggregation process (plateau), the fibers are organized into plaques, which are responsible for various neurodegenerative diseases.

be used to monitor the concentration of aggregates[13] and the
secondary structure through the analysis of the amide I absorp-
tion band between 1600 and 1700 cm−1.[14] Similarly, Raman
spectroscopy allows differentiating between different fibril mor-
phologies and toxic oligomers.[15] Circular dichroism (CD) can be
used to characterize and quantify different secondary structure
elements, allowing the monitoring of conformational changes
during the aggregation process (Figure 2b).[16] However, these
techniques only provide averaged information about the sam-
ple, and none about specific polymorphic, transient, and hetero-
geneous species that co-exist during the aggregation process.[17]

Single-molecule techniques are powerful tools for identifying dif-
ferent proteomorphs and elucidating the complex mechanisms
of aggregation processes. These methods primarily rely on flu-
orescence techniques such as Förster resonance energy trans-
fer (FRET) and fluorescence correlation spectroscopy (FCS) in
solution.[18] Confocal fluorescence spectroscopy, in which pho-
tons emitted by ThT or another fluorescent molecule from an
oligomer passing through a confocal volume are detected, al-
lows in situ monitoring of aggregation (Figure 2c).[19] After chro-
matographic separation, absorbance or radioactivity measure-
ments can be used to quantify oligomers, while mass spec-
trometry can provide information on the number of monomers
in an aggregate.[9,20] Transmission electron microscopy (TEM)
provides information on the morphology of the species, while
cryo-electron microscopy (CryoEM) is useful for determining
the molecular architecture of the fibrils.[21] Atomic force mi-
croscopy (AFM) has been used to characterize the topography of
the various species formed during aggregation[22] and the me-
chanical properties of the fibrils.[23] The development of high-
speed AFM has made it possible to observe fiber growth in
real-time.[24]

Although the techniques discussed in the previous section al-
low the study of monomers and fibrils over time, they are not
suitable for the direct characterization of oligomers in solution.
Furthermore, early phase oligomers are insensitive to interca-
lating agents, such as ThT, yet, the early stages of protein ag-

gregation have a significant impact on various diseases. Despite
advancements in characterization techniques, there are several
unanswered questions regarding the composition of small and
transient oligomers not structured in 𝛽-sheets, such as i) how
the ratio between the soluble oligomer and the one structured in
𝛽-sheet structure influences the onset of the exponential phase,
ii) how external factors like shaking, temperature, drugs, and pol-
lutants affect the size, shape, distribution, and concentration of
the soluble oligomer, or iii) which species are produced through
secondary nucleation mechanisms. The time and monomer con-
centration required for a sample to be sensitive to ThT are sig-
nificant limitations to the development of real-timequaking In-
duced Convertion- (RT-QuIC) as a diagnostic tool. Directly prob-
ing oligomers before their structuration in 𝛽-sheet-rich fibrils
may be a promising approach for the development of early di-
agnostic assays. In summary, there is a strong need for a novel
approach, particularly to characterize the morphology of small
oligomers under continuous conditions. Understanding the for-
mation mechanisms of these oligomers may pave the way for the
development of novel therapeutic and diagnostic tools. Among
emerging approaches, nanopores can complement the existing
panel of techniques. Nanopores allow the characterization of a
single macromolecule, providing information on its sequence,
structure, volume, and folding state. They can detect small pep-
tides as well as aggregates of several hundred nanometers with-
out labeling by choosing a nanopore size of the same order as
the analyte. Although nanopores are inherently non-selective,
their functionalization can make them specific to a particular
species. This review provides an up-to-date overview of emerg-
ing nanopore-based approaches for the detection and characteri-
zation of protein aggregates.

2. Nanopore Sensing

The emergence of nanopore technology in the 1990s resulted
in remarkable achievements in real-time, label-free, and single-
molecule DNA sequencing.[25] However, this technology has
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Figure 2. a) Intensity of the peak corresponding to the amide and aromatic regions monitored by NMR as a function of time. With time, the intensity
decreases, indicating aggregation. The blue and red curves correspond to aggregation of IAPP (amyloid protein) in the absence and presence of curcumin
respectively. Figure adapted from.[11a] Copyright 2012, American Chemical Society b) Superimposed DC spectra recorded at 45-min time intervals. The
increase in the amount of amyloid−𝛽 is indicated by the increase in a negative band at 215 nm and a positive band at 195 nm. Figure adapted from.[16b]

Copyright 2007, Wiley c) Experimental diagram of a device for detecting amyloid aggregates by confocal spectroscopy. d) fluorescence photons as a
function of time measured, when a ThT-bound aggregate passes through the volume, a burst of fluorescence is measured. The properties of this burst,
in particular its duration, provide information on the properties of the aggregate that has passed through the confocal volume (its diffusion coefficient,
friction coefficient, etc.).

also been extended to other analytes such as metal ions, small
molecules, proteins, nanoparticles, and amyloids.[26] Single-
molecule detection using nanopore technology is based on the
resistive pulse principle (Figure 3).[27] Specifically, a nanometric
hole (nanopore) is positioned between two reservoirs filled with
an electrolyte solution (such as NaCl or KCl). By applying a
voltage between the two electrodes immersed in the reservoirs,
the movement of electrolytes and fluids through the nanopore
is induced, generating a constant ionic current (I0) that is mea-
sured as a function of time. When an analyte passes through the
nanopore, the current perturbation is measured (as shown in
Figure 3, right panel). The amplitude of the current perturbation
(ΔI) provides information about the volume and shape of the
analyte. In general, the larger the volume of the analyte, the
greater the resulting ΔI.[28] However, it is important to note
that the charge of the analyte can also affect the ΔI at low salt

concentrations due to the presence of counterions on their
surface. Consequently, the two analytes with similar volumes
but different charges may display different ΔI values.[29] Another
commonly used parameter is the dwell time (Δt). Although it
can provide information on analyte parameters,[30] it is often
more difficult to interpret.[31] The dwell time depends on the
diffusion coefficient of the analyte and its apparent charge inside
the nanopore, which may differ from that of the bulk.[32] In
addition, the dwell time is influenced by the interaction between
the analyte and the nanopore, such as transient adsorption
or target/probe transient binding, the energy barrier for the
entrance and exit of the analyte as well as the electroosmotic
flow.[33] Consequently, the dwell time is more difficult to esti-
mate than the blockade amplitude. The frequency of the current
perturbation also depends on the analyte concentration, its
diffusion coefficient in the bulk, and the energy barrier.[34]
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Figure 3. Left, experimental principle of the resistance pulse. Right, schematic representation of current blockage when an analyte passes through
the pore. The current I0 corresponds to the open pore, and ΔI corresponds to the current blockage when a molecule transiently blocks the pore. Δt
corresponds to the duration of current blockage.

2.1. Biological Nanopore for “Prion-Like” Protein Sensing

Biological nanopores are transmembrane channels with diam-
eters ranging from 1 to 4 nm,[35,25a,36] and have been used
for biomolecule sensing since the pioneering work involv-
ing a nanopore demonstrated the detection and discrimina-
tion of polynucleotides using the 𝛼-hemolysin toxin produced
by the bacterium Staphylococcus Aureus. Subsequently, biolog-
ical nanopores were developed using a porin from Mycobac-
terium smegmatis (MspA) or those formed by a toxin present

in Aeromonas hydrophila (Aeorolysin) (Figure 4a). Their precise
structure makes them suitable for sequencing applications, as
well as for the analysis of biomolecular modifications induced
by radioactive or enzymatic reactions, or the identification of tar-
gets associated with disease. They have also been widely used to
study unfolded proteins.[37] Currently, the most ambitious goal
for biological nanopores is protein sequencing, which is more
challenging than DNA sequencing because of the 22 proteino-
genic amino acids (compared to only 4 nucleotides in DNA)
and the energy cost of unfolding a protein to sequence it.[38]

Figure 4. a) Example of different biological nanopores. Figure adapted from.[28a] Copyright 2018, Wiley b) Detection of the different species formed
during the aggregation of Α𝛽 with an a-hemolysin nanopore. Figure adapted from.[40] Copyright 2021, Elsevier c) Detection and discrimination of Α𝛽 1-
42 peptides varying by only one amino acid in their sequence by an aerolysin nanopore. Figure adapted from.[51] Copyright 2022, Wiley.
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Nevertheless, outstanding results have recently been reported for
the identification of short peptides and the detection of single
amino acid substitutions.[39]

The study of biological nanopores has attracted consider-
able interest because of their potential to detect monomers
and oligomers smaller than a few nanometers. For example,
𝛼-hemolysin has been used to study the oligomerization pro-
cess of 𝛽-amyloid (A𝛽) 1−40. Monomers induce current block-
ades upon translocation, whereas oligomers larger than the
nanopore size exhibit bumping events without translocation
(Figure 4b).[40] These bump events are characterized by shorter
durations and smaller amplitudes of current blockade than
translocation events. Subsequent research conducted by the
same group demonstrated the modulation of A𝛽 1−40 aggre-
gation by acetylcholinesterase (AchE), a molecule suspected to
play a role in Alzheimer’s disease, as indicated by changes in
the duration and amplitude of current blockade.[41] Furthermore,
using the same nanopore, the cleavage of the A𝛽 10−20 pep-
tide species was detected, and the kinetic constants of enzymatic
degradation were determined through a detailed analysis of the
parameters of the blocking events.[42] Another study compared
the frequency and amplitude of current blockade events in the
absence and presence of 𝛿-cyclodextrine. The results indicated
an increase in the number of bumping events due to the forma-
tion of aggregates too large to translocate into the nanopore.[43]

The blocking parameters (amplitude, duration, and frequency)
induced by two A𝛽 truncated peptides, A𝛽 25−35, and A𝛽 35-25,
were also analyzed. The study revealed a large current blockade
for the A𝛽 25−35 peptide, which is attributed to its 𝛽-sheet struc-
ture, whereas a small current blockade was observed for the A𝛽
35-25 peptide, which was interpreted as an 𝛼-helix/loop structure.
In addition, the decrease in current blockade over time demon-
strated the pro-aggregative behavior of A𝛽 25−35, in contrast to
A𝛽 35-25.[44]

It is widely recognized that certain metal ions can accelerate
aggregation, a process that has been extensively studied.[45] In
this context, the interactions between the A𝛽1-16 peptide and
various metal ions, including Cu2+, Zn2+, Fe2+, and Al2+, were
investigated using a biological nanopore system.[46] In the pres-
ence of metal cations, a decrease in the frequency, duration, and
amplitude of the current blockade was observed, with the most
significant effect observed for Cu2+. Further analysis of the cur-
rent blockade allowed the determination of the dissociation con-
stants between the peptide and the cations, revealing a sequence
of Cu2+<Zn2+<Fe2+<Al2+. Another study investigated the inter-
action between the HIS13 of the A𝛽1-16 peptide and Cu2+.[47] The
event frequency indicated that the association and dissociation
constants of the peptide were higher for rat A𝛽1-16 than for hu-
man A𝛽1-16, which was attributed to an ion-induced conforma-
tional change in the peptide. Further investigations also exam-
ined the influence of chirality on the interaction between wild-
type (or variant form) A𝛽1-16 peptides and Cu2+ by determin-
ing the different dissociation constants for the different peptide
sequences.[48]

Recently, the reversible binding kinetics of 𝛼-synuclein in 𝛼-
hemolysin nanopores were investigated by analyzing current
blockade. This approach allowed characterization of the influ-
ence of metal ions, such as Cu2+ and Zn2+, on the dynamics

of 𝛼-synuclein interactions with biological membranes.[49] The
nanopore, formed by a mutant of aerolysin, provides excellent
resolution for peptide analysis, as demonstrated by the mapping
of all amino acids and the characterization of post-translational
modifications of peptides.[38a,50] The use of this nanopore made it
possible to distinguish 𝛽-peptides with a single amino acid sub-
stitution in their sequence (Figure 4c), thereby[51] allowing the
detection of typical family mutations. This nanopore was used
for the fragment analysis of 𝛼-synuclein after protease treatment.
The ability to identify single amino acid replacements and the
demonstration of good agreement with mass spectroscopy anal-
ysis overcomes the main limitation of biological nanopores for
protein analysis, and represents a significant step forward in pro-
tein sequencing by nanopores.[50b,52]

In general, biological nanopores are characterized by their
excellent reproducibility and high precision, due to their per-
fectly controlled geometry.[43] In addition, their internal struc-
ture can be modified through directed mutagenesis to opti-
mize properties, such as the distribution of electrical charges in-
volved in analyte capture[53] or the constriction involved in ana-
lyte reading.[54] However, biological nanopores have a diameter
limitation ≈4 nm, which makes them unsuitable for characteriz-
ing amyloid aggregates that are several tens of nanometers in size
and organized in sheet-𝛽, although they can be detected by bump-
ing events. Therefore, it is necessary to use artificial nanopores
to overcome this size limitation.

2.2. Solid-State Nanopore with Low Aspect Ratio For “Prion-Like”
Protein Sensing

Solid-state nanopores drilled directly into silicon-based thin films
have emerged as an alternative to biological nanopores since
the early 2000s.[55] These nanopores are produced by dielectric
breakdown (CBD), drilling with a focused ion beam (FIB), or
electron beam (TEM). They have a low aspect ratio, defined as the
ratio of the length to diameter of the nanopore (Figure 5a), which
provides high precision for spherical structures. The diameter of
these nanopores can be adjusted from a few nanometers to ten
micrometers, depending on the thickness and chemical com-
position of the thin film and the drilling technique used. Their
properties can be easily tuned by grafting or adsorbing molecules
or polymers.[56] Although they are less reproducible and precise
than biological nanopores, solid-state nanopores can be used to
detect protein aggregates. Silicon nitride (SiN) nanopores have
good resolution for this purpose, but non-specific adsorption of
amyloid is a major drawback that can be overcome by surface
functionalization. This involves the use of hydrophilic chemical
moieties that reduce adsorption, prevent pore clogging, increase
wettability, and extend the lifetime of nanopores.[28a,57] In a
pioneering work, a double phospholipid bilayer was adsorbed
on SiN to avoid clogging of nanopores. Analysis of 𝛽-amyloid
1−42 aggregations over 72 h of incubation revealed a decrease
in the frequency of events, while the amplitude of the current
blockade increased, suggesting fewer but larger aggregates in
the solution over time (Figure 5b).[57] Using similar nanopore
functionalization, the same group proposed a simple but elegant
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Figure 5. a) Schematic of a SiN nanopore with a low aspect ratio. b) Detection of the different aggregates formed during aggregation of the Α𝛽 1-42
peptide by SiN nanopore. With increasing incubation time, blocking events have larger amplitudes and longer timescales, suggesting the formation of
increasingly large aggregates. Figure adapted from.[94] Copyright, 2012, American Chemical Society c) Estimated volumes of oligomers formed following
𝛼−synuclein aggregation from measured ΔI/I blocking events. Estimated volumes correlate well with microscopic characterization techniques. Figure
adapted from.[58] Copyright 2023, American Chemical Society.

geometric model to estimate the volume and shape of amyloids
using the obtained blocking parameters.[28b,c]

ΔI
I0

= 𝛾Λ
𝜋.rp2 (lp + 1.6rp)

S
( rp

2Rh

)
(1)

Where Λ is the analyte volume (m3), 𝛾 is a form factor and 𝑅ℎ is
the hydrodynamic radius of the protein. 𝑟𝑝 and 𝑙𝑝 correspond to
the pore radius and length respectively. This model was used to
study the size and shape of 𝛼-synuclein aggregates in a complex
mixture. The results of the nanopore analysis showed that the
oligomers were composed of 2 to 122 monomers, correspond-
ing to spheres of 30 nm diameter. This is in good agreement
with the results obtained from transmission electron microscopy
(TEM) and mass photometry imaging (Figure 5c).[58] Such an ap-
proach is also suitable to determine the number of oligomers of
ß-lactoglobulin using a dsDNA molecule as a reference.[59]

Using SiN nanopores coated with Tween-20, the oligomeriza-
tion of both wild-type and two variant forms (E46K and A30P)
of 𝛼-synuclein was studied.[60] Following a six-day incubation pe-
riod, a marked increase in the size and frequency of current
blockages was observed in the mutants. Furthermore, the accel-
erated aggregation process exhibited by the A30P variant com-
pared to the E46K underscores the pro-aggregative nature of both
variants over the wild-type form.[61] In another study, researchers
identified a multimodal distribution of the current blockade am-
plitude, which was attributed to the presence of four different in-

termediates during the aggregation process of 𝛼-synuclein. Based
on these findings, the authors proposed a mechanism involving
the consumption of “small oligomers” to produce larger struc-
tures. However, as these results have yet to be validated, further
experimental evidence is needed to substantiate this claim.[62]

The use of SiN nanopores subjected to Pirhana oxidation is
an effective method for the detection of unfolded monomers,
dimers, trimers, and tetramers formed by lysozyme. This method
has been found to correlate well with characterization data ob-
tained by electrophoresis, providing a reliable means of character-
izing oligomer formation.[63] Functionalization with a polyethy-
lene glycol (PEG) chain by silanization directly after surface oxi-
dation is also a suitable strategy for the detection of protein aggre-
gates. Using this method, the correlation between the amplitude
of the current blockade and size of the aggregate (amorphous for
BSA vs structured as 𝛽-sheets for 𝛽-lactoglobulin and lysozyme)
was established.[64] Recently, fibrils formed by 𝛽-lactoglobulin
have been characterized at different pH values (7 and 4.6) under
partial and non-denaturing conditions.[65] The aggregate species
were found to be between 10 and 100 nm in length and 1 and
5 nm in diameter, consistent with atomic force microscopy and
dynamic light scattering (DLS) characterization. In addition, this
study highlights the formation of larger aggregates at acidic pH,
in agreement with the literature.[66] Functionalization with L-
dopamine, a neurotransmitter known for its anti-bioadhesive
properties, is also a suitable approach to reduce nanopore foul-
ing. Using a CDB-drilled nanopore of ≈5 nm diameter, the
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Figure 6. a) Schematic of a nanopipette with a high aspect ratio. b) Detection of aggregation seeding by a small amount of aggregation by RT-FaST.
The control (blue) shows no blocking events, while the seeded condition (red) does. Figure adapted from.[76] Copyright, 2023, American Chemical
Society c) Increase in signal-to-noise ratio by a factor of 6 after addition of polyethylene glycol to clog the system. PEG clogging enabled detection and
discrimination of unfragmented and fragmented 𝛼−synuclein fibers. Figure adapted from.[75] Copyright, 2020, American Chemical Society.

monomer-to-dimer ratio of 𝛼-synuclein WT and A53T was deter-
mined. This approach also showed a higher degree of polymor-
phism and larger size of 𝛽-amyloid E22Δ (Osaka variant) aggre-
gates after a short incubation with 𝛽-amyloid WT oligomers with
fibrils.[67]

Several reports have demonstrated the utility of functionalized
solid-state nanopores for studying the early stages of protein and
peptide aggregation. The high resolution of these nanopores has
allowed the determination of the number of monomers within
oligomers, albeit assuming their volume. However, there are sev-
eral limitations to the practical application of these nanopores
in real life. First, the short lifetime of the SiN nanopores pre-
cludes continuous measurements over long periods of time.[68]

Although suitable for the study of spherical structures, such as
folded proteins, their efficiency in detecting fibrils remains con-
troversial, as reports of translocation, bumping, or clogging of
nanopores have been documented.[57,63] In addition, the reduc-
tion of protein or peptide interactions with the inner wall of
the nanopore surface can decrease the frequency of events, as
translocation exceeds the sampling rate of the amplifier.[33d]

2.3. “Prion-Like” Protein Sensing Using Nanopipette

The nanopipette manufacturing process involves heating a
quartz capillary with a focused laser while pulling it in oppo-
site directions. This process results in the production of two
nanopipettes with diameters that can be tuned from nanometers
to micrometers depending on the pulling parameters and capil-
lary geometry.[69] The production of nanopipettes is less expen-
sive than that of SiN nanopores, as quartz capillaries are com-
mercially available in the price range of $1 to $2.[70] The conical
geometry of the nanopipettes allows amyloid fibrils to be detected
in two ways. The traditional method involves detection from the
outside to the inside of the nanopipette, which is suitable for
oligomers and low aspect ratio nanopores such as SiN. The op-
posite method involves the detection of fibrils from the inside to

the outside of the nanopipette, due to the conical geometry, which
progressively orients the fibrils along the nanopore (Figure 6a).

Nanopipettes have been used to detect various protein
aggregates, including amyloids and prions, often without
functionalization.[71] They have been used to study the aggre-
gation of lysozyme, and it was observed that the frequency and
amplitude of current blockade increased, suggesting the forma-
tion and growth of aggregates with incubation.[72] This finding
was confirmed by atomic force microscopy images that displayed
a mixture of oligomers and fibers. However, this study did not
show a correlation between blockade amplitudes and the volume
or structure of the species detected. Aggregation of A𝛽1-42 was
monitored using nanopipettes with a diameter of ≈30 nm.[73]

Current blockade varied with the incubation time. Initially, cur-
rent enhancement with a short duration was attributed to the
translocation of monomers due to their charge, which drove mo-
bile counterions inside the nanopore. This was followed by a
long-duration current blockade, which was interpreted as a tran-
sient adsorption of the formed oligomers on the nanopore sur-
face. Finally, with the incubation time, small and short current
blockages were attributed to the bumping of fibrils that were too
large to enter the nanopore.

The strategy of introducing amyloid samples into the pipette
allowed the detection of both oligomer and fibril translocation.
This was demonstrated using a set of 𝛽−1-42 fibrils produced in
the presence of EGCG and then sonicated at different times and
energy levels to serve as a calibration standard. A good correlation
was found between the current blockade amplitude and the TEM
characterization, which was analyzed using a geometric model
(Equations 2 and 3).[68] Although the study concluded that the
nanopore was unable to discriminate fibers with lengths longer
than 80 nm, it was suitable for characterizing oligomer polymor-
phism through the analysis of the amplitude distribution.[74]

ΔI
I0

= 1 − R0∕Rmax (2)
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Rmax = 1
Gm

i
n
= 1

k𝜋

(
1

2.a.ramy
log

( (
a.Lamy + rt − ramy

) (
rt + ramy

)
(
a. Lamy + rt + ramy

) (
rt − ramy

)
)

+
lp − Lamy(

rt + aLamy
)

rb

)
(3)

where Rmax is the resistance of the pore when the amyloid is in-
side and R0 is the resistance in the absence of the amyloid, ramy,
and Lamy are the radius and length of the amyloid respectively, 𝜅

is the conductivity of the solution, 𝑟𝑡, and 𝑟𝑏 are the radii of the
tip and long side of the nanopore respectively.

Subsequent studies using 𝛼-synuclein oligomers have pro-
posed an alternative geometric model that allows direct deter-
mination of oligomer volume from the amplitude of the current
blockade (Saly reference). To increase the frequency of events by
optimizing the signal-to-noise ratio, it is possible to add PEG
to the reservoir outside the nanopipette. Using this crowding,
the fibrils formed by 𝛼-synuclein before or after ultrasound frag-
mentation were distinguished by the amplitude of the current
blockade.[75]

Recent investigations have directly monitored aggregation of
Α𝛽 1-42 within the reservoir of a nanopipette, either in the
absence or presence of a small amount of pre-formed aggre-
gates. The results showed that current blockages were only ob-
served in conditions seeded with pre-formed aggregates after an
incubation period of 3 h, allowing the differentiation between
samples containing pre-formed aggregates and control samples
(Figure 6b).[76] These findings were observed in buffer solutions,
as well as in cerebrospinal fluid (4% v/v, cephalospinal fluid).
Using the same methodology, the same research group demon-
strated that this technique could be applied to quantify pre-
formed aggregates of 𝛼-synuclein.[77] This method, called Real-
Time Fast Amyloid Seeding and Translocation (RT-FasT), is sim-
ilar to RT-QuIC, a current diagnostic tool for early detection of ag-
gregates. RT-FasT significantly reduces the amount of monomer
required and the incubation time by several orders of magni-
tude, paving the way for the development of early diagnostic tools
using nanopipettes.[50a] Alternative strategies have been consid-
ered for diagnostic applications. One approach is to concentrate
Α𝛽 1-42 oligomers in a membrane functionalized with an an-
tibody combined with an ionic diode to confirm their binding.
Oligomer detection was performed after washing the membrane
with a nanopipette.[78] Two recent strategies have been reported
to specifically bind 𝛼-synuclein oligomers to DNA strands and
detect the complex using a nanopipette. In the first approach,
the oligomer is bound to a DNA barcode, enabling the identifica-
tion of specific types of oligomers through quantitative detection.
This method was applied to early drug discovery, demonstrating
performance comparable to other single-molecule techniques.[79]

In the second approach, a DNA carrier was designed to specifi-
cally bind 𝛼-synuclein oligomers, with the presence of oligomers
modifying the shape of the nanopipette’s current blockage.[80]

Notably, this method was applied to cerebrospinal fluid (CSF)
biofluid, enabling the discrimination of patient samples with
Parkinson’s disease from controls.

The advantages of nanopipettes for the detection of protein ag-
gregates have been demonstrated in numerous studies. A notable
advantage of this method is the simplicity and reproducibility

of its preparation.[81] Only a small volume of a few tens of mi-
crolitres is required to fill a nanopipette, which is particularly ad-
vantageous when studying expensive amyloid samples or patient-
derived samples. In addition, the stability of nanopipettes allows
for the aggregation kinetics to be monitored over an extended pe-
riod of several hours. However, due to their geometry, the resolu-
tion of nanopipettes is lower than that of SiNs, and the analysis
of complex mixtures requires the use of multiple nanopipettes
with different diameters to probe each oligomer population, as
recently demonstrated by our group.[82]

2.4. “Prion-Like” Protein Sensing Using Polymer Nanopore

Polymer nanopores with high aspect ratios are a class of synthetic
nanopores developed in the early 2000s.[83] The principle behind
their creation involves two steps: In the first step, a polymer film,
such as polycarbonate (PC) or polyethylene terephthalate (PET) is
irradiated with a heavy swift ion with energy in the MeV/nucleon
range[84] to damage the material. In a second step, the irradiated
film was chemically etched to form nanopores. By manipulating
the experimental conditions of etching, such as asymmetry, con-
centration of the etching agent, temperature, time, and activation
time of surfactant addition, the size and shape of the nanopore
can be tuned (Figure 7a).[85] These nanopores have the advan-
tage of being easily functionalized in aqueous solutions and can
be filled with aqueous solutions during the chemical etching pro-
cess, resulting in their stability for several weeks. However, due
to their high aspect ratio, their resolution is lower than that of
nanopipettes and SiNs. In addition, for asymmetric geometries,
there is a significant disparity in the nanopore size under the
same etching conditions.

Conical polyethylene terephthalate (PET) nanopores function-
alized with PEG have been used to distinguish different popula-
tions of 𝛽-lactoglobulin aggregates at different incubation times
under acidic conditions.[68] In addition, these nanopores demon-
strated the pro-aggregative effects of dextran and ethanol, and
the anti-aggregative effects of curcumin, in agreement with pre-
vious literature.[86] Because of their stability, nanopores were also
used to investigate the enzymatic degradation of 𝛽-lactoglobulin
by trypsin, which resulted in a decrease in amplitude and event
frequency, indicating the formation of smaller intermediates.
In contrast, degradation by pepsin at pH 2 showed reaggrega-
tion, which was thought to be caused by a seeding mechanism
once the enzyme was fully degraded. the data collected by the
nanopores were used to determine the kinetic constants of the en-
zymatic degradation.[87] Similar nanopores were used to demon-
strate the pro-aggregative effect of an amino acid substitution in
the tau protein (P301L) compared to the wild-type during aggre-
gation in the presence of heparin.[88] Different populations, in-
cluding monomers, oligomers, and fibrils, were identified to de-
termine the aggregation kinetic constants of each population. In
addition, the study of current blockade fluctuations indicated that
the mutation promoted aggregate fragmentation compared with
wild-type aggregates. The early phase of aggregate formation for
the 𝛽-amyloid (A𝛽) 1−42 peptides was characterized using a con-
ical etched trace nanopore with a diameter of 5 nm and an in-
ner wall coated with PEG chains (Figure 7b).[89] In this study,
we demonstrated the pro-aggregative effects of pyrimethanil, a
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Figure 7. a) Schematic diagram of the different geometries that can be obtained with etched trace nanopore technology, depending on the experimental
aperture conditions. b) Left, aggregation kinetics monitored by ThT in the absence (black) and presence (red) of pyrimethanil. Samples formed during
the early phase (circled in dotted black) were analyzed by conical etched trace nanopore (right of Figure). Figure adapted from.[89] Copyright, 2021,
Elsevier.

fungicide commonly found in organic agriculture and drinking
water. In addition, the effects of geometry and crowding at the
tip of the pore were compared for amyloid fibrils of different
lengths.[90] Similar to the nanopipette, crowding was found to
improve the signal-to-noise ratio, whereas the bullet-shaped ge-
ometry was better for differentiating between fibrils.[75]

3. Conclusion and Outlook

Nanopores provide a relevant platform for the detection and
characterization of amyloids due to their versatility. Biological
nanopores can detect monomers and oligomers, allowing the
study of protein folding in the presence of metal ions, enzymatic
degradation, and aggregation. The high-precision structure of
nanopores allows characterization of single amino acid substi-
tutions. The recent advancement in biological nanopores, which
can now distinguish a single amino-acid modification such as
mutation or phosphorylation, has the potential to rapidly analyze
the mutation or phosphorylation of a𝛽 peptide or 𝛼-synuclein.
The ability to precisely size small peptides also allows for the mea-
surement of the ratio a𝛽42/a𝛽40, a relevant indicator for clinical
assays. However, the main drawback of biological nanopores is
their small diameter, <4 nm, which limits their ability to study
larger oligomers and fibrils and is therefore not suitable for the
characterization of soluble oligomers.

Synthetic nanopores, on the other hand, are promising tools
for the study of aggregation mechanisms due to their tunable
diameter and functionalization. The in situ, label-free detection
of single-molecule amyloids offers the potential to discriminate

between different amyloid populations that form during the lag
phase of aggregation. Geometric models can be used to esti-
mate the structural characteristics of the detected oligomers us-
ing the current blockade parameters. In addition, nanopores are
the only method that allows the detection of amyloids under con-
tinuous measurement, providing information on the size and
shape of the myriad of protein assemblies. This unique measure-
ment combines information from multiple techniques and of-
fers a promising way to improve our understanding of protein
misfolding and aggregation, particularly through the character-
ization of different proteomorphs. Selecting a set of nanopores
with varying diameters allowed mapping of all species generated
during the early stages. This opens up numerous opportunities
for the development of multiplex platforms to investigate the ef-
fects of drugs and to create new therapies. With further develop-
ment, particularly the precise calibration of the capture rate with
oligomer concentration, nanopores could prove to be a suitable
tool for quantitative analysis, especially following amplification.
In addition to its potential application in diagnosis, the RT-FAST
assay could also provide a new element in understanding sec-
ondary nucleation. However, there are several shortcomings to
the use of solid-state nanopores. The analysis of complex mix-
tures can induce interference owing to the translocation of other
compounds, requiring a purification step prior to nanopore anal-
ysis or the use of a carrier. The nanopore lifetime and possibility
of reusing a nanopore several times are also important consider-
ations. Nanopores with low aspect ratios that offer the best res-
olution for characterizing oligomers are not stable enough over
time, and the success rate of experiments is low, especially when
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surface functionalization is involved. Polymer nanopores can be
used to address this stability problem; however, they fail to dis-
criminate small oligomers with a suitable relationship to draw a
precise map of their composition. The nanopipette is likely the
best compromise in terms of resolution and lifetime, as demon-
strated by the most advanced results in this field. Machine learn-
ing approaches can further enhance data analysis and assign-
ment of signal shapes to oligomer structures.as demonstrated
in the analysis of other glycosaminoglycans,[91] viruses,[92] and
proteins.[93]

The most critical challenge for diagnostic applications appears
to be the development of appropriate methods to detect amyloid
in cerebrospinal fluid (CSF). Recent demonstrations using CSF
have suggested that this is a feasible approach, and the use of am-
plification and DNA barcoded carriers offers promise for future
applications. The application of nanopore technology holds great
promise for enhancing existing methods that rely on amplifica-
tion, particularly in terms of reducing the analysis time. This is
due to the ability of the technology to detect early-stage oligomers,
as well as the requirement of fewer samples for each analysis.
However, further development and optimization are necessary
to fully realize the potential of this technology, as only pioneer-
ing work has thus far demonstrated its potential.
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