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ABSTRACT: The detection to a-synuclein (aS) assemblies as a biomarker of synucleinopathies is an important challenge for
further development of an early diagnosis tool. Here, we present proof of concept real-time fast amyloid seeding and translocation
(RT-FAST) based on a nanopipette that combines in one unique system a reaction vessel to accelerate the seed amplification and
nanopore sensor for single-molecule aS assembly detection. RT-FAST allows the detection of the presence aS seeds WT and AS3T
variant in a given sample in only 90 min by adding a low quantity (35 xL at 100 nM) of recombinant @S for amplification. It also
shows cross-seeding aggregation by adding mixing seeds AS3T with WT monomers. Finally, we establish the dependence between
the capture rate of aggregates by the nanopore sensor and the initial seed concentration from 200 pM to 2 pM, which promises
further development toward a quantitative analysis of the initial seed concentration.

Bl INTRODUCTION assembly. The assay amplifies any seeding-competent S in the
CSF since such proteoforms interact with the recombinant
native aS present in the reaction vessel.” The seeds that are
preformed aS aggregates induce misfolding of native aS to

The aberrant aggregation of intrinsic-disordered proteins into
highly ordered structures rich in f-sheets, called amyloids, is
involved in age-related diseases. Among them, a-synuclein

(aS), a neuronal presynaptic protein, is involved in the form amyloid-type aggregates that bind to the fluorescence
development of Parkinson’s disease (PD).' Its aggregated reporter thioflavin T (ThT). However, three major drawbacks
forms disrupt the functioning and survival of neurons and limit its application in clinical practice and must be tackled
represent the main markers of the pathology.” Indeed, certain before the development of an early diagnostic test. First, the
aggregate structures (e.g., soluble oligomers) may be present long lag time (several days) is required to reach an aggregate
decades before the onset of the first major motor disorders. concentration that is readily detected by the bulk readout
Today, the accuracy of clinical (or radlologlcal) diagnosis methodology. Second, RT-QuIC requires the use of a large
improves with the progression of the disease.” As a result, these amount of recombinant @S monomers (100 L at 10 uM) per
techniques often do not allow diagnosis at the early stages, and reaction condition.” Last but not the least, it is limited to a

they are not able to distinguish PD from other synuclemo—
pathies, such as Lewy body or multiple system atrophy." For all
these reasons, developing analytical methods for the detection
and quantification of aS assemblies in biofluids is an important
challenge to propose early diagnosis of synucleinopathies. The
most advanced assay, called real-time quaking-induced
conversion (RT-QuIC),” allows the detection of @S amyloids
directly from a patient’s cerebrospinal fluid (CSF).” It exploits
the self-propagation mechanism of amyloids by seeding the
recruitment of the native protein counterpart into the growing

binary (positive/negative) readout and thus does not allow the
quantification of the initial seed concentration in a sample.
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Figure 1. (a) Sketch showing the two parts of a nanopipette: the reservoir where the aS seeds are amplified and the sensor where aS seeds are
detected, (b) optical image of a pipet pulled showing the reservoir and (c) SEM image of the tip aperture, (d) sketch of the current trace and
illustration of event parameters (the amplitude AI/I;, the dwell time At, and the capture rate f), (e) illustration of the RT-FaST experiments, (f)
sketch of different pathways of aS aggregation, (g) example of a current trace recorded extracted from different nanopipettes for reference (light
blue - nanopipette 1 and 30), the control not seeded (blue - nanopipette 7 and 1), and sample seeded with @S WT (red - nanopipette 11 and 12)

and AS3T mutant (yellow - nanopipette 15 and 13).

Therefore, an experimental technique is needed for fast,
reliable, and inexpensive detection allowing the quantification
of aS seeds. To achieve this goal, we have designed a new
ultrasensitive in vitro protein misfolding amplification” assay
based on solid-state nanopore technology,'”'" hereafter called
real-time fast amyloid seeding and translocation (RT-FAST).
The innovative technical aspect of the methodology presented
herein is the use of nanopipettes that simultaneously allow an
accelerated amyloid seeding reaction and its sensing at the
single-molecule scale. Indeed, with the small physical diameter
of a glass capillary, nanopipettes provide a reaction vessel with
a large surface/volume ratio that favors the amyloid seeding
reaction through protein adsorption, conformational change,
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and desorption process.””~"* On the other hand, nanopipettes
have an adjustable pore diameter at the tip side'® allowing for
label-free detection of protein aggregates and amyloid fibrils'®
by the resistive pulse technique (RPS).'®"” Briefly, the RPS
consists of measuring the ionic current perturbation induced
by the translocation of an object through the nanopore under a
constant voltage. Three parameters are extracted from these
current perturbations (Figure 1b): (i) the relative current
blockade (AI/I,) that depends on the size, the shape, and the
conformations of the objects; (ii) the dwell time (At) that
depends on the net charge, the diffusion coefficient, and the
interaction of the object with the nanopore inner wall; and (iii)

https://doi.org/10.1021/acscentsci.1c01404
ACS Cent. Sci. 2022, 8, 441-448
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Figure 2. Distribution of amplitude of the current blockade recorded for the control (a) and the sample seeded with 200 pM of a-synuclein WT
(c) and AS3T (e) at as a function of incubation time. The experiments were performed at V = 500 mV in 1 M NaCl, PBS 1X pH 7.4, T = 25 °C
using pipet no. 6, no. 11, and no. 15, respectively. Mean of the A/, center distribution as a function of the incubation time for the control (b) and
the sample seeded with aS WT (d) and AS3T (f) obtained from a set of three independent nanopipettes (i.e., nanopipettes Nos. 4, 6, and 7 for the
control, nanopipettes Nos. 9, 11, and 12 for samples seeded with @S WT and nanopipettes Nos. 13, 15, and 16 for seeding with aS and AS3T). The

error bars are the standard deviation.

the capture rate (f) that is relative to the concentration and the
diffusion coefficient of the object.

The solid-state nanopores were recently considered
investigating protein assemblies D18 The quartz nanopipettes
were used to detect lysozyme'” and prion™’ assemblies based
on the enhancement of the current blockade amplitude. In
order to improve the detection of the assemblies, a crowded
media were considered to discriminate aS fibrils before and
after sonication.”" Silicon nitride nanopores (SiNs) were used
to detect various proteins. For the aS, four ohgornerlc species
were identified after 3 days of incubation.”” Using a lipid-
coated nanopore, Af peptide ohgomers and fibrils were
detected after several days of incubation.”> The common point
between these two previous works is that amyloid samples
were withdrawn at various time intervals corresponding to
different aggregation steps (i.e, monomer, lag phase,
elongation phase, and the plateau). These studies also showed
the importance of the nanopore coating using phospholipid or
Tween 20 to prevent its fouling. The SiN nanopore was found
suitable to characterize the morphology of lysozyme, f-
lactoglobulin, and BSA***° aggregates. Polymer nanopores
obtained by a track-etched method on polyethylene tereph-
thalate film were also used to differentiate different protein
species (oligomers and protoﬁbrlls) during the aggregation
process of f- lactoglobuhn, as well as to discriminate
calibrated fibrils of the Af-peptide.”” Another study points
out the importance of conformational rearrangements and
protomer exchanges during the self-assembly of the Ap
peptide.”® The evidence of autofragmentation processes was
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demonstrated during the aggregation of tau induced by
heparin.”” The track-etched nanopore allowed the study of
seed-induced reaggregation after protease digestion of f-
lactoglobulin.”” In this work, we present the proof of concept
of RT-FAST . We demonstrate that nanopipettes are suitable
to accelerate the protein misfolding amplification and detect
aS assemblies present during the lag phase allowing us to show
at a hour time scale the presence of aS assemblies in a sample.
Then, we show that the analysis of the assembly kinetic profile
can provide quantitative information on the initial seed
concentration.

B RESULTS AND DISCUSSION

Nanopipettes were pulled strictly following the same program
to ensure an acceptable reproducibility of the nanopore
diameter. Nanopipettes exhibit a tip diameter of about 34 + 3
nm (Figure SI-1a). In addition, we select only nanopipettes
with a similar range of conductance measured by current—
voltage dependence at 1 M NaCl (containing PBS 1%, pH =
7.4) (Table SI-1). To prevent the fouling, the inner surface was
coated with 1-3,4-dihydroxyphénylalanine (1-DOPA).*" The
successful coating process is evidenced by a weak modification
of the power spectral density (Figure SI-1b). The aS seeds
were obtained after 150 min of incubation at 37 °C. At this
stage, TEM images show aS species with a typical annular
structure but not amyloid fibers (Figure SI-2). This is
confirmed by the ThT assay (Figure SI-2c). We selected this
type of seed to demonstrate the suitability of RT-FaST for

https://doi.org/10.1021/acscentsci.1c01404
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Figure 3. Mean of the capture rate as a function of incubation time for the control (in blue) and the sample seeded with @S WT in red (a) and
AS3T in yellow (b) obtained from a set of three independent nanopipettes (i.e., nanopipettes nos. 4, 6, and 7, for the control, nanopipettes nos. 9,
11, and 12 for the sample seeded with S WT and nanopipettes nos. 13, 15, and 16 the sample seeded with aS AS3T). The error bars are the
standard deviation. (c) Distribution of amplitude of the current blockade for the control (blue) and the sample seeded with a-synuclein WT (red)
and AS3T (yellow) at t = 60 min. Note the violet dash line represents a value of 0.15. obtained from a set of three independent nanopipettes (i.e.,
nanopipettes nos. 4, 6, and 7 for the control, nanopipettes nos. 9, 11, 12 for the sample seeded with aS WT, and nanopipettes nos. 13, 15, and 16
for the sample seeded with aS AS3T). Distribution of amplitude of the current blockade recorded for the sample seeded with (d) 20 pM and (e)
2pM of aS WT as a function of incubation time. The experiments were performed at V = 500 mV in NaCl 1 M, PBS 1X pH 7.4, T = 25 °C using
pipet no. 19 and no. 22 respectively. Mean of the capture rate as a function of the initial @S WT seed concentration for incubation times of 30 min
(yellow) and 90 min (red). The means were obtained from a set of three independent nanopipettes (i.e., nanopipettes nos. 21, 22, and 23,
nanopipettes nos. 17, 18, and 19, and nanopipettes nos. 9, 11, and 12 for initial aS seeds WT concentration 2 pM, 20 pM, and 200 pM,

respectively). The error bars are the standard deviation.

amplification at an early stage of aS aggregation, before the
formation of a f-sheet structure (Figure 1f).

The experimental principle of RT-FAST consisted of
injecting 35 uL of aS monomer solution (100 nM in NaCl
1 M PBS 1x) in the nanopipette reservoir (internal diameter
700 um). The control condition contains only @S monomers,
the reference is the control at t = 0 min, and the sample is
composed of a mixture of @S monomers and WT or AS3T
seeds (200 pM) (Figure le). Every 30 min, a voltage of 500
mV is applied, and the current is recorded during 10 min
(Figure lg).

First, we investigated the kinetics of aS aggregation in the
nanopipette device without seed addition at 25 °C + 2 °C. We
report in Figures 2a and SI-3 the scatter of AI/I, of the
recorded events as a function of time for four different
nanopipettes. We noticed that at t = 0 s (the reference), rare
events (capture rate f < 0.03 events/s and amplitude AI/I, >
0.2) were detected for S0% of the experiments. These rare
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events can be attributed to the presence of some aS assemblies
at the very early stage since no further purification of the
monomeric fraction was carried out after solubilization and
filtration. With time, the aggregation process occurs in the
nanopipette. The events start to be detectable after 30 or 60
min depending on the experiments. In the absence of seeds,
the dependence of the AI/I, distribution on the incubation
time is observed suggesting a slight assembly process (Figure
2b). However, we note variability in the different nanopore
experiments (Figure SI-3). This is not surprising since the aS
aggregation is a stochastic and dynamic process involving
numerous pathways. However, we can note that the capture
rate is always lower than 0.05 during 90 min. Regardless of the
nanopipette and the incubation time, the mean distribution of
the AI/I, amplitude is mostly below 0.2. However, the low
number of events makes it impossible to provide further
information on the aggregate size or morphology. In order to
prove that the events come from aS aggregation, we proceed

https://doi.org/10.1021/acscentsci.1c01404
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to a set of experiments at T = 30 °C (instead T = 25 °C)
(Figure SI-4) in order to accelerate the assembly formation. A
rise in the incubation temperature significantly increases the
capture rate (f > 0.1 after 30 min). A rise in the incubation
temperature significantly increases the capture rate (f > 0.1
after 30 min). In addition, the amplitudes of AI/I, are
comparable to those obtained at 25 °C, suggesting that the
distribution of the aggregate size is similar. Since the capture
rate is mainly due to a diffusion process’” f= 2zZDCr* (D is the
diffusion coefficient, C is the concentration, and r* is the
capture radius), the expected ratio is f r_spoc/f r-250c & 1.13, for
a similar capture radius and aggregate size. The experimental
results show that the ratio f1_30oc/f1-25°c > 4, suggesting that
more aggregates are formed in the nanopipette reservoir due to
temperature-accelerated kinetics. For the sample containing
200 pM of aS WT seeds, the current traces recorded after 30
min clearly show larger and more abundant current blockades
than for the reference t = 0 min and the control (Figure 1f).
This is confirmed by the scatter plot reported for all
experiments performed at various times, ranging from 0 to
120 min (Figures 2c and SI-5). We note that events can be
readily observed at t = 0 min. A possible explanation could be
that these events reflect residual protein assembly induced
during the 10 min recording range. The distributions of the
amplitude of AI/Ij are wide and centered at a value larger than
0.2, regardless of the incubation time (Figure 2d). Compared
to the control, the mean values of AI/I, are larger, and the
distribution is more spread. This suggests that the detected aS
assemblies are larger and heterogeneous. This is supported by
the wide range of the dwell time distribution over two orders
of magnitude at the millisecond scale. We notice that the
millisecond scale for the dwell time is in good agreement with
the literature related to the detection of protein aggregates by
nanopipette.””>*** Regardless of the sample used, the value of
AI/I, does not increase with time, as it could be expected for
the formation of protofibrils. Previous published data using
nanopore were reported with an incubation period of several
days, and the aggregates were withdrawn at the different stages
of fibril formation (i.e., monomer, lag phase, elongation phase,
and plateau).””*’ Here, we show that oligomer species are
generated during the lag phase (short time scale dynamics),
before the formation of fibrils with a f-sheet structure. At this
stage, the oligomer species are highly heterogeneous in terms
of size and conformation.””*® Among them, the majority will
not convert to fibrils but dissociate to monomers to further
reaggregate.37 Thus, the observation of a wide range of events
is consistent with the presence of transient oligomers in
association/dissociation equilibrium during the lag phase, as
previously reported for the Af peptide.”® Interestingly, the
capture rate is significantly increased (f > 0.2) as soon as the
incubation time is longer than 30 min (Figure 3a). This means
that the potentially detectable aS assemblies by our system are
more abundant and larger than the ones in the control, thus
evidencing, at this stage, the protein misfolding amplification
by seed addition.

The AS3T variant of aS is known to promote the
aggregation process.”””” This mutation is associated with
early onset Parkinson disease.”” On the other hand, the aS can
misfold and mimic the structure of the preformed seeds.”"**
Therefore, we next investigated the impact of an amplification
process by AS3T seeds and compared the results with those
obtained using WT seeds. For this set of experiments, the
capture rate (f > 0.1) is larger than the control as soon as the
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incubation time is longer than 30 min (Figure 3b). The
distribution of AI/I, is larger than the control and more spread
than the sample containing WT seeds (Figures 2e and SI-6).
This suggests that the AS3T seeds induce the formation of
larger and more heterogeneous aggregates than the WT. The
oligomerization of AS3T was reported to consume the
monomer more rapidly than does the WT.** On the other
hand, the cross-seeding of aS monomers by AS3T seed was
found to accelerate the elongation process™*
modify the properties of oligomer species.”> Thus, it is
plausible that the cross-seeding by AS3T produced different
populations of oligomeric species compared to the WT during
the lag phase. On the basis of only the information given by the
mean center of AI/I; distribution from three independent
nanopipettes, the presence of seeds in the sample is perfectly
detectable. However, the wide variability does not allow
distinguishing AS3T from WT seeds (Figure 2f).

If we consider now the result as a positive/negative readout
of the presence of seeds in the sample, the plot of the AI/I,
distribution for the control and the sample after 60 min clearly
shows the presence of seeds in the sample with a good
reproducibility (Figure 3c). The information from AI/I,
distribution is confirmed by the capture rate regardless of
the amplitude of the event. This double check is interesting
because the seeding phenomenon is characterized by a high
degree of variability (Figures SI-Sb and 6b) or produces only
small aggregates (Figure SI-6d). At this stage, we demonstrated
that the RT-FAST provides in less than 90 min a positive/
negative response of the presence of seeds in a sample using
only 100 nM of monomers. Note that, the attempt of seeding
amplification in a 96-well plate by adding 4 uM of monomers
does not provide any ThT signal after 144 h (Figure SI-2).
Generally speaking, RT-FAST allows decreasing both the
amount of added monomer and the reaction time by two
orders of magnitude (35 L, 0.1 uM, and 1 h) compared to the
RT-QuIC (100 L, 10 M and >100 h). Interestingly, between
60 and 90 min, the capture rate of the sample containing AS3T
seeds is 10 times larger than the one containing WT seeds
(Figure 3a,b). This demonstrates that the RT-FAST is
sensitive enough to show the impact of AS3T amino acid
replacement in the cross-seeding aggregation of the WT form.

We then examined whether the RT-FAST assay could
provide quantitative information on the initial seed concen-
tration. To this aim, we performed additional experiments
using two different concentrations of WT seeds (2 pM and 20
pM) (Figure 3d,e). For 20 pM of seeds, the events are detected
after 30 min (Figure SI-7). For 2 pM, the events are observed
only for one-third of the experiments after 30 min, and two-
thirds after 60 min, and the AI/I, values are smaller than the
one seeded at 200 pM (Figure SI-8). In addition, the center of
distribution decreases with the initial seed concentration. This
shows that the aggregate size is seed concentration dependent.
The plot of the capture rate as a function of the initial WT seed
concentration is reported in Figure 3f. At 30 min, the capture
rate averaged on several independent experiments cannot be
used due to the variability of sample containing 2 pM of WT
seeds. At 90 min, all samples can be distinguished from the
control (f > 0.01), and the dependence of the capture rate with
the initial seed concentration exists. This indicates that the RT-
FAST assay is able to provide quantitative information on seed
concentration based only on the capture rate.

as well as to
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B CONCLUSION

In summary, we report an innovative, relevant, and alternative
method to the RT-QuIC assay that reduces the time of seeding
experiment and provides quantitative information about the
initial seed concentration. Using a nanopipette as a device for
both seeding and sensing steps, we demonstrate that RT-FAST
is suitable to detect the presence aS seeds in a given sample in
only 90 min and using a low quantity (35 4L at 100 nM) of
recombinant aS for amplification that is interesting to limit the
analysis cost. In addition, the assay is sensitive to the initial
seed concentration (from 200 pM to 2 pM) that promises
further development toward a quantitative analysis of the initial
seed concentration. Regarding the variety of synucleinopathies,
the RT-FAST is the first step in the development of
ultrasensitive in vitro assays to indirectly detect amyloids in
patients’ biological fluids as biomarkers based on nanopore
technology. Besides that, the RT-FAST is also a promising tool
for fundamental investigation of the protein aggregation
process including the impact of cross-seeding,*”
bly,48’49 or inhibitors,>*>! leading future advances in the
understanding of the lag phase of amyloidogenesis.

coassem-

B MATERIALS AND METHODS

Materials. L-DOPA (D9628), PBS (P4417), NaCl
(71380), and a-synuclein AS3T human recombinant (ref
S1071) were all purchased from Sigma-Aldrich, and a-
synuclein, recombinant human (AS-55555-1000) monomers
were purchased from Anaspec.

Nanopipette Pulling and Functionalization. Quartz
capillary purchased from Sutter instrument (OD: 1 mm and
ID: 0.7 mm) were pulled using a pipet puller P-2000 (Sutter
instrument). Pulling parameters used to obtain a tip diameter
of 34 nm were HEAT = 700, FIL = 4, VEL = 60, DEL = 150,
PUL = 175. We noticed that the pulling parameters were
dependent on several factors such as the humidity and pressure
of the room as well as the intrinsic features of the P-2000
instruments such as laser alignment.”” The pipettes were filled
with pure degassed water following the filling principle
described by Sun et al’® After a complete filling, the
nanopipette pipet was coated with the addition of L-DOPA
solution (8.5 mg/mL) for 2 h. Then, the nanopipette was
carefully washed several times with degassed water to remove
the unreacted L-DOPA. The scanning electron microscope
(SEM) images were performed on a set of nanopipettes using a
Thermo Scientific Quattro ESEM, at high vacuum at 10 kV.
The optical microscopy images were obtained using a Leica
DM6000 instrument.

Seed Production. Wild type or AS3T mutants of
recombinant a-synuclein monomers (stock solution 140 yM
in PBS 1x) were diluted to 75 M in 80 uL of PBS in low
binding Eppendorf tubes and left to aggregate at 37 °C without
shaking. After 150 min of incubation, solutions were diluted in
PBS to reach a concentration of 20 nM and stored at —32 °C
until the seeding experiments. The seed a-synuclein WT and
AS3T were characterized by TEM as follows. First, the seed
AS3T and wild type used for seeding experiments (20 nM, 1
mL) were ultracentrifuged at 7S 000 rpm for 30 min at 4 °C.
Then, the supernatant was removed, and a 1 mL of seeds (20
nM) was added to pellet. This was repeated three times in
order to concentrate the seed sample. Finally, the seed samples
were deposited onto Formvar carbon-coated grids, negatively
stained with freshly filtered 2% uranyl acetate, and dried. The
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TEM images were performed using a JEOL 1400 electron
microscope at an accelerating voltage of 80 kV.

a-Synuclein Monomers Solubilization. a-Synuclein
monomers were solubilized following the protocol described
by Pujols et al>* with slight modifications. Briefly, lyophilized
monomers were solubilized as received in PBS 1X at 4 °C and
filtered with 0.45 ym PVDF filter. The concentration was
determined by measuring the absorbance with a spectropho-
tometer (JASCO) at 280 nm (extinction coefficient: 5960 M~
cm™). Then, the monomer solution was aliquoted to reach a
final concentration of 140 #M and stored at —32 °C until their
use.

Thioflavine-T (ThT) Fluorescence Assay. A total of 160
uL of a-synuclein monomers (8 uM) was diluted with 80 uL
of NaCl 4 M (containing PBS, pH 7.4) and 80 uL of ThT at
26 uM in a low binding Eppendorf tube (final volume = 320
uL). The final concentration of the a-synuclein monomers,
NaCl, and ThT are 4 uM, 1 M, and 6 uM, respectively. For the
conditions containing seeds (WT and AS3T mutant), 3.2 uL of
buffer (NaCl 1 M, PBS) was removed and replaced by 3.2 uL
of seeds concentrated at 20 nM to reach a final concentration
of 0.2 nM. The different solutions were placed in 96-well plates
treated with PEG (Corner Brand) in triplicate with a volume
of 100 uL in each well. The plate was placed in a Fluoroskan
Ascent microplate fluorometer (Thermo Fisher Scientific) to
monitor the fibrils formation by following the fluorescence of
ThT (4., = 445 nm and 4,,, = 485 nm). The temperature was
set to 25 °C without shaking, and one point was measured
every 30 min.

Seeding and Resistive Pulse Measurement. Monomers
diluted at 200 nM in NaCl 1 M (containing PBS 1%, pH = 7.4)
were added directly in the pipet without or with seeds at
various concentrations (200 pM, 20 pM, 2 pM equivalent
monomer). The working electrode is located inside the pipet,
and the ground electrode was placed inside an external
reservoir containing only NaCl 1 M PBS 1X solution. A cycle
of experiments was composed in two phases. First, a voltage of
500 mV for 10 min was used, and the current was recorded
using an EPC10 amplifier (HEKA, Lambrecht, Germany) at
200 kHz and filtered with a Bessel filter at 10 kHz. Second, a
break with no voltage applied for 20 min. This cycle was
repeated until 2 h of incubation with @S inside the pipet. The
current traces at different incubation times were analyzed using
a custom-made Labview software (Peak Nano Tool). Briefly,
the signal was filtered with a Butterworth filter of 2 kHz (order
1), and then a Savitzky—Golay (order 1) was used to correct
the baseline fluctuations. The detection of events was
performed using a threshold of 46 (o being the standard
deviation to the baseline signal). The events were characterized
by their relative maximum blockade amplitude (AI/I;) as well
their dwell time (At). Then, statistical analysis was performed
using Matlab custom scripts (matlab2021a).
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