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Abstract: a-Synuclein aggregation is a hallmark of Parkin-
sonQs disease and a promising biomarker for early detection
and assessment of disease progression. The prospect of
a molecular test for ParkinsonQs disease is materializing with
the recent developments of detection methods based on
amplification of synuclein seeds (e.g. RT-QuIC or PMCA).
Here we adapted single-molecule counting methods for the
detection of a-synuclein aggregates in cerebrospinal fluid
(CSF), using a simple 3D printed microscope. Single-molecule
methods enable to probe the early events in the amplification
process used in RT-QuIC and a precise counting of ThT-
positive aggregates. Importantly, the use of single-molecule
counting also allows a refined characterization of the samples
and fingerprinting of the protein aggregates present in CSF of
patients. The fingerprinting of size and reactivity of individual
aggregate shows a unique signature for each PD patients
compared to controls and may provide new insights on
synucleinopathies in the future.

Introduction

a-Synuclein (aSyn) aggregation has been linked to many
neurodegenerative diseases which collectively are classified
as synucleopathies.[1] Synucleopathies,[2] including Parkin-
sonQs disease (PD), dementia with Lewy bodies (DLB) and
multiple system atrophy (MSA), are characterized by the
formation of abnormal protein aggregates in neurons, nerve

cells and glial cells, called Lewy bodies. Earlier studies have
established that aSyn was the main component of the Lewy
bodies.[3] Furthermore, links between familial forms of PD
and aSyn mutations[3b, 4] or duplications of gene encoding
aSyn[5] were soon identified, leading to the hypothesis that
aSyn aggregation played an important role in disease genesis
and progression.

Association between aggregation of aSyn and disease
progression[6] has made it a promising target for biomarker
development.[7] So far, the diagnosis for synucleinopathies is
based on the recognition of clinical symptoms, which repre-
sent advanced stages of these diseases.[8] The absence of
quantitative biomarkers also hinders the development of
therapies to treat the cause of these diseases. Yet, aSyn
aggregation pathway has been extensively studied biophysi-
cally.[9] aSyn is known to form Thioflavin-T (ThT) positive
amyloid fibrils. Upon binding to b sheet-rich structures, ThT
fluorescence is enhanced and shifted towards the red, making
ThT a common diagnostic tool for amyloid and a reference
assay for aggregation kinetics.[10] aSyn fibrils can seed the
fibrillation of monomeric aSyn, in a prion-like manner,[11]

which have been exploited to design various aSyn detection
assays.[12]

Recent developments of these seeding assays, either
Protein-Misfolding Cyclic Amplification (PMCA)[13] or Re-
al-Time Quaking-Induced conversion (RT-QuIC),[14] have
shown promising results, renewing the interest in the study of
aSyn aggregation. Indeed, PMCA and RT-QuIC have the
ability of detecting aSyn aggregates in biological samples
(brain homogenate and cerebral spinal fluid (CSF) with high
(> 90%) selectivity and specificity.[15] Trials are ongoing to
transpose these techniques to clinical set-up.[16] However,
these techniques are time consuming (upwards of 50–60
hours), rely on repeated sonication and/or heating steps, all of
which can impede the reproducibility of these assays.

In this study, we use single molecule counting (SMC) to
detect minute amount of aggregated material, with high
sensitivity. More specifically, we used AttoBright, a single
molecule fluorescence 3D-printed microscope,[17] to detect
the fibrillar species of aSyn in the presence of ThT. To
increase reproducibility, we developed a one-step, non-
shaking, temperature-dependent amplification assay that
allows us to detect aSyn aggregates with sensitivity of
1 femtomolar (fM) of aSyn fibrils in buffer, in 5 h. More
importantly, we show that this assay can detect aSyn
aggregates in patients CSF and discriminate between PD
patients and healthy controls.
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Results

Single molecule spectroscopy detects aggregation at earlier time
points

Single molecule counting (SMC) using confocal spectros-
copy[18] is able to detect aggregated material sensitively and
reliably.[19] In this case, detection of aSyn aggregates is
obtained by focusing a laser in solution; this creates a small
excitation volume in which single aggregates can be counted
one-by-one. Far from interference by surfaces, protein
aggregates diffuse freely in the sample; when they enter the
excitation volume, ThT-positive aggregates create a large
burst of fluorescence signal that is easily differentiated from
a baseline of unbound ThT, see Figure 1A,B. The single
molecule counting modules capture many features of the
individual bursts: maximal burst intensity and integral of the
peak (which correlates with the number of ThT fluorophores
bound), as well as duration of the burst (which gives
information on the physical size of the diffusing aggre-
gates),[19c] as shown in Figure 1C.

Typically, single molecule experiments are conducted on
high-end instruments, either large and expensive commercial
confocal microscopes, or home-made setups that cannot be
replicated easily by other groups. We envisaged that instru-
ments need to be made truly plug-and-play to reach non-
specialists and used 3D printing to create an ultra-compact
microscope, the “AttoBright”, that performs single molecule
detection in a user-friendly format. We recently showed that
AttoBright had enhanced sensitivity as compared with a bulk
fluorescence assay with an ability to detect ThT positive
fibrillar species down to pM concentrations.[17] In this work,
we will demonstrate how this enhanced sensitivity can be
exploited to accelerate the detection of aggregates by seeding
assay.

We first compared the data obtained for seeded vs.
unseeded aggregation assays, using a fluorescent plate reader
and AttoBright (Figure 1D–F). A typical amyloid aggrega-
tion assay exhibits sigmoidal growth kinetics, broadly de-
scribed by a lag phase followed by a growth phase and final
plateau.[20] 50 mM aSyn (PBS, pH 7.4) was incubated at 37 88C
with orbital shaking at 500 rpm in the presence and absence of
1 nM seed fibrils. Aliquots were taken and total fluorescence
intensity was measured on both the fluorescence plate reader
(Figure 1D,E) and the AttoBright (Figure 1D and F). In bulk
fluorescence detection (using the fluorescence plate reader),
a significant deviation from time 0 was detected after 11 h
(seeded, blue) or 20 h (unseeded, red). Using SMC (on
AttoBright), ThT-positive events were detected at time 0 for
the seeded experiment (Figure 1F, blue), since the seed
concentration is above the detection limit of the instrument[17]

and after 5 h for the unseeded experiment (Figure 1F, red).
As expected, the use of single molecule detection lowers the
detection limit and greatly accelerates the detection of
aggregates upon seeding assays. These experiments also
revealed that shaking reliably small reaction volumes is
unpractical, and that unseeded aggregation needs to be tightly
controlled.

Hence, we first examined the effect of the reaction
conditions on aSyn aggregation to define an optimized
protocol for aggregate detection. aSyn amplification assays,
PMCA and RT-QuIC, have used shaking or sonication to
promote amplification of the aSyn fibrils.[12] To capitalize on
the fact that SMC only requires small amounts of sample
(typically 20 mL), we first modified the amplification protocol
to remove the sonication or shaking steps that may introduce
variability on small samples. Thermal agitation may provide
the necessary energy for elongation or nucleation of aSyn.[21]

Therefore, we made use of a PCR machine for even heating of
the sample and tested different temperatures to promote
fibrillation of aSyn.

To remove any undesired aggregates that could be present
in monomeric aSyn (even after size-exclusion chromatogra-
phy), we used a filtration step with a 100 kDa cut-off before
each experiment. We then tested the thermal stability of aSyn
monomers at different temperatures, monitoring the ThT
baseline for any spontaneous conversion of monomers into
ThT-positive aggregates. As shown in Figure S1, we found
that above 50 88C, filtered aSyn WT can spontaneously form
aggregates within 5 h; these aggregates in unseeded controls
would contribute false-positive events. Previous reports[22]

have used the mutant K23Q of aSyn as a more stable
monomer “amplifier”. Indeed, in our hands, the K23Q
monomer remained stable across all tested temperatures for
up to 5 h, though some individual peaks could be detected
after incubation at 68 88C and 70 88C (Figure S2). Using this
K23Q mutant as the monomer “amplifier”, we then tested the
optimal temperature for amplification of aSyn aggregates.

Amplification of aSyn aggregates is rapid at high temperatures

20 mM aSyn K23Q (PBS, pH 7.4) was incubated with
10 mM ThT, at different temperatures (50–70 88C) without
shaking, in the presence or absence of 100 pM seed fibrils.
Fluorescence time traces were acquired on AttoBright in
SMC at 3 h and 5 h amplification and aggregation, measured
by the Brightness (B)[19c,23] of the fluorescence time traces,
was assessed (Figure S3). A rapid amplification of aSyn
efficiently occurred at all temperature tested, with B increas-
ing at both 3 h and 5 h compared to the starting seeds. To
avoid the spontaneous conversion of K23Q monomers into
ThT aggregates at higher temperatures and to obtain the
optimal amplification, we decided to focus on an amplifica-
tion temperature of 55 88C in subsequent experiments. The
kinetics of this amplification is shown in Figure S4; impor-
tantly, in the absence of seeds, K23Q remained mainly
monomeric for the duration of the experiment.

Finally, we compared the efficacy of this new protocol
(55 88C without shaking) to the well-established amplification
protocol (37 88C with orbital shaking). Using the B parameter,
both conditions led to similar amplification of the seeds with
300–500 folds increase in brightness over 5 h (Figure S5).
Overall, this new protocol is easy to implement and offers, in
our hands, robust results with similar efficacy compared to the
standard protocol (37 88C with orbital shaking).
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SMC detects down to 1 fM aSyn fibrils after amplification

To establish the detection limit of the assay, experiments
were repeated with decreasing amount of seeds. As before,
20 mM aSyn K23Q and 10 mM ThT were incubated at 55 88C in

a PCR machine without shaking, in the presence of different
concentrations of seed fibrils (100 nM to 100 aM). Aggrega-
tion, measured by B, was assessed at different time points.
Figure 2A shows that the amplification results in an increase
of the signal by up to 1 order of magnitude (at 1 nM and

Figure 1. Detection of individual ThT-positive aggregates using single molecule counting. A) Principle of single molecule detection: a very small
(femtolitre) detection volume is coupled to single photon detectors, in order to measure freely diffusing single particles with high sensitivity. As
fluorescently labelled particles diffuse in and out of the confocal volume, bursts of photons are collected by the detectors. B) In single molecule
experiments, bulk ThT is deconvoluted into baseline and individual peaks. C) Principle of fingerprinting of each individual peak; the number of
photons detected correlates with the number of fluorophores and the residence time of the aggregates. D) Total ThT fluorescence as a function of
time. aSyn WT aggregation was detected by increased ThT fluorescence in the absence (red) and presence (blue) of 1 nM seed, using either
a plate reader (light red/light blue) or AttoBright (bright red/ bright blue). E) ThT signal measured on a plate reader for the first 10 h, as in (A).
No difference is visible between unseeded (light pink) and seeded (light blue) reactions in this time frame. F) The same experiment as in (B)
performed on AttoBright shows a marked difference between seeded (bright blue) and unseeded (bright red) experiments; note that at t = 0, the
presence of seeds (1 nM) is already detectable. Error bars are mean :s.d of 3 W 400s measurements.
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10 pM seed concentration). Figure 2B shows that 5 h amplifi-
cation decreased the limit of detection by almost 2 orders of
magnitude, from 1 pM at time 0 to 10 fM, after 5 h. At low
concentration (< 10 fM), as the number of fibrils present is
very limited, the average brightness parameter B is no longer
the most sensitive parameter. Rather, counting the number of
individual events detected on the fluorescence time traces
allows to differentiate between control and the presence of
fibrils, after amplification (Figure 2C). Therefore, SMC
enabled the quantification of aSyn fibrils down to 1 fM after
5 h amplification.

We re-evaluated the effect of amplification conditions at
the detection limit (Figure 3). Amplification was carried out

at 37 88C without or with orbital shaking at 500 rpm, or at 55 88C
without shaking. Fluorescence time traces were obtained
before and after 5 h amplification in all conditions (Fig-
ure 3A). Data were analysed to identify individual fluores-
cent events, for which the maximal intensity, duration of the
event and total intensity (area under the curve) were
measured. Figure 3B compares the number of ThT-positive
events detected per minute on fluorescence time traces and
shows that all three protocols significantly increased the
number of events detected. When comparing the total ThT
fluorescence in the events (Figure 3C), all protocols again led
to a significant increase in aggregation compared to the
starting seeds. The increase in temperature (from 37 88C to

Figure 2. Detection limit upon seeding conditions. A) Kinetics of amplification at different concentrations of aSyn fibrils analysed using the
Brightness parameter (B parameter). Each sample was incubated with 20 mM aSyn K23Q monomer in the presence of ThT (10 mM) at 55 88C
without shaking and analysed on AttoBright. Seeds concentrations varied between 100 nM and 100 fM as indicated. Error bars are mean :s.d of
3 W300 s measurements. B) Increase of sensitivity upon amplification, using the B parameter. B was measured as a function of fibrils
concentration, before (0 h, red squares) and after 5 h amplification (black triangles). Different concentrations of aSyn seeds were amplified and
the aggregates were detected by ThT fluorescence. Data are averaged over three independent dilutions on separate days, each sample was
measured 3 W 300 s. C) Detection limit using the number of events per minute as a parameter. Box plot representing the results for 4 separate
experiments (3 technical replicates each) for unseeded (circles), and seeded experiments using 10 fM (squares), 1 fM (upright triangles) and
100 aM seeds (downward triangles).
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55 88C) in the absence of shaking leads to a small but significant
increase in total fluorescence. In all cases, the unseeded
controls remained monomeric (data not shown).

We then tried and compared the “fingerprints” of the
different protocols by analysing the properties of the individ-
ual fluorescent events. To this end, the maximal intensity was

Figure 3. Comparison between amplification protocols. A) Typical fluorescence time traces obtained before (grey) and after amplification at 37 88C
in the absence (blue) or with orbital shaking (500 rpm, green), or at 55 88C without shaking (red). 2 pM seeds were incubated with 20 mM
monomeric asyn K23Q and 10 mM ThT and amplification was carried out as indicated. 100 sec fluorescence time traces were obtained before and
after 5 h amplification. B) Average number of ThT-positive events per traces as a function of reaction conditions, as in (A). Fluorescence time
traces obtained as in (A) were analysed to detect individual ThT-positive events. All amplification protocols lead to an increase in the number of
events detected. C) Total ThT fluorescence as a function of reaction conditions, as in (A). Fluorescence time traces obtained as in (A) were
analysed to detect individual ThT-positive events. Total ThT fluorescence for the trace was calculated as the sum of the area under the curve for
all individual events. All amplification protocols lead to an increase in the total ThT fluorescence. D) Fingerprinting of the different reaction
conditions. For each reaction conditions as in (A), the intensity (calculated as the area under the curve, AUC) was plotted as the function of
diffusion time for each individual event. Note the increased presence of high but sharp events (AUC>103 photons, diffusion time <200 ms)
when amplification occurred at either 37 88C with orbital shaking or 55 88C without shaking. All experiments were carried out as a biological triplicate
with 2 successive measurements for each sample. (Average : SE) are plotted where relevant. Student’s t-tests were performed to analyse
statistical significance. In all cases, ** indicates p<0.01 and *, p<0.1.
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plotted as a function of the diffusion time, for each individual
event (Figure 3D). Qualitatively, this reveals that amplifica-
tion at 37 88C without shaking leads to the increased presence
of slow diffusing peaks (high diffusion time with a low
maximal intensity). In contrast, amplification at 37 88C with
shaking and, especially, at 55 88C without shaking, yields
a population of high fluorescent peaks, with a high maximal
intensity but fast diffusion time. How these differences of
behaviour relate to the molecular mechanisms of amplifica-
tion remains to be evaluated. Nevertheless, this proves that
SMC can detect and discriminate between “species” at very
low fibrils concentration.

SMC discriminates between PD patients and healthy samples in
biological fluids

We then evaluated our method on relevant patientsQ
samples. Cerebrospinal fluid (CSF) from 8 PD patients and 8
healthy, age-matched controls from the LRRK2 cohort
consortium were obtained from the Michael J. Fox Founda-
tion biorepository (Table S1). The use of human CSF samples
was approved by the University of Sydney Human Research
Ethics Committee (reference number 2017/076).

The presence of ThT-positive objects in these samples was
evaluated before and after amplification. A 2 mL of CSF were
diluted 10 times in 10 mM ThT, in the presence of 20 mM aSyn
K23Q monomer and multiple 100 sec fluorescence time traces
were recorded on AttoBright (direct detection). The mixture
was then transferred to the PCR machine for a 5 h amplifi-
cation at 55 88C without shaking, after which fluorescence time
traces were obtained. As illustrated in Figure 4A, direct
detection revealed the presence of rare ThT-positive events,
mainly in PD patientsQ samples. The 5 h amplification resulted
in an increase of both the intensity and number of events
detected. Other examples of raw traces and analysis are
shown in Supplementary Figures S6 and S7.

Because the concentration of amyloid fibrils is low in
these samples, we first assessed the probability of detecting
a ThT-positive event, when measuring a 100 sec trace. A read
was considered positive when at least 1 ThT-positive event is
detected and this is divided by the total number of traces
obtained to yield the proportion of positive reads for each
patient. ThT-reactive species were identified by direct detec-
tion in 6/8 PD patientsQ samples compared to 1/8 controls
(Figure 4B right). The probability to observing a ThT-positive
event in PD patientsQ samples was at or above 30 %, while
1 control showed 25% probability of detection. Upon
amplification (Figure 4B right), ThT-positive events were
detected at least once in all samples, including controls.
However, the probability of detecting an event after amplifi-
cation was higher for all PD patients compared to healthy
control samples (75% vs. 23 % in average).

We then compared the average number of events
recorded per minute (Figure 4 C). In direct detection (Fig-
ure 4C left), the number of events varies between samples
(0.6: 0.6 eventmin@1, 95% C.I), including amongst PD
patientsQ samples. In contrast, amplification (Figure 4C right),
generated more homogeneous data within each category (PD

patients or controls). More importantly, there are significantly
more events detected in the case of the PD patients compared
to the control samples (1.4: 0.3 vs. 0.2: 0.1 events per min,
95% C.I, see also Figure S8). The combination of both
parameters (probability of detection and number of events)
revealed clear differences between PD patients and healthy
control samples. As we show in Figure 4C we noted large
difference between PD patients. If the number of ThT
positive species is consistently high between PD patients
after 5 h of amplification, the number of aggregates detected
before amplification is very different. One interesting possi-
bility is that the increase of number of events corresponds to
the conversion of small oligomeric species into larger ThT
positive aggregates. In the future, the amplification differ-
ential (i.e. ratio of direct and amplified events) could be
examined as one parameter to discriminate between PD
patients.

Finally, we analysed the fingerprint of these samples by
taking advantage of SMC ability to detect and analyse
individual events. First, the individual events (after amplifi-
cation) were analysed based on either their maximal intensity
of the peak, the diffusion time of the event or the total
fluorescence intensity (or area under the curve) (Figure 5A).
The ThT-positive events detected in the PD patientsQ samples
were proportionally brighter (higher proportion of events
with max. intensity > 300 photons) and fast-diffusing (higher
proportion of events with diffusion time < 250 ms) compared
to control. However, the total fluorescence distribution (< or
> 2000 photons) were similar for both categories.

We then examined the properties of each individual event
and, as in Figure 3D, by plotting the maximal intensity of each
peak as a function of diffusion (Figure 5B). The PD patientsQ
samples are presented in red while the controls are in grey.
Data points, from both categories, do not randomly scatter on
the plot; rather, three behaviours can be identified. As before
(Figure 4D), small events (maximal intensity < 300 photons
and diffusion time < 250 ms) can be seen (S). Two types of
larger events exist, either “high” peaks (H) with fast diffusion
time (< 250 ms) and high maximal intensity (> 300 photons)
or “long” peaks (L) that diffuse more slowly (> 250 ms) but
have low intensity (< 300 photons max.). Interestingly, we
note that very few events are both intense and slow diffusing
(N). When quantifying the number of events in each category
(Figure 5C), we noted a striking lack of H events in the
control samples compared to PD patientsQ samples (4% vs.
32%). In reverse, more events were classed in the L category
in control samples compared to PD patientsQ samples (52%
vs. 22 %). We expect those trends to be confirmed as more
data are collected, and these fingerprints could help set-up
more stringent parameters for diagnostics. It is possible that
the most relevant species in terms of diagnostics and marker
of disease progression may be the smaller aggregates with
high ThTreactivity (“H”). This suggests that centrifugation of
the CSF samples to remove the large, slow diffusing species
could be useful to enhance the differences between PD and
non-PD patients, or even between PD patients.
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Discussion

The last couple of years have witnessed a renewed interest
for the detection of aSyn aggregation as a potential biomark-

er for ParkinsonQs disease and other synucleinopathies.[24]

PMCA and RT-quIC assays were initially developed for the
detection of the misfolded prion protein (PrPSc) and are now
used for the diagnostic of transmissible spongiform encepha-

Figure 4. Direct detection and amplification of biological samples. A) Typical fluorescence time traces obtained for a patient’s sample (S4) before
(left) and after (right) amplification. 2 mL of CSF were diluted 10 times in 20 mM aSyn K23Q monomer and 10 mM ThT. Amplification was carried
out at 55 88C, without shaking, for 5 hours. B) Comparison between PD patients (dark grey) and healthy controls (dotted) samples, before (left)
and after (right) amplification. Fluorescence time traces were acquired as in (A) and analysed for the presence of ThT-positive events. The
percentage of positive reads was calculated as the number of traces presenting at least 1 ThT-positive event over the total number of traces.
C) Comparison of the number of ThT-positive events detected between PD patients (dark grey) and healthy controls (dotted) samples, before
(left) and after (right) amplification. Fluorescence time traces were acquired as in (A) and analysed for the presence of ThT-positive events. The
number of events was calculated for each time trace. The graph shows (average : SE) number of ThT-positive events per minute. Each sample
was analysed at least 4 times (4 biological repeats, individual amplifications on separate days). The unpaired t-test with Welch’s correction (which
does not assume that data have the same standard deviation) indicates a significant difference between the group of PD patients and the group
of controls, with P value <0.0001.
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lopathies in animal and humans. Both assays can be used to
detect sporadic and variant Creutzfeldt-Jakob disease from
a variety of biological samples. Recently, these assays have
been adapted to detect aSyn aggregates by taking advantage
of the intrinsic property of amyloid fibrils to self-template.
Several groups have reported on the detection of aSyn
aggregates in brain homogenates and cerebrospinal fluid
(CSF) of ParkinsonQs patients, using either RT-quIC or
PMCA.[15] Recently, Fenyi et al.[25] used gastrointestinal
biopsies as sample sources for PMCA amplification of aSyn
seeds. Becker et al.[26] could show seeding from formalde-
hyde-fixed tissues from MSA patients. Multiple groups are
working to optimize the assay conditions to lower the
detection limit and access a larger panel of biofluids as

sources.[27] Recent developments of the RT-QuIC assay for
aSyn include the use of a mutant form of aSyn (K23Q) as the
monomer reservoir,[22] as used here for the development of
new derivatives of ThT with a better signal-to-background
ratio[28] or distinctive properties depending on structural
features.[29] Very recently, the FDA has granted a “break-
through device” designation for the use of PMCA to help in
the diagnosis of ParkinsonQs disease using CSF and plasma
samples.

Single Molecule Counting (SMC) has revolutionized
many fields from sequencing to imaging, as detection of
a single event represents the ultimate sensitivity. Here we
show that single molecule detection of aSyn aggregates is
possible using ThT, the already widely used dye for biophys-

Figure 5. Characterisation of ThT-positive events from biological samples. A) Physical characterisation of ThT-positive events in biological fluids,
detected after amplification. The fluorescence time traces collected as in Figure 5 were analysed to detect individual ThT-positive events. These
events were analysed based on maximal intensity (left), diffusion time (centre) or total intensity (area under the curve, right), comparing healthy
controls (grey) and PD patients (red) samples. The percentages of events presenting left: a maximal intensity <300 photons (light dotted
pattern) or >300 photons (heavy dotted pattern), -centre) diffusion time <250 ms (light color) or >250 ms (darker color), and right: AUC<2000
photons (light upward stripes) or >2000 photons (dark downward stripes) were calculated and plotted. B) Maximal intensity as a function of
diffusion time is represented for each individual ThT-positive event, detected following amplification of PD patients (red circles) and healthy
controls (grey triangles) samples. 4 types of events can be identified: small (S), high (H), long (L) and neutral (N) events, as depicted. Limits are
set at 250 ms and 300 photons, on the x- and y-axis, respectively. C) Comparison of the number of ThT-positive events belonging to the categories
described in (B), between healthy controls (grey) and PD patients (red) samples. Each category (S, H, L and N) is represented by a different
shade, as indicated.
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ical assays and histology staining. ThT has recently been used
as a fluorescent dye for single-molecule super-resolution
imaging.[30] Horrocks et al.[31] used total internal reflection
fluorescence (TIRF) microscopy to visualize aSyn oligomers
in cerebrospinal fluid (CSF) samples. Using single molecule
detection in combination with an amplification assay signifi-
cantly lowers the detection threshold and shortens the
reaction time, compared to bulk methods. Furthermore, the
development of a new SMC instrument (AttoBright[17]) that
performs similarly to commercially available confocal setups
but in a simplified, compact, auto-aligned design, allows for
a generalized use of this method. Indeed, this apparatus
significantly reduces overhead costs (i.e. it does not a dark
room, air tables and training specialised personnel) associated
with maintaining state-of-the-art single molecule instruments
and can be assembled at a fraction of the price.

Our method allows a significant reduction of the time
required to conduct the experiments. Indeed, the amplifica-
tion time here is reduced to 5 h, while the measurement time
is very short (10 min). The corresponding amplification phase
for PMCA or RT-QuIC is typically > 50 h in buffer con-
ditions. To detect a-Syn seeds in patients CSF, Kang et al.
performed RT-QuIC assay for 120 h or PMCA for 400 h.[15]

Shortening of the reaction time limits the effect of a-Syn
monomer auto-aggregation and should allow for a decrease in
false positive results. It also decreases the time necessary for
protocol testing and optimisation. Direct detection of re-
combinant aSyn fibrils can be as low as 1 pM, corresponding
to 75 fg of fibrils in the sample. The same experiment run on
a standard plate reader gives a detection limit 106 times higher
(& mg of fibrils).[17] Using a simple one-step amplification
protocol, without shaking or sonication steps and without
addition of beads, the detection limit is approximately 1 fM,
corresponding to less than 100 attogram of seeds. The Soto
group that developed PMCA reported a detection limit of
20 fg (LOD) for their assay[13] while Manne et al.[32] calibrated
the RT-QuIC assay in buffer and found a detection limit
below 0.5 ng.

Further modifications of this protocols are likely to
improve the current sensitivity. For diagnostic purposes, it
would be more efficient to run a single amplification of 5 h,
and a single long read of 10 min. As the number of events
detected will scale (approximately linearly) with the duration
of the experiment, we can expect to gain a factor 6 in
sensitivity (with acquisition of 600 s vs. 100 s currently, see
Supplementary Figure 9). To limit the amount of sample used
and multiply the number of experiments, we worked with
10% CSF in the monomeric solution. The Soto group
routinely conducts experiments with 40 % CSF in aSyn
monomer[29] . Using larger CSF volumes would be beneficial
and should not be an issue as the amounts of amplified seeds
is very low in control patients, and as the average ThT
baseline is also very low for CSF. In Supplementary Figure 10,
we discuss the idea of counting the number of events as
a function of acquisition time and CSF concentration to
improve the assay. We also noted that the protocol from the
Soto group utilizes monomeric aSyn at a higher concentration
of> 60 mM (we use 30 mM). Working at higher concentrations

of Syn monomers would probably enhance conversion or
elongation of seeds.

Conclusion

Overall, our single molecule counting assay should be able
to discriminate between PD and controls patients at least as
well as PMCA and RT-QuiC as we use the same principle of
amplification by monomeric aSyn and the same reagents. If
a sample is PMCA/RT-QuiC positive then it is certain that
SMC will detect a large number of amplified aggregates at
early time points, before the ThT average baseline increases.
PMCA is incredibly sensitive as the number of initial
aggregates are multiplied over many cycles of breaking and
elongation. One of the main issues is that when the sample
becomes ThT-positive, the number of aggregates is multiplied
by orders of magnitude and cannot be used to estimate the
number (or size) of the seeds that are initially present in the
sample. Besides the increased sensitivity and shorter mea-
surement times, SMC offers the possibility to investigate each
event individually. This ability to detect and characterize
individual events may prove to be invaluable to follow disease
progression or discriminate between pathologies.[29,33] By
coupling SMC to existing PMCA protocols in the first
round(s) of amplification, we believe that decoupling the
size, number and reactivity of seeds present initially would
add a new dimension to PD diagnostics.
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