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1. Abstract

Background: The prion-like misfolding and ag-
gregation of α-synuclein (α-syn) is involved in the patho-
physiology of Parkinson’s disease and other synucle-
inopathies. Seed amplification assays (SAAs) are biophys-
ical tools that take advantage on the peculiar properties of
prion proteins by amplifying small amounts of aggregates in
biological fluids at the expense of recombinant monomeric
protein added in solution. SAAs have emerged as the most
promising tools for the diagnosis of synucleinopathies in
vivo. However, the diagnostic outcome of SAAs depends
on the aggregation kinetics of α-syn, which in turn is in-
fluenced by several experimental variables. Methods: In
our work, we analysed the impact on SAAs of some of the
most critical experimental factors by considering models
that describe the aggregation kinetics of α-syn. Results:

We started our analysis by making simulations to under-
stand which kinetic models could explain the aggregation
kinetics of α-syn during incubation/shaking cycles. Subse-
quently, under shaking/incubation cycles similar to the ones
commonly used in SAAs, we tested the influence of some
analytical variables such as monomer concentration, pres-
ence/absence of glass beads, pH, addition of human cere-
brospinal fluid, and use of detergents on α-syn aggregation.
Conclusions: Our investigation highlighted how optimiza-
tion and standardization of experimental procedures for α-
syn SAAs is of utmost relevance for the ultimate goal of
applying these assays in clinical routine. Although these
aspects have been evaluated with specific SAA protocols,
most of the experimental variables considered influenced
very general aggregation mechanisms of α-syn, thus mak-
ing most of the results obtained from our analyses extend-
able to other protocols.
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2. Introduction

Parkinson’s disease (PD), the most common neu-
rodegenerative movement disorder, is pathologically char-
acterized by the presence, in selectively vulnerable brain
regions, of intracytoplasmic and axonal inclusions, called
Lewy bodies and Lewy neurites, which consist of ag-
gregates of misfolded α-synuclein (α-syn), crowded or-
ganelles and lipid membranes [1, 2]. Accumulation of
insoluble fibrillary α-syn is usually accompanied, both
as a cause and a consequence, by the impairment of the
autophagy-lysosomal pathway, which represents one of the
main mechanisms involved in the intracellular degradation
of α-syn [3]. Diagnosis of PD can be challenging in the
early disease stages when only non-motor prodromal symp-
toms (i.e., hyposmia, REM sleep behavioural disorders,
constipation and mood disturbances) are present, some-
times associated with slight and ambiguous motor signs,
which often lead to misdiagnosis. The long prodromal
phase of PD [4] provides the possibility for early therapeu-
tic intervention, once disease-modifying therapies will be
developed. However, the lack of biomarkers for early di-
agnosis and for monitoring disease progression represents
a major obstacle to the achievement of this goal. Cere-
brospinal fluid (CSF) levels of total α-syn [5], oligomeric
α-syn [6], phosphorylated α-syn [6], protein deglycase DJ-
1 [7], amyloid-β 1-42 [7], tau [8], and lysosomal enzymes
activities [9, 10] are candidate biomarkers for PD although
they still show low specificity and sensitivity for PD and
other synucleinopathies [5, 11–13]. With respect to this,
oligomeric and fibrillary aggregates of α-syn are found to
spread from cell to cell as well as in CSF [14–16]. This
evidence makes the detection of misfolded α-syn in CSF
a promising strategy for the early diagnosis of PD. At the
same time, the understanding of the “prion-like” behaviour
of α-syn provided new perspectives for the development
of novel diagnostic assays. Indeed, two seed amplifica-
tion assays (SAAs) [17], namely protein misfolding cyclic
amplification (PMCA) [18] and real-time quaking-induced
conversion (RT-QuIC) [19], have been successfully applied
for the detection of misfolded prion protein (PrPSc) in tis-
sues and biological fluids of animals [20–22] and humans
[23]. PMCA and RT-QuIC currently represent the best op-
tion to perform the diagnosis of prion diseases, such as
Creutzfeldt-Jacob disease, in CSF [23] and other peripheral
fluids and tissues [24, 25]. These assays have been recently
adapted for the detection of prone-to-aggregation α-syn in
CSF [26–33].

In α-syn SAAs, biological samples collected from
patients are incubated with recombinant α-syn and sub-
jected to phases of incubation and shaking which are
cyclically alternated at fixed temperatures. During incu-
bation, oligomeric/protofibrillary α-syn, possibly present
in the biological samples collected from patients affected
by synucleinopathies, grow by recruiting the recombinant

monomeric α-syn substrate. During vigorous shaking,
large aggregates are disrupted into smaller subunits, which
in turn are able to grow at the expense of the monomers
present in solution [33]. This process finally results in an
exponential amplification of the α-syn aggregates origi-
nally present in the biological matrix under exam. In α-
syn SAAs, the aggregation process is generally monitored
in real-time with a fluorescent dye (generally thioflavin-T,
ThT) which intercalates to the β-sheet motifs of aggregated
species. In different investigations, α-syn SAAs showed
high sensitivity and specificity in differentiating PD from
healthy controls and from non-α-syn-related parkinsonisms
by using CSF as biological matrix [26–33]. Some other
accessible peripheral matrices, such as olfactory mucosa
[34, 35] and skin biopsies [36–38], also produced very en-
couraging results. Considering the impact that SAAs might
have when introduced in PD diagnostic workup, the anal-
ysis of the effects of experimental variables on the α-syn
aggregation kinetics is a crucial step for both optimization
and standardization of these experimental protocols. In our
work, we analysed the impact of critical experimental fac-
tors such as concentration of monomeric α-syn substrate,
presence and quantity of glass beads, pH, addition of hu-
man CSF and addition of detergents.

3. Materials and methods

3.1 Kinetic modelling

Kinetic modelling was performed to highlight the
most contributing mechanisms of α-syn aggregation in
SAAs. The differential equations used are displayed in the
Results & Discussion sections. Equations were integrated
as previously described with minor modifications [39]: the
Euler solver was replaced with a more performant Runge-
Kutta solver, the code used for the simulations was run on
Python 2.7 instead of C++, a varying fragmentation kinet-
ics was applied to accurately simulate the intermittent shak-
ing of SAAs, oligomeric populations were not considered
since SAAs amplification processes mostly involve fibrils
and protofibrils.

3.2 α-synuclein expression and purification

Escherichia Coli BL21(DE3) Gold were trans-
formed with pT7-7 vector cloned with the gene encod-
ing α-syn. The overnight preculture of transformed cells
was diluted 100-fold in Luria-Bertani medium and induced
at an OD600 value of 0.6–0.8 with 1 mM Isopropyl-β-
D-thiogalactoside and, after 5 h incubation at 37 ◦C, the
cells were harvested at 4000 rpm (JA-10, Beckman Coul-
ter, Fullerton, CA, USA). The extraction was carried out
through osmotic shock using 100 mL of buffer TRIS 30
mM, EDTA 2 mM and sucrose 40%, at pH 7.2 according
to Shevchik et al. [40] and Huang et al. [41]. The suspen-
sion was then ultracentrifuged at 20000 rpm (Type 70 Ti
rotor, Beckman Coulter, Fullerton, CA, USA) for 25 min
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and pellet was collected and resuspended with 90 mL pre-
cooled ultrapure water additioned with 38 µL of MgCl2 1
M and then ultracentrifuged a second time. Supernatants
derived from these two centrifugation steps, were joined
and dialyzed against 4 litres of buffer 20 mM TRIS/HCl
at pH 8.0. The protein then was loaded in the FPLC sys-
tem and an anion exchange chromatography was carried out
with 0–50% linear gradient of NaCl 1 M (GE Healthcare
HiPrep™ Q HP 16/10 Column). The collected fractions
were lyophilized and resuspended in 10 mM TRIS/HCl, 1
mM EDTA and urea 8 M at pH 8.0 for the chemical de-
naturation. To eliminate all the protein formed aggregates,
two size-exclusion chromatographies (HiLoadTM 16/600
SuperdexTM 75 pg Column) were performed with 20 mM
phosphate and 0.5 mM EDTA at pH 8.0 as elution buffer.
Purified α-synuclein (α-syn) was dialyzed against Milli-
Q water and lyophilized in batches for long-term storage.
The purity of the monomeric α-syn was evaluated by SDS-
PAGE. Roche cOmplete™ protease inhibitor cocktail was
added only during the extraction step in the quantity sug-
gested by the producer.

3.3 Setup of seed amplification assays

Lyophilized aliquots of α-syn were resuspended
in NaOH 3.5 mM (pH 11.5) right before the experiments
to avoid the instantaneous formation of aggregates. At
high pH, the negatively charged monomers (the isoelectric
point of α-syn is 4.67) experience an electrostatic repul-
sion that impedes the aggregation and favours the disso-
ciation of small aggregates [42, 43]. The α-syn solution
was then brought to the desired pH by adding concentrated
buffers (PIPES or phosphate buffers, depending on the ex-
periment). In all the reaction buffers used, ThT was present
at a concentration of 10 µM together with NaN3 (0.08%).
Each sample/condition analysed was replicated in three
distinct wells in clear-bottom 96-well plates (TECAN©,
#30122306). We added acid-washed glass beads in each
well, of different size and number depending on the experi-
ment, to enhance the aggregation speed and increase homo-
geneity among replicates. The plates were always sealed
with a sealing tape to minimize evaporation during the ex-
periments. Plates were inserted in a BMGLABTECHClar-
ioStar fluorimeter and subjected to the incubation/shaking
protocol of Shahnawaz et al. [27] (T = 37 ◦C, 29 min in-
cubation, 1 min double-orbital shaking at 500 rpm). While
testing the effect of detergent we used conditions more sim-
ilar to the ones of protocols making use of it [28, 29, 44] by
using α-syn 0.08 mg/mL in phosphate buffer (40 mM) pH
7.4 + 170 mM NaCl, 6 × 1 mm diameter glass beads and
15 µL of CSF for a final volume of 100 µL per well. Cycles
of 1 min shaking (500 rpm double orbital) and 1 min rest at
42 ◦C were used. Once every 30 minutes, the fluorescence
was read from the bottom using an excitation and emission
wavelength of 450 nm and 480 nm, respectively.

3.4 Preparation of preformed seeds

Monomericα-syn at the concentration of 2mg/mL
was incubated in 100 mM PIPES buffer with 500 mMNaCl
at 37 ◦C in two wells (250 µL per well) of a 96-wells
plate, under constant agitation at 500 rpm. One of the two
wells contained 10 µM ThT in order to monitor the aggre-
gation. Once the plateau of the ThT aggregation profiles
was reached (usually after seven days), the sample with-
out ThT was subjected to cycles of sonication, using an im-
mersion sonicator, in order to obtain smaller aggregates (5
cycles of 15 seconds sonication at 12 µm oscillation ampli-
tude and 15 seconds rest). The solution containing the pre-
formed aggregates was then split in aliquots, diluted to the
desired concentrations, and stored at –80 ◦C for later use.
One aliquot was analysed by Western blot (details of the
procedure used in Supplementary Fig. 1, Supplementary
Material) to evaluate the pattern of the obtained aggregates
(Supplementary Fig. 1, Supplementary Material).

3.5 Human CSF

To avoid problems related to biological variance
of CSF samples, CSF aliquots from a single female hydro-
cephalic patient of 67 years old were used in this work. This
patient showed no cognitive or motor impairment. Lumbar
puncture was performed according to international guide-
lines [45, 46]. Following a standardized procedure, 12 mL
of CSF were collected in a sterile polypropylene tube and
centrifuged at room temperature for 10 min (2000× g).
Aliquots (0.5 mL) were frozen at –80 ◦C. In the CSF sample
used, the core Alzheimer’s disease biomarkers were mea-
sured using Lumipulse G600-II (Lumipulse) β-Amyloid 1–
40, Lumipulse β-Amyloid 1–42, Lumipulse Total Tau and
Lumipulse p-Tau 181 assays (Fujirebio Europe, Gent, Bel-
gium), resulting in a profile not compatible with the pres-
ence of Alzheimer’s disease with all measured biomarkers
falling within the normal range.

3.6 Data analysis software

To extract the position of inflection points, ThT
fluorescence profiles were fitted with Boltzmann’s sig-
moidal functions by using the non-linear fitting routine of
OriginPro 9.0. Linear regression analyses were performed
with the linear regression tool of Microsoft Excel.

4. Results and discussion

4.1 Ab initio simulations

We started our analysis by making simulations to
understand the simplest kinetic model that could explain
the aggregation kinetics ofα-syn during incubation/shaking
cycles. We wanted to reproduce the linear relations initially
observed by Shahnawaz et al. [27] and byArosio et al., [47]
between the t1/2 (time to the half of the maximum value)
and the logarithm of the seed (preformed aggregates) mass
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Fig. 1. Description of the kinetic model used to interpret the aggregation of α-syn under intermittent shaking. In the model of differential equations
used for the simulations, the fragmentation rate varies according to the incubation/shaking cycles of the SAA protocol. f(i) = population of fibrils made
by i monomers; kn= primary nucleation rate; m(t) = monomer population; n0 = size of the smallest nucleus (i.e., 2); δij = Kronecker’s delta function;
kon = fibril polymerization rate; koff = fibril depolymerization rate; kfrag(t) = variable fragmentation rate; Pf (t) = fibril total population; Mf (t) = fibril
total mass concentration; m0 = initial monomer mass concentration.

concentration. A nucleated polymerization model (Fig. 1)
[48, 49] with intermittent fragmentation (Fig. 1) could pro-
duce an approximate linear relation (Fig. 2). In this model,
secondary nucleation was not included [50]. Indeed, the
rates of the secondary nucleation processes during α-syn
aggregation have a strong pH dependence. Indeed, it has
been previously shown that starting from pH 6, secondary
nucleation provides a minor contribution in the aggregation
kinetics of α-syn [51].

The simulated range of seed masses shown in
Fig. 2 is arbitrary and not related to experimental values.
The range of seed masses, for which it is possible to obtain
this linear relation depends on the kinetic constants of the
processes, which themselves depend on the nature of the
protein-protein interaction and on experimental variables
like temperature, pH, shaking cycles, protein concentra-
tions and ionic strength. Optimizing the experimental vari-
ables, to maximize the differentiation between seed masses,
is the first step in developing SAAs for the diagnosis of
synucleinopathies.

4.2 Variables influencing α-synuclein seed
amplification assays

We evaluated the impact on α-syn aggregation of
different experimental factors such as the addition of glass
beads, starting monomer concentration, solution pH, size
and number of glass beads, addition of human CSF and use
of detergents.

The addition of glass beads to wells containing
Thioflavin-T (ThT) and monomeric α-syn is reported in
literature to be beneficial for reducing the fibrillization
time and for increasing the homogeneity among replicates

[52, 53]. In the simplifiedmodel that we described in Fig. 1,
at t = 0 the formation of novel fibrillar species is dependent
on the nucleation and fragmentation kinetics. By increas-
ing the latter, through sonication/vigorous shaking in the
presence of beads, seeding should be favoured with respect
to unspecific nucleation of aggregates. To verify this hy-
pothesis, we performed tests on equivalent samples with
and without glass beads. In Fig. 3, we reported the ThT
fluorescence profiles of α-syn samples with 20 ng of seeds,
subjected to a SAA protocol, without (Fig. 3A) and with
(Fig. 3B) glass beads. To quantify the variability among
replicates we used the maximum coefficient of variation
(MCV), calculated as the maximum value of the ratio be-
tween standard deviation and mean fluorescence value of
the three replicates during the course of the experiment.
The replicates in Fig. 3A produced smooth fluorescence
lineshapes, with high variability among replicates (MCV
= 0.68). At 160 h, none of the replicates reached the final
fluorescence plateau. Conversely, the replicates in Fig. 3B
produced noisier fluorescence lineshapes but with less vari-
ability among replicates (MCV = 0.36). All the replicates
reached the final fluorescence plateau in about 100 h. Sim-
ilar results were obtained by repeating the experiment with
andwithout glass beads with 2 ng of seeds (Supplementary
Fig. 2, Supplementary Material, MCVs of 0.36 and 0.69,
respectively).

A second experiment was performed to evaluate
the impact of different size and number of glass beads in
three different buffers, the results are shown in Fig. 4. From
this image, it is possible to appreciate that a single bead of 3
mm of diameter produced a faster aggregation with respect
to 17 beads with a diameter of 0.5 mm. Moreover, for any
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Fig. 2. Kinetic model-derived relation between aggregate mass and t1/2. By numerically integrating the differential equation system shown in Fig. 1
with a Runge-Kutta solver, it was possible to extract the t1/2. In this way, it was possible to demonstrate the existence of a range of preformed aggregates
(seeds) concentrations (starting from arbitrary kinetic constants) in which the relation between the logarithm of the initial mass of the seeds per ng and the
t1/2 of the “sigmoidal” growth of the fibrillary species was approximately linear.

beads size and number, the aggregation of α-syn was faster
in PBS pH 7.4 compared to PBS pH 8.2 and even faster in
100mMPIPES pH 6.5 +NaCl 500mM. These results are in
accord with the fact that, starting from pH 4.5 (the isoelec-
tric point of α-syn), the C-terminus of α-syn becomes neg-
atively charged at increasing pH [42, 54], which results in
an electrostatic repulsion between monomers and between
monomers and preformed aggregates. Conversely, pH val-
ues near the isoelectric point of α-syn neutralize charge re-
pulsion and promote conformational changes, which results
in an increased aggregation proneness [55, 56].

CSF coming from a single hydrocephalus subject
not suffering from neurodegenerative diseases was subse-
quently added to the reaction mix. In this way, we could
test the different analytical variables on different aliquots
from the same subject without introducing effects linked to
biological variance. The detection limit and the ability to
differentiate among seed masses were tested by adding in-
lab made preformed aggregates (seeds) in different quantity
in each well, the protocol used to produce α-syn seeds is
reported in the Materials and Methods section. The incuba-
tion/agitation protocol (29 min incubation, 1 min shaking at
500 rpm) and the reaction buffer (100 mM PIPES buffer pH
6.5 with NaCl 500 mM) of Shahnawaz and coworkers [27]
were used for all the experiments described in Figs. 5,6,7
and 8. For this protocol we also analysed wells contain-
ing seeds and CSF without recombinant α-syn to determine
whether the addition of seeds could produce a significant
increase in fluorescence by itself. The results of this exper-

iment are shown in Supplementary Fig. 4 (Supplementary
Material). In summary, we did not observe any significant
change produced by the addition of seeds in the absence of
monomeric α-syn.

In Fig. 5A are reported the kinetic traces, aver-
aged on three replicates for each seed quantity, relative to a
SAA performed with 17 glass beads (diameter of 0.5 mm)
per well. Interestingly, the addition of human CSF pro-
duced a delay in the aggregation of α-syn (Fig. 5A). This
phenomenon was previously observed [27, 57, 58] and, al-
though not being fully understood, it could be produced by
the interaction between α-syn and CSF protein constituents
[42, 59]. From Fig. 5A and from Fig. 3, it can be appre-
ciated the fact that most of the fluorescence profiles have
two inflection points: a first inflection point, situated be-
tween 0 h and 25 h and a second one, situated between
60 h and 70 h. The presence of two inflection points in
most of the observed ThT profiles indicates a two-step pro-
cess occurring during the SAA. The presence of the sec-
ond inflection point may be explained by the transition from
the initially amplified oligomeric/proto-fibrillar aggregates
into well-structured fibrils. This type of transition pro-
duced similar trends in aggregation assays involving α-syn
[60, 61] and amyloid-β [39]. According to this hypothe-
sis, the seeded samples in Fig. 5 (which exhibit a higher
fluorescence intensity at the first plateau), may have had
a higher percentage of prefibrillar aggregates with respect
to unseeded ones. Indeed, apart from fibrillary aggregates
the added seeds contained also oligomeric/proto-fibrillar
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Fig. 3. The addition of glass beads increases the reproducibility among replicate samples in SAAs. Monomeric α-syn 0.125 mg/mL (8.7 µM) was
left aggregating in the presence of ThT 10 µM and 0.2 ng of preformed seeds. The experiments were performed in triplicate in a 96-wells plate in 100
mM PIPES buffer pH 6.5 (with 500 mM NaCl). The SAA protocol consisted in cycles of 1 min shaking at 500 rpm (double orbital) and 29 min rest at 37
◦C, in (A); no glass beads were added while, in (B), 17 × 0.5 mm diameter glass beads were added to the samples.

species (Supplementary Fig. 1, Supplementary Material)
which may have been initially amplified in the first hours
of the experiment. The drop in fluorescence after reaching
the maximum value (e.g., in Fig. 5A) often occurs in pro-
tein aggregation assays and is thought to be produced by the
formation of insoluble macroscopic aggregates, capable of
trapping ThT molecules [62].

To accurately measure the position of the first in-
flection point (t0), the first parts of the aggregation profiles
were fitted with a Boltzmann’s sigmoidal function (Eqn. 1),
using. In the non-linear curve fitting procedure used, the
parameters A1, A2, t0 and dt of Eqn. 1 were let free. With
reference to Fig. 2, t0 coincides with t1/2when A2 = 0, i.e.,
when the initial fluorescence intensity is negligible.

y(t) = A2 +
A1 −A2

1 + exp
(
t−t0
dt

) (1)

The results of the fitting are shown in Fig. 5B. The
measured t0 parameters were then plotted against the natu-
ral logarithm of the mass (per ng) of the added seed. From
the linear regression shown in Fig. 5C, it can be appreci-
ated that there is a good linearity between the t0 parame-
ters (R2 ~ 1) and the natural logarithm of the seed mass, as
was expected from simulations and previous investigations
[27, 47]. The linear response was maintained up to 0.02 pg
(0.1 pg/mL) of seeds, which coincides with the detection
limit of this protocol.

The assay optimization promoted the “seeded” ag-
gregation and limited the spontaneous aggregation of the
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Fig. 4. Effect of different buffers and beads on α-syn aggregation in SAAs. Monomeric α-syn 0.08 mg/mL (6.9 µM) was left aggregating in the
presence of ThT 10 µM and 20 ng of preformed seeds. The experiments were performed in a 96-wells plate in three different buffers: 100 mM PIPES
buffer pH 6.5 (with 500 mM NaCl), PBS buffer pH 7.4 and PBS buffer pH 8.2. The SAA protocol consisted in cycles of 1 min shaking at 500 rpm
(double-orbital) and 29 min rest at 37 ◦C. In (A), 17 glass beads with a diameter of 0.5 mm were added: in (B), a single bead with a diameter of 3 mm
was added to the samples. The data shown are the averages of three replicates while the error bars represent the standard error of the mean fluorescence
value on replicates. Single kinetic traces relative to this experiment are shown in Supplementary Fig. 3 (Supplementary Material).

free monomer to obtain the maximum possible differentia-
tion of the masses of the added seeds. From the linear re-
gression of Fig. 5C, it is possible to notice that, although the
R2 coefficient is almost equal to 1, the slope of the line was
low, which represented the fact that the first inflection point
of the aggregation profiles laid in a short range of time (5
h–20 h) for all the curves. In a second trial, we lowered the
monomer concentration from 0.125 mg/mL to 0.08 mg/mL.
This choice was made to discourage the primary nucleation
kinetics, which, according to the model described in Fig. 1,
depends on the square of the monomer concentration while
the polymerization kinetics of the fibrils depends linearly on
that. Also, the number of beads was slightly reduced from
17 to 15 to ameliorate the signal to noise ratio of each curve

to allow a better fitting of the first plateau. As before, we
analysed the first part of the aggregation curves extracting
the t0 parameters with the sigmoidal fitting (Fig. 6A) but we
tried also to estimate the so-called lag-time to quantify the
time at which the fluorescence starts to deviate significantly
from its initial value. We defined it, in a similar way to the
one used by Groveman et al. [28], as the time at which
the fluorescence ()F of each well becomes higher than the
average fluorescence of the first 10 h (F (t)t<10 h) of the
sample without seeds plus 5 standard deviations (5σ) for 5
consecutive measurements:

F (tlag + i∆t) ≥ F (t)t<10h + 5σ(F (t))t<10h; ∀i ∈ (0, 1, 2, 3, 4) (2)

Where i∆ts the time between two consecutive measure-
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Fig. 5. Fitting of ThT profiles in the presence of human CSF and preformed seeds. (A) SAA performed using 0.125 mg/mL of recombinant α-syn
in 100 mM PIPES pH 6.5 (500 mM NaCl) with 40 µL of CSF (final volume of 250 µL) in the presence of different quantities of preformed aggregates
and 17 glass beads with a diameter of 0.5 mm. The data shown are the averages of three replicates on a 96-wells plate while the error bars represent the
standard error of the mean fluorescence value on replicates. (B) The first part of the aggregation curves was fitted with a Boltzmann’s sigmoidal function
to extract the position t0 of the inflection point. (C) The measured t0values were plotted against the natural logarithm of the added quantity of seed and
fitted with a linear function.

ments (30 min in our case). The inverse of the lag-time, the
lag-rate, is usually used in the SAA protocols to visualize
the data, since it provides a faster and easier way to examine
together the outcome of multiple experiments with respect
of plotting the fluorescence profiles for all the samples in
the same graph (an example of this representation is pro-
vided in Fig. 6C. Moreover, as it is defined in Eqn. 2, the
estimation of lag-times does not necessarily need to reach a
fluorescence plateau, making lag-times measurable also for
incomplete kinetic traces. The averages of the lag-times
(estimated with the threshold method of Eqn. 2) on three
replicates were plotted against the natural logarithm of the
seed masses per ng, the result of the linear regression pro-
cedure is shown in Fig. 6D.

The R2 values and the slopes of the linear regres-
sions for the t0 values and the lag-times were similar, as
expected, with the slope being more than twice the one cal-
culated in Fig. 5C. The tested protocol was still able to dif-
ferentiate seed masses with a detection limit of 0.02 pg. In
Fig. 7, it is reported a summary of the measured t0 values
for different bead sizes and two initial monomer concentra-

tions. The t0 parameters were calculated both on the first
and on the second inflection points in the same conditions
in Fig. 7A and in Fig. 7B.

All the tested conditions produced satisfactory dif-
ferentiations between seed masses with a good linear cor-
relation between the measured t0 parameters and the log-
arithm of the added seed masses. By looking at Fig. 7B
and Fig. 7C, it is possible to notice that, as expected from
the considerations on the nucleation and polymerization ki-
netics, the samples with a starting monomer concentration
of 0.08 mg/mL produced an increased slope compared to
the ones with 0.16 mg/mL, even though the overall ex-
periment duration was also longer. The second inflection
point showed also to be discriminative for the 0.16 mg/mL
monomer concentration, as can be seen from Fig. 7A, while
for the 0.08 mg/mL monomer concentration it was still not
reached after 250 h. The increased number of beads, with
respect to Fig. 5 and Fig. 6, produced slightly noisier line-
shapes but neither a significative increase in the aggregation
speed nor in seed mass discrimination. However, by sub-
stituting the 21 beads with a diameter of 0.5 mm with a sin-
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Fig. 6. Performance of fitted t0 and lag-time in differentiating among preformed seed masses. SAA performed using 0.08 mg/mL of recombinant
α-syn in 100 mM PIPES pH 6.5 (500 mM NaCl) with 40 µL of CSF (final volume of 250 µL), in the presence of different quantities of preformed
aggregates and 15 glass beads with a diameter of 0.5 mm. (A) The first part of the aggregation curves, averaged on the three replicates, was fitted with
a Boltzmann’s sigmoidal function to extract the position t0 of the inflection point. (B) The measured t0values were plotted against the logarithm of the
added quantity of seed and fitted with a line. (C) The lag-rates are calculated as the inverse of the lag-times for each sample. (D) The measured lag-times,
averaged on the three replicates, were plotted against the logarithm of the added quantity of seed and fitted with a linear function.

gle bead with a diameter of 3 mm (the total bead mass is ~
10 times greater) we observed the almost disappearance of
the first inflection point (Fig. 8A), probably due to the more
rapid transition from oligomeric/protofibrillary species into
fibrils. The t0 values and the lag-times measured for this
kinetics produced good results in terms of R2 and slope of
the linear regression, as can be seen from Fig. 7D and from
Fig. 8B.

Another variable that emerged in some protocols
present in literature [28, 44, 58, 63] is the presence of de-
tergents, such as Sodium Dodecyl Sulphate (SDS), which
is commonly used in the RT-QuIC/PMCA protocols for the
detection of PrPSc.

For these experiments, 2 µL of a stock solu-
tion (PBS containing 3 different SDS concentrations) were
added to the reaction mix. The lag times were evaluated
for each well using the formula in Eqn. 2 by considering
the average fluorescence of the first 5 h instead of 10 h due

to the high aggregation propensity of samples containing
seeds and a final SDS concentration of 0.01%. We tested
the addition of SDS in conditions more similar to the ones
of protocols making use of it [28, 29, 44] by using α-syn
0.08mg/mL in phosphate buffer (40mM) pH 7.4 + 170mM
NaCl, 6× 1 mm diameter glass beads and 15 µL of CSF for
a final volume of 100 µL per well. Cycles of 1 min shaking
(500 rpm double orbital) and 1 min rest at 42 ◦C were used.
A slightly lower pH and higher shaking rpm with respect to
the one of published protocols were needed to promote ag-
gregation probably due to the different shaking efficiency
of our fluorimeter compared to BMG Omega. As can be
evinced from Table 1, the addition of SDS dramatically ac-
celerated the aggregation kinetics of α-syn both in seeded
and unseeded experiments. The SDS-induced fibrillization
ofα-syn was previously documented by Otzen and cowork-
ers [58] and it is currently used to increase the speed and
reproducibility of screening assays to measure the effects
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Fig. 7. Summary of linear regression analyses performed of the average (on three replicates) t0 relative to SAAs performed in different experi-
mental conditions. The assays were performed in 100 mM PIPES pH 6.5 (500 mM NaCl) with 40 µL of CSF (final volume of 250 µL) in the presence
of different quantities of preformed aggregates. The t0 parameters were obtained by fitting the first or the second part of the normalized fluorescence
profiles with Boltzmann’s sigmoidal functions. In (A) a starting concentration of 0.16 mg/mL monomeric α-syn was used together with 21 glass beads
with a diameter of 0.5 mm. In (B) a starting concentration of 0.16 mg/mL monomeric α-syn was used together with 21 glass beads with a diameter of 0.5
mm. In (C) a starting concentration of 0.08 mg/mL monomeric α-syn was used together with 21 glass beads with a diameter of 0.5 mm. In (D) a starting
concentration of 0.08 mg/mL monomeric α-syn was used together with 1 glass bead with a diameter of 3 mm.

of antiaggregatory compounds on α-syn fibrillization [59].
The SDS-induced α-syn fibrils are known for containing a
mixture ofα-helix and β-sheet and their morphology differs
from that of only agitation-induced α-syn fibrils. Anyway,
the two morphologies can interconvert and, thanks to tem-
perature and strong agitation, converge into ThT responsive
structures rich in β-sheet motifs [63].

5. Conclusions

The results of the experiments performed in this
work showed the impact on SAAs of experimental vari-
ables like monomer concentration, addition of glass beads,
size and number of glass beads, buffer pH, addition of hu-
man CSF and use of detergents. For most of the seeded
experiments we usually observed the presence of two in-
flection points. The exact understanding of this behaviour
requires further investigation. However, a possible expla-
nation for these ThT fluorescence profiles is the transi-

tion from initially amplified oligomeric/proto-fibrillary into
well-structured fibrils. Varying the starting monomer con-
centration affected the speed of both the seeded and un-
seeded aggregation. Decreasing the starting monomer con-
centration increased the experiment duration but produced
a greater slope in seeded aggregation experiments, thus in-
creasing the differentiation between themasses of the added
seeds. By taking into account nucleated-polymerization ki-
netic models for protein aggregation [48, 49, 64], like the
one described in Fig. 1, the monomer concentration depen-
dence of the nucleation kinetics is of a higher order with
respect of the growth of preformed aggregates. Conse-
quently, the decrease of the monomer concentration affects
more the unseeded aggregation than the seeded one.

The addition of glass beads increased both the ag-
gregation speed and the homogeneity among replicates of
seeded experiments, a result that is in accord with the re-
sults previously published by Giehm and Otzen [52]. The
size and the number of the beads showed to play a major
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Fig. 8. SAA performed using 0.08 mg/mL of recombinant α-syn in 100 mM PIPES pH 6.5 (500 mMNaCl) with 40 µL of CSF (final volume of 250
µL) in the presence of different quantities of preformed aggregates and 1 single glass bead with a diameter of 3 mm. (A) The data shown are the
averages of three replicates on a 96-wells plate while the error bars represent the standard error of the mean fluorescence value on replicates. (B) Linear
regression analysis relative to the t0 parameters obtained by fitting the whole fluorescence profiles with Boltzmann’s sigmoidal functions.

Table 1. Effect of the addition of different quantities of SDS
to the reaction buffer.

SDS (%) Seeds (pg) Lag-time (h)

0.00 0.00 >120
0.001 0.00 >120
0.005 0.00 18 ± 7
0.01 0.00 17 ± 5
0.00 0.01 >120
0.001 0.01 39.0 ± 0.7
0.005 0.01 10 ± 3
0.01 0.01 7 ± 1

The measured lag-times are shown for
different experiments performed with and
without seeds in the presence of SDS. In
this table lag-times are represented as mean
± mean standard error calculated on three
replicates.

role also in the differentiation of added seeds. By increasing
the number and size of the beads, we increased the repro-
ducibility of the assay, decreased the experiment duration
and increased the differentiation among different quantities
of preformed aggregates in the presence of human CSF.

These findings can be explained by considering
the fragmentation kinetics [48, 64] of prion-like proteins:
preformed aggregates, when fragmented, produce more
template units, which can then act as new seeds for the fib-
rillization process. It should be also mentioned that adding
too many beads or apply a too vigorous shaking or soni-
cation may also increase water-air interfaces, which may
favour the unspecific formation of amyloidogenic aggre-
gates [55, 65]. However, in the range of the tested con-

ditions, SAAs appear to benefit from the use of beads.

Three reaction buffers were also tested: PIPES
buffer 100 mM pH 6.5 with NaCl 500 mM, PBS buffer pH
7.4 and PBS buffer pH 8.2. We observed a decrease in the
aggregation speed by moving to higher pH in seeded con-
ditions. This is in accord to the fact that, at high pH, the
negatively charged monomers of α-syn experience an elec-
trostatic repulsion that makes nucleation and the growth of
aggregates energetically less favourable [42, 43]. In our ex-
perimental conditions, the addition of human CSF to our
SAA reaction mix resulted in a significantly delayed aggre-
gation of α-syn. This effect was previously observed. In-
deed, in some diagnostic SAAs, efficient seeding could be
obtained only after determining an optimal CSF dilution.

The addition of SDS in the reaction buffer signif-
icantly accelerated the aggregation of α-syn for the tested
condition and produced a marked aggregation even in the
absence of preformed seeds. This result, in accord with
previous studies of Otzen and co-workers [52, 53, 63], may
imply that the addition of detergents (>0.001%) may pro-
mote spontaneous nucleation of monomers, thus favouring
a faster aggregation. However, comparable SDS concen-
trations (0.0015%) have been found to shorten the assay
without compromising its specificity [28, 29, 44]. These
results may then imply that SDS may not only enhance the
spontaneous aggregation of α-syn but also the seeded one.

Our study has some limitations. As a limitation,
we must acknowledge the usage of CSF samples coming
from a single patient. This choice allowed us to minimize
the effects related to biological variability of CSF samples
but at the same time prevented us from characterizing pos-
sible interaction effects between the biomatrix and α-syn,
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which may be relevant in diagnostic applications. Other
limitations can arise from the fact that in our analysis we
did not rely on fixed and already published SAA protocols.
This choice was made to observe the entire aggregation ki-
netics in a reasonable amount of time and at the same time to
highlight the effect produced by various experimental vari-
ables. However, although the effect produced by changing
these variables was evaluated in specific protocols, most of
the experimental variables considered influenced very gen-
eral aggregation mechanisms of α-syn, thus making most
of the results obtained by our analysis extendable to other
protocols.

Overall, our investigation highlighted how opti-
mization and standardization of experimental procedures
for α-syn SAAs is of utmost relevance before these tech-
niques could be routinely applied in clinical practice for di-
agnostic and prognostic purposes.
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