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Abstract: 

Seed amplification assays (SAAs) are a promising avenue for the early diagnosis of neurodegenerative 

diseases However, when amplifying fibrils from patient-derived samples in the commonly used format of 

multiwell plates, it is currently highly challenging to accurately quantify the aggregates. It is therefore 

desirable to transfer such assays into a digital format in microemulsion droplets to enable direct 

quantification of aggregate numbers. To achieve transfer from conventional plate-based to the microfluidic 

digital format, effective seed amplification needs to be achieved inside the microdroplets. It has been shown 

previously that alpha-synuclein fibril amplification is strongly promoted by acidic pH. Here, we establish 

a new set of assay conditions that enable highly efficient seed amplification in plates without any shaking. 

However, the same set of conditions displayed a very different behavior upon transfer to a microfluidic 

platform where no amplification was observed. We demonstrate that this is caused by the suppression of 

all secondary processes that could amplify the seeds in the complete absence of mechanical perturbations 

inside the microdroplets. We further show that the amplification inside droplets can be achieved by 

subjecting the microemulsions to high-frequency vibrations using a piezo device. Taken together, our 

results provide novel insights into the physical requirements of alpha-synuclein seed amplification and 

demonstrate a pathway towards the development of effective digital seed amplification assays. 

Introduction: 

Alpha-synuclein (αSyn) aggregates in the central nervous system (CNS) are a hallmark of a range of 

neurodegenerative diseases known as synucleinopathies including Parkinson’s disease (PD), dementia with 

Lewy bodies (DLB), and multiple system atrophy (MSA) 1-2. These diseases exhibit an inherently 

progressive nature, worsening with over time, due to their prion-like behavior 3-5. Specifically, the spread 

of these aggregates into different brain regions is thought to drive the progression of the disease. Current 

diagnostic methods based on symptom observation and brain imaging are efficient only in the advanced 

stages of the disease, and are therefore unable to capture the true onset of the pathology occurring several 

years prior 1, 6. Therefore, there is a critical need for improved diagnostic tools capable of early disease 

detection. Notably, αSyn aggregates have been detected in patient samples, e.g. cerebrospinal fluid (CSF), 

during the prodromal stage years before the emergence of the early motor symptoms 7-11. However, the 

aggregate concentrations are very low and their detection and quantification directly from the biological 

samples are therefore very challenging. Various microscopic methods have been developed to detect 

individual aggregate particles 12-16, but their routine implementation in a clinical setting has been met with 

significant technical challenges. 
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Seed amplification assays (SAA) have emerged as a highly promising diagnostic tool for neurodegenerative 

diseases, showing specificity and sensitivity levels approaching 100% 17-19. Utilizing the inherent ability of 

amyloid fibrils to proliferate, SAAs effectively amplify aggregates to levels detectable by conventional 

multiwell plate readers, utilizing the fluorescence of amyloidogenic dyes such as Thioflavin-T. This 

amplification occurs through cycles of fibril growth and breakage in the presence of excess of native protein 
20, thereby magnifying even minute traces of aggregates present in patient samples (Figure 1). The 

amplification of the growing fibrils is induced by vigorous mechanical perturbation of the solution, such as 

sonication or shaking in the presence of beads. The available SAAs for αSyn show very high sensitivity 

towards the presence of even femtograms of aggregates in the sample (reported for pre-formed fibrils in 20, 

corresponding to 1.5 pM monomer equivalents in 40 µl of sample which is equivalent to a fM concentration 

range of aggregates, depending on their size). SAAs have achieved maximum sensitivity for prion proteins, 

detecting dilutions corresponding to amplification from a single aggregate 21, which define the sensitivity 

level that should be theoretically attainable for other amyloid proteins like αSyn. However for αSyn, 

conventional SAA reached its limits due to the challenges arising from de novo fibril formation (i.e., fibrils 

formed by primary nucleation), leading to false positive responses (Figure 1, SI figure S1). The efficient 

SAAs rely on a low ratio between the rate of primary nucleation (as low as possible) and secondary 

processes, such as fragmentation or auto-catalytic secondary nucleation to form new seeds (Figure 1). 

Aggregation kinetics dominated by secondary processes are characterized by a lag phase followed by very 

sharp increase of signal in the growth phase (see supplementary figure S1 for the simulations of SAAs in 

different scenarios; performed using the Amylofit online server 22). To ensure amplification occurs within 

a practically useful timeframe in the SAAs (hours to a few days), the secondary processes that lead to fibril 

proliferation must exhibit high efficiency. However at a certain point, the enhanced secondary nucleation 

leads to acceleration of the aggregation kinetics to a level at which it is no longer possible to distinguish 

between kinetic behaviors among samples with even very different initial aggregate quantities 

(Supplementary figure S1). This limits the ability of conventional SAAs to accurately quantify the 

aggregate concentration from patient samples. 

The limitations of conventional plate-based SAAs can be circumvented with a digital assay that segregates 

the samples into small discrete compartments. At sufficient dilution, the small compartment size ensures 

that either exactly one or no aggregate is allocated into each compartment, enabling precise quantification 

of the original aggregate concentration by assessing the frequency of positive compartments after 

amplification to above the detection limit 27-29. Moreover, compartmentalization of the reaction mixtures 

into water-in-oil microfluidic droplets with a PEGylated surfactant eliminates high affinity interfaces which 

are known to promote de novo aggregation of αSyn 23-24, 25-26. The size of such water-in-oil emulsion droplets 

typically range from 50 to 100 µm corresponding to 65 to 524 pL volumes. These compartment volumes 

accommodate on average one aggregate at the aggregate concentrations of 250 and 3.18 fM, respectively, 

allowing for the accurate quantification of sub-femtomolar concentrations in the original test sample.  

However, digital SAAs in microemulsion droplets have their own limitation. All the conventional SAAs 

rely on the periodic fragmentation of the elongated aggregates either by shaking of the plate in the presence 

or absence of beads (referred to as RT-QuIC in the literature) 10-11, 20, 30-33 or sonication of the reaction tube 

(referred to as PMCA in the literature) 34-36 during the experimental time course. Achieving the same level 

of mechanical agitation within the droplets is challenging due to their small size (and consequently low 

Reynolds number) and the risk of droplet merging. Consequently, alternative solution conditions, such as 

acidic pH can be explored in digital SAAs, which have been shown to amplify seeds via secondary 

nucleation without requiring agitation in multiwell plate-based SAAs37. 
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Figure 1: Seed amplification assays in conventional multiwell-plate based (left) and digital microdroplet-based 

(right) setups. The basic underlying principle of the SAA is the same for both methods (shown in the center) in which 

primary nucleation that increases de novo formation of fibrils should be suppressed and the secondary processes that 

increase the number of fibrils should be enhanced. Conventional plate-based SAAs suffer from false positive results 

due to primary nucleation in the presence of the air-water interface and a challenging quantification of added fibrils. 

Although the digital SAA resolves these limitations, it suffers from the difficulty of subjecting the encapsulated 

solutions to mechanical perturbation. 

In this work, we investigate experimental conditions required for efficient αSyn seed amplification based 

on secondary nucleation. First, we establish a highly sensitive SAA in plates without shaking and verify its 

efficacy with PD brain samples. However, when conducting experiments under the same solution 

conditions within the microemulsion droplets, we observe no amplification of the seeds; only fibril growth 

occurs. We then demonstrate that even in a multiwell plate-based experiment without active shaking, gentle 

mechanical movements of the plate during reading cycles strongly influence the degree of amplification. 

Finally, we show that amplification of the seeds can also be achieved in microemulsion droplets by 

subjecting them to mechanical perturbations. Overall, our findings underscore that a certain degree of 

mechanical perturbations is essential for αSyn fibril amplification, which is otherwise not detectable under 

entirely quiescent conditions. 
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Results and discussion: 

To test whether secondary nucleation was able to act as the driver of seed amplification inside water-in-oil 

microdroplets, we first tried to identify optimal conditions for secondary nucleation in multi-well plates. In 

our previous studies we had observed that mildly acidic pH (< 5.5) dramatically enhance secondary 

nucleation rates compared to neutral solution conditions 37. However, the positive curvature of the 

aggregation growth kinetic curves as the sign of amplification was only observable in the presence of high 

enough amount of seeds (0.7 µM) and monomer (40 µM) during the time scale of our experiments (4 days) 

(Supplementary figure S2, Supplementary table S1). For the present study, we therefore explored a 

broader range of solution conditions and discovered that further lowering of the pH (final pH of ca 3) in the 

presence of 250 mM Na2SO4 leads to highly efficient seed amplification (Figure 2). 

 

Figure 2: Quiescent plate-based seed amplification assay (SAA) using a) pre-formed seeds (PFFs), b) brain extracts 

from PD patients, and c) brain extracts from healthy controls. Top row: Raw ThT traces. Bottom row: Time at which 

signal reached 5000 fluorescence units (arbitrary threshold for comparison). The diamonds correspond to the raw data 

points from 4 repetitions of each condition (top) with mean value indicated by the lines. All experiments were carried 

out with 10 μM αSyn monomer in the presence of different concentrations of PFFs or brain extract dilutions indicated 

in the legends.  

To imitate the microdroplet conditions (oil droplets stabilized by a PEG-based surfactant) in the 

conventional plate-based asssay, we used PEG-coated non-binding plates and covered the reaction mixtures 

in the microwells with a thin layer of fluorinated oil containing the droplet-stabilizing surfactant. Under 

these conditions, we were able to nearly completely eliminate the false positives of SAAs under quiescent 

conditions and observed efficient amplification of pre-formed seeds (PFFs) at concentrations down to 30 

fM in terms of monomer equivalents (Figure 2 a). We analyzed the SAA experiments using the AmyloFit 

webserver that allows to test different microscopic mechanisms and confirmed that the secondary 

nucleation increased to levels similar to those of the secondary processes achieved in traditional shaking-

based RT-QuIC assays (Supplementary figure S3). Before implementing these solution conditions into 

the microemulsion droplet-based assay, we wanted to test whether they allow to reliably discriminate 
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between biological samples derived from healthy and PD patients. We performed SAA assay under the 

same set of conditions in plates without shaking using brain extracts from PD patients (Figure 2 b) or 

healthy individuals (Figure 2 c) instead of the PFFs. We found that these assay conditions very robustly 

discriminate between these two classes of samples. Having established the solution conditions that work in 

the conventional plate-based assay, we proceeded to implement them into the micro-emulsion droplet 

platform for the digital assay. 

Towards this end, we designed a microfluidic device that allows changing the pH inside the droplet storage 

chamber. This procedure is advantageous compared to the pre-adjustment of pH, because fibrils tend to 

stick to the microfluidic tubing and inlet channels or form larger clusters at low pH. We designed dialysis 

channels next to the storage channel and loaded these with acetic acid that can penetrate through the PDMS 

from which the devices are fabricated. This decreases the pH of the droplets’ content in the main channel 

to pH ~3, as shown using a pH indicator dye (Supplementary figure S4). In these experiments, we replaced 

the conventionally used ThT with commercially available dye Amytracker (Ebba Biotech AB) due to the 

strong background fluorescence of ThT as it appeared to partition to some extent into the oil phase 

surrounding the microemulsion droplets (Supplementary figure S5). 

First, we loaded the PFFs and the monomer into the droplets and allowed them to elongate for 16 h. After 

that, the pH was lowered to 3 via dialysis to promote secondary nucleation. Remarkably, we did not observe 

efficient seed amplification in the droplets after 96 hours under these low-pH conditions, even in seed 

concentrations as high as 10 nM (Supplementary figure S6). We only observed a modest increase in 

fluorescence intensity in the first 6 hours of the experiment at pH 7.4 that reached a plateau 

(Supplementary figure S6, Supplementary video 1) and remained mostly unchanged even upon shift to 

lower pH at which increase of ThT signal was observed in the plates. Similar results were obtained when 

dialysis to pH 3 was performed immediately after droplet formation and even for non-dialyzed droplets 

kept at neutral pH throughout the experiment (Supplementary figure S6). We quantified the 

concentrations of fibrils inside the droplets after the growth, in order to probe what fraction of the initially 

added monomer was still available. We calibrated the fluorescence signal intensity by creating a series of 

droplets that were loaded with different known concentrations of pre-formed fibrils (Supplementary figure 

S7). The result showed that the seed growth ceases after reaching ca. 43 times the mass of the initial seeds, 

i.e. 0.2, 1, and 5 nM seeds grew to ca 14, 58, and 216 nM fibrils, respectively (all in terms of monomer 

equivalent concentrations) (Figure 3 a, b). The low plateau level that was reached during these experiments 

showed that not only seed amplification is absent but also that the elongation of fibrils ceases after a few 

hours, regardless of the conditions. Assuming the initial length of the seeds (ca. 100 nm) and the 

approximately 40-fold increase in fluorescence, we calculated that the fibrils grew to several micrometers 

in length before they ceased to grow (Figure 3 c). This might be caused by their higher order assembly into 

clusters that we have previously shown to be length-dependent and strongly enhanced at acidic pH 37. We 

also recorded time lapse videos (Supplementary video 1) of the droplet-based SAAs where we observe all 

aggregates inside a given droplet to end up in a single large cluster. This higher order assembly/flocculation 

probably renders many fibril ends inaccessible to further monomer addition. This conclusion is 

corroborated by the finding that even an increase in the concentration of monomer does not lead to a higher 

plateau level of fluorescence above 40 µM (Supplementary figure S8). 
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Figure 3: Implementation of SAA in microemulsion droplets. a) Fluorescent microscope images of the droplets 

filled with different concentrations of PFF and 40 µM αSyn monomer in 10 mM NaPi, pH 7.4 and 250 mM sodium 

sulphate. In the first 16 hours, the droplets were kept in the neutral pH to assure the growth, then the pH was reduced 

to 3 by loading the dialysis channels with 200 mM acetic acid (pH 3) and the droplets were incubated for an additional 

80 hours to monitor the secondary nucleation. b) The kinetic time courses of the same droplets show that fibril growth 

ceases after the incomplete growth phase. c) the final fluorescence level is directly proportional to the amount of 

initially added PFFs, suggesting that the seed fibrils grow to ~40 times of their initial length. Droplets were incubated 

at room temperature.  

To elucidate the strikingly different amplification behavior in droplets and microwell plates, we performed 

parallel experiments under identical conditions in two fluorescence plate readers in which the only 

difference was the frequency of the reading cycles. By this experiment we wanted to test our hypothesis 

that even the gentle movement of the plate during measurements could be responsible for the difference 

compared to the completely quiescent experiments inside the microemulsion droplets. The plate reader 

moves the plate between measurements in different wells leading to gentle agitation even in the quiescent 

mode. The effect of plate movements during reading has previously been reported for the aggregation 

kinetics of amyloid-β 38.  

We measured the same aggregation reaction at 10 min (standard condition in our laboratory) and 2 hour 

reading cycles in parallel using the two identical plate readers (Omega Fluorstar, BMG). The samples in 

the latter set-up experience at least one order of magnitude less movement than the ones in the measurement 

with standard cycle duration. Interestingly, the difference in cycle time manifested itself in both the lag 
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time and final ThT signal intensity; the plate with the shorter cycle time features the shorter lag-time and 

higher ThT signal of the plateau (Figure 4 a-c). In the experiment with 10 minute cycles, the lag-time 

decreased systematically with increasing concentration of seeds from 1 pM to 20 nM. However, in the 

experiment with 2h long reading cycles, only 2/4 of the samples with highest seed concentration measured 

(20 nM) showed sigmoidal increase of fluorescence in the time-course of the experiment (180 hours), whilst 

no signal was observed for lower seed concentrations (Figure 4 b). We also ensured that the observed 

difference in amplification efficiency truly stems from the different levels of mechanical movement and 

not from differences in sample heating due to different frequencies of excitation with the light source. To 

establish this, we conducted two identical assays simultaneously, employing different numbers of flashes 

of the light source per reading cycle: one cycle with 20 flashes and the other with only one flash per cycle 

(supplementary figure S9). The results of the two assays were very similar, except for the higher signal-

to-noise level expected for the cycle with the 20 flashes. This result clearly demonstrates that the absence 

of active shaking in the plate does not correspond to the complete elimination of impactful mechanical 

effects during measurement. Based on these results, we hypothesized that the complete absence of seed 

amplification inside the microemulsion droplets is caused by the absolute quiescence of such experiments. 

To test whether some level of mechanical perturbation experienced by the seeds inside the microdroplets 

would enable seed amplification, we incorporated an oscillating steel sheet in connection with a 

ferroelectric ceramic piezo chip powered by a circuit board producing a fixed frequency of 108 KHz into 

the microfluidic device (Supplementary figure S10). We visualized the effect of operating the piezo shaker 

in droplets filled with fluorescent micro particles (Supplementary movie 2). We then used this system to 

probe the effect of mechanically perturbing the droplets on the growth of the fibrils at different pH values 

(acidic and neutral) and salt concentrations. We saw clear evidence for seed amplification in the samples 

subjected to mechanical perturbation by ultrasound (Figure 4 d). We explored different conditions affecting 

sonication of the droplets, including a strongly acidic (pH 3) condition aimed at enhancing secondary 

nucleation, neutral pH with and without sodium sulfate, and high phosphate concentrations. Quiescent 

droplets containing 0.3 nM PFF exhibited approximately 50-fold increase in their fibril concentration (as 

seen in Figure 3), whereas the ultrasound-treated droplets yielded final fibril concentrations 1000-fold 

higher than at the beginning of the experiment. Overall, sonication showed consistent effect across these 

conditions with the high phosphate environment demonstrating growth and amplification that is slightly 

more pronounced. 

Taken together our results clearly suggest that some level of mechanical agitation, however gentle, is 

necessary to allow fibrils of αSyn to amplify. The total quiescence inside micro-emulsion droplets is not 

conducive to fibril amplification, even by secondary nucleation. This conclusion is also consistent with 

recent results in a study that developed a digital SAA of αSyn in microwells, droplets and microgel particles 
28. In that study, the authors found that 1-2 orders of magnitude lower concentration of particles were 

detected when the experiments were performed with pre-formed fibrils. This is presumably because under 

the mildly acidic conditions employed in their study, fibrils tend to cluster together and therefore growing 

clusters of fibrils were detected, rather than individual fibrils. While the exclusive elongation/growth of the 

fibrils within a sufficiently large cluster can increase fluorescence intensity to an easily detectable level, 

this may be more difficult for an individual growing fibril. It would therefore be useful to be able to induce 

true fibril amplification inside microdroplets through an increase in the number of fibrils rather than only 

growth from the ends of the initially present fibrils. In the present study, we demonstrate that this can be 

achieved by subjecting the microemulsion droplet storage device to ultrasonic oscillations. 
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Figure 4: The effect of mechanical perturbations on low-pH SAA in plates (panels a-c) and in microemulsion 

droplets (panel d). a) Plate-based SAA with 10 min time interval between readings. b) Plate-based SAA with 120 min 

time interval between readings. c) Analysis of the time until a certain threshold ThT intensity is reached for the two 

setups shown in a) and b). d) Microdroplet-based SAAs (300 pM PFF) where the droplets are subjected to ultrasound 

are compared with non-agitated (quiescent) droplets. The different rows show different solution conditions: The first 

row shows the acidic pH 3 condition similar to that of Figure 3. The other rows show droplet-based SAAs under 

neutral pH conditions and various ionic strengths. Inset numbers report the concentration of fibrils (as monomer 

equivalents) at the endpoint of the reaction according to the standard curve. In this figure, AmytrackerTM 680 was used 

to achieve even lower background fluorescence compared to AmytrackerTM 480 in Figure 3. Droplets were incubated 

at 37 0C. It is noteworthy that it was necessary to cover the droplet storage chamber with a glass coverslip in order to 

prevent evaporation and droplet shrinkage. This precaution  preserves the droplets intact during the 96 hours of 

experiment (see the supplementary figure S10). 

In addition to pointing towards a more efficient manner of designing digital SAAs for alpha-synuclein, we 

also establish a set of conditions that allows plate-based SAAs to be conducted in the absence of active 

shaking. Furthermore, we demonstrate that the de novo formation of fibrils can be completely suppressed 
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in plate-based assays by reducing the surfaces catalyzing fibril nucleation using PEGylated plates and 

covering the solutions with a fluorinated oil containing a PEG-based surfactant.  

It is interesting to note that despite the observed enhancement of amplification by the ultrasonic treatment, 

full conversion of the monomeric substrate inside the microdroplets is not achieved. This contrasts with 

typical seed amplification assays in plates, where usually complete conversion is achieved. This could be 

due to the very different physical regimes reigning inside microdroplets compared to multiwell plates. 

While it is difficult to estimate the effective shear rates in both scenarios, the Reynolds number can be 

estimated and is found to differ by up to 5 orders of magnitude (Supplementary results). This strong 

difference in fluid dynamic regime might be able to explain in part why seed amplification is so much more 

efficient in multiwell plate-based SAAs. 

Our results therefore also substantially increase our mechanistic understanding of αSyn secondary 

nucleation. The finding that seed amplification is undetectable under fully quiescent conditions shows that 

not only fragmentation, but also fibril surface-catalyzed secondary nucleation depend on mechanical 

perturbations. This is reminiscent of the secondary nucleation of crystals, where attrition of daughter 

crystals from mother crystals is a major mechanism of secondary nucleation 39-40. Perhaps even mild 

mechanical perturbation is sufficient to remove secondary nuclei from their parent fibril surface, enabling 

more efficient amplification of the number of fibrils. 

Taken together, the results of our study will be crucial for the development of efficient and practically 

implementable digital seed amplification assays for the diagnostics of synucleinopathies. 

Conclusion: 

In conclusion, we demonstrate that αSyn fibrils can be efficiently amplified under acidic conditions without 

shaking in a multiwell plate. However, fibril amplification is very strongly suppressed under the conditions 

of absolute quiescence inside microemulsion droplets. Fibril amplification can be induced inside 

microdroplets if the latter are subjected to ultrasonic perturbations. Therefore, secondary nucleation of αSyn 

crucially depends on mechanical perturbations, similarly to fibril fragmentation.  
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