
 
 

1 
 

Detection of fibril nucleation in micrometer-sized protein condensates 
and suppression of Sup35NM fibril nucleation by liquid-liquid phase 
separation 
Mao Fukuyamaa,b,*, Suguru Nishinamic, Yoko Maruyamaa, Taiki Ozawaa, Shunsuke Tomitad, Yumiko Ohhashie, 
Motohiro Kasuyaf, Masao Gena, Eri Chatanie, Kentaro Shirakic, and Akihide Hibaraa,g,* 
aInstitute of Multidisciplinary Research for Advanced Materials, Tohoku University, 2-1-1, Katahira, Sendai, Miyagi 980-8577, 
Japan 
bOrganization for Advanced Studies, Tohoku University, 2-1-1 Katahira, Sendai, Miyagi 980-8577, Japan 
cFaculty of Pure and Applied Sciences, University of Tsukuba,1-1-1, Tennoudai, Tsukuba, Ibaraki 305-8573, Japan 
dHealth and Medical Research Institute, The National Institute of Advanced Industrial Science and Technology, 1-1-1 Higashi, 
Tsukuba, Ibaraki 305-8566, Japan 
eGraduate School of Science Kobe University, 1-1, Rokkoudaichou, Nada, Kobe, Hyogo 657-8501, Japan 
fFaculty of Production Systems Engineering and Sciences Komatsu University, Nu 1-3, Yonchoumemachi, Komatsu, Ishikawa 
923-0971, Japan 
gRiken, 2-1, Hirosawa, Wako, Saitama 351-0198, Japan 
 

Corresponding Author 

Mao Fukuyama and Akihide Hibara. 2-1-1 Katahira, Aokbaku, Sendai, Miyagi, 980-8577, Japan. +81-22-217-5396 

Email: maofukuyama@tohoku.ac.jp,  

Akihide Hibara: 2-1-1 Katahira, Aokbaku, Sendai, Miyagi, 980-8577, Japan. +81-22-217-5396 

Email: hibara@tohoku.ac.jp  
 

 
 

Abstract: Elucidating the link between amyloid fibril formation and liquid–liquid phase separation (LLPS) is crucial in 

understanding the pathologies of various intractable human diseases. However, the effect of condensed protein droplets 

generated by LLPS on nucleation (the initial step of amyloid formation) remains unclear because of the lack of available 

quantitative analysis techniques. This study aimed to develop a measurement method for the amyloid droplet nucleation rate 

based on image analysis. We developed a method to fix micrometer-sized droplets in gel for long-term observation of protein 

droplets with known droplet volumes. By combining this method with image analysis, we determined the nucleation dynamics 

in droplets of a prion disease model protein, Sup35NM, at the single-event level. We found that the nucleation was 

unexpectedly suppressed by LLPS above the critical concentration (C*) and enhanced below C*. We also revealed that the lag 

time in the Thioflavin T assay, a semi-quantitative  parameter of amyloid nucleation rate, does not necessarily reflect nucleation 

tendencies in droplets. Our results suggest that LLPS can suppress amyloid nucleation, contrary to the conventional hypothesis 

that LLPS enhances it. We believe that the proposed quantitative analytical method will provide insights into the role of LLPS 

from a pathological perspective. 

Introduction 

Formation of protein aggregates, including amyloid fibrils, is a ubiquitous process in nature and is often associated with 
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human diseases, such as amyotrophic lateral sclerosis, Huntington’s disease, and Parkinson’s disease1,2. Typically, these fibrils 

form an ordered cross-β structure, in which β-strands are stacked perpendicular to the longer axis of each fibril. The formation 

of amyloid aggregates is described by the nucleation-dependent model, a process that comprises nucleation and elongation of 

fibrils, which is the same as protein crystallization3,4. In this model, nucleation is rare and reversible, and fibril elongation 

irreversibly proceeds once nucleation occurs. The nucleation of amyloid fibrils has been widely investigated because it is a 

critical process in amyloid generation5,6. 

Many amyloidogenic proteins, including α-synuclein7, FUS8, Tau9,10, TDP-4311, TIA-112, hnRNPA113, and Sup3514, undergo 

liquid-liquid phase separation (LLPS) in cells, forming small, liquid-like droplets (Figure 1A). During biological LLPS of 

proteins, a protein-condensed phase (in the form of droplets, Cdroplet) spontaneously appears in the protein-depleted phase (C’), 

whereas the protein amount (M) is preserved. Intrinsically disordered regions (IDRs), which are commonly contained in 

amyloidogenic proteins, induce LLPS through weak multivalent intermolecular interactions, such as electrostatic, cation-π, 

and π-π interactions15–17. 

Because the protein concentration in the droplets formed by LLPS is extremely high (typically 200–300 mg/mL)18, droplet 

formation of amyloidogenic proteins is thought to increase the risk of amyloid generation by promoting aggregation in cells7. 

Amyloid generation in droplets has been often observed both in vitro8,11–13,19–21 and in silico22. Simulations predict that the 

nucleation barrier decreases or becomes negligible (as in spinodal decomposition) in such a high concentration range, according 

to several nucleation theories22–25. However, it is usually impossible to quantify amyloid nucleation within droplets because of 

the irreversibility of droplet coalescence and size growth during the observation process. Thus, our knowledge of amyloid 

nucleation kinetics in droplets is still limited because of the lack of existing quantitative droplet-focused measurement methods. 

As physicochemical properties and molecular interactions in droplets are largely different from those in aqueous solutions26, 

it is difficult to predict the amyloid nucleation kinetics in droplets by extrapolating that in aqueous solutions. 

Here, we propose a quantitative analysis method for amyloid nucleation in droplets based on image analysis to reveal the 

nucleation kinetics. We developed a method to fix micrometer-sized droplets in a gel to examine the kinetics of amyloid 

nucleation within droplets. This method allows for long-term observation of protein droplets with known droplet volumes. The 

nucleation rate was calculated by counting the droplets where nucleation occurred in the micrographs. We chose the Sup35 

NM domain (Sup35NM) as a model protein of prion diseases27–31 and compared the nucleation kinetics between the droplet 

and aqueous solution. We found the critical concentration (C*) of Sup35NM (Figure 1B); amyloid nucleation was suppressed 

by LLPS above C* but was enhanced below C*. This finding provides insights into the effect of LLPS on amyloid formation 

in vivo.  
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Figure 1. Effect of liquid–liquid phase separation on amyloid nucleation. (A) Schematic images of the amounts and 

concentrations of amyloidogenic protein (AP) before and after LLPS. AP concentration increases inside droplets (Cdroplet >> 

Csol) and decreases outside droplets (protein-depleted phase C′ < Csol), whereas the AP amount in a cell (M) is preserved. (B) 

A schematic illustration describing the effect of AP concentration on amyloid nucleation rate. Amyloid nucleation is suppressed 

by LLPS when Csol > C*, whereas it is enhanced when Csol < C*. Details are discussed in Figure 4. 

 

Results  

For long-term observation of amyloid generation from Sup35NM droplets, we fixed Sup35NM droplets in agarose gel 

(Figure 2A)32. The N-terminal domain of Sup35 is a non-charged IDR relating to amyloid formation2833, and the middle (M) 

domain is a charged IDR that induces pH-dependent droplet formation14. Sup35NM was mixed with polyethylene glycol (PEG) 

at pH 6 to induce LLPS14 gelated with agarose. Spherical assemblies were observed immediately after mixing (Figure 2B). No 

assemblies were observed in the absence of Sup35NM or PEG (Figure S1). Rhodamine 6G (R6G), a fluorescent dye that 

typically accumulates in droplets34, and thioflavin T (ThT), an amyloid indicator, were detected in the spherical assemblies. 

Analysis of the fluorescence intensities (FIs) of the droplets containing Alpha Fluor 488-conjugated Sup35NM 

(AF488Sup35NM) indicated that the concentration of AF488Sup35NM inside and outside of the assemblies was 1160 ± 150 

µM and 18.2 ± 0.3 µM, respectively. The fluidity of Sup35NM in the assemblies was evaluated by fluorescence recovery after 

photobleaching (FRAP, Figure 2C). The recovery time of fluorescence in AF288Sup35NM assemblies (~11 s) was similar to 

the reported value for liquid-like Sup35 droplets (~10 s)14, regardless of agarose addition. This behavior indicated that these 

assemblies were not gel-like aggregates but liquid-like droplets. Moreover, the FRAP recovery curves were consistent between 

assemblies and Sup35NM droplets, suggesting that agarose did not affect the motility of Sup35NM droplets. 

To investigate the transfer of Sup35NM molecules between droplets, a whole AF488Sup35 droplet was bleached, and its 

fluorescence recovery was monitored (Droplet 1 in Figure 2D). Fluorescence did not recover for over 1 h, indicating slow 

molecular exchange between the droplet and solution. The FI of Droplet 2, which was close to that of Droplet 1 (Figure 2D), 

did not decrease after bleaching Droplet 1, showing limited Sup35NM transfer between droplets. 
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Figure 2. Sup35NM droplets in agarose gel. (A) Schematic illustration of the Sup35NM droplets fixed in agarose gel. Amyloid 

nucleation in these droplets was investigated. (B) Bright field and fluorescence micrographs. Fluorescence is derived from 20 

µM ThT or 5 µM R6G; scale bar, 50 µm. (C) Fluorescence images of AF488Sup35NM droplets during fluorescence recovery 

after photobleaching (FRAP), with recovery curves. FI indicates the fluorescence intensity of the region of interest (black 

arrow); scale bar, 5 µm (D) Fluorescence micrographs of AF488Sup35NM droplets during whole FRAP, with recovery curves; 

scale bar, 2 µm. 

 

Next, we investigated the amyloid formation rates of Sup35NM droplets dispersed in agarose gel using confocal microscopy 

(Figure 3A). The diameters of the observed droplets were approximately 1–20 µm. The droplets were stable, and the droplet 

size remained constant for 5.5 h (coefficient of variation, CV = 6%, Figure S2). We calculated the normalized FI of ThT (F, 

Equation S1 in Supporting Information), which is proportional to ThT concentration, to evaluate amyloid formation. FI was 

uniform at t =1.0 h (2.0 × 104 ± 0.4 × 104) when amyloids had not yet formed (Figure 3B). F suddenly increased in some 

droplets, indicating amyloid formation, but it did not increase in others (Figure 3A and B). These results showed that amyloid 

formation was stochastic in the droplets, indicating the occurrence of amyloid nucleation. After F increased, the fibrils extended 

from the droplets (e.g., 5.5 h in Figure 3A), similar to a previous observation of amyloid formation in droplets in vitro8. 

To distinguish between droplets with and without amyloid nucleation, the threshold of F (Fthreshold) was determined as 4 × 

104 (Equation S2 in Supporting Information). A total of 300 droplets, with diameters ranging from 2.5 to 8.0 µm, were sorted 

by size and equipartitioned into four size ranges. The ratio of the number of droplets with nucleation to the total number of 
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droplets (Nnucleation/Ntotal) was calculated for each size range. Nnucleation/Ntotal increased with time and size (Figure 3C). Because 

the nuclei in a droplet did not exhibit a transfer to other droplets (Figure 2D), the nucleation event in each droplet was 

independent. Therefore, Nnucleation/Ntotal reflects the probability that nucleation events occur inside a droplet of volume V during 

time τ (Equation S3 and S4 in Supporting Information). The time evolution of Nnucleation/Ntotal was analyzed using the two-step 

nucleation model, which is a common model to describe amyloid nucleation (Figure 3D)23,25,35–38.This model assumes that the 

oligomers of amyloidogenic protein formed reversibly from monomers, becoming nuclei in the amyloid. When the first 

nucleation event in the droplet can induce a sufficiently high increase in F to exceed Fthreshold, Nnucleation/Ntotal is described as 

follows by combining the rate equations of the two-step nucleation model with Poisson distribution: 

 

𝑁𝑁nucleation
𝑁𝑁total

= 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑉𝑉𝑉𝑉𝑜𝑜𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑜𝑜+𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡2

2
� 

= 1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �−
𝑉𝑉𝑉𝑉𝑉𝑉
2
�  (1) 

where 𝑘𝑘𝑜𝑜 is the rate constant of oligomer formation from monomers; 𝑘𝑘𝑓𝑓 is the rate constant of oligomer conversion into 

fibrils (or nuclei); Cdroplet is the Sup35NM monomer concentration in droplets; no is the reaction order of oligomer formation 

from monomers; and nconv is the reaction order of oligomer conversion into fibrils (Supporting Information). The time change 

in Nnucleation/Ntotal was reproduced by Equation 1 (Figure 3C) and the time constant (𝐽𝐽𝐽𝐽/2𝑡𝑡, Figure 3E) increased with droplet 

size. By dividing 𝐽𝐽𝐽𝐽/2𝑡𝑡 by the droplet volume (V) of each size range, the nucleation rate 𝐽𝐽/𝑡𝑡 = 𝑘𝑘𝑜𝑜𝑘𝑘𝑓𝑓𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑛𝑛𝑜𝑜+𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  m-3s-2 

(Equation S5 and Supporting Information) was calculated as approximately 107 m-3 s-1 and was insensitive to the droplet size 

(Figure 3F). The analytical results with a different number of size ranges are reported in Figure S3 The reproducibility is shown 

in Figure S4. The addition of agarose and PEG did not affect the nucleation rate (Figure S5). 
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Figure 3. Amyloid formation in Sup35NM droplets. (A) Confocal micrographs of Sup35NM droplets showing fluorescence 

from ThT. Fluorescence intensity increased with time owing to amyloid formation. The lower row of micrographs depict 

examples of droplets with and without nucleation. (B) Time evolution of normalized fluorescence intensity (F) of the droplets. 

(C) Time evolution of the ratio of droplets in which more than one nucleus was generated (Nnucleation/Ntotal). The curve indicates 

the fitting based on Equation S6. (D) Schematic illustration of two-step nucleation in a Sup35NM droplet. In the droplet (pink 
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circle), Sup35NM oligomers gradually form. Oligomers are converted into fibrils at a rate constant of kconv. Amyloid fibrils 

grow at an elongation rate constant of k+. (E) Time constant of Equation S7 (VJ / 2t) versus droplet diameter. The error bars on 

the X-axis indicate the standard deviations of the droplets. The error bars on the Y-axis reflect standard deviations of the fitting 

in Figure 3C. (F) Nucleation rate (J/t) versus droplet diameter. The error bars on the X-axis indicate the standard deviations of 

the droplets. The error bars on the Y-axis reflect the propagations of standard deviations of 𝑉𝑉𝑉𝑉/𝑡𝑡 and the droplet volume, V. 

To discuss the effect of LLPS on amyloid nucleation, Sup35NM amyloid nucleation in the droplets was compared with that in 

an aqueous solution. Here, the ThT FIs of Sup35NM aqueous solutions and droplet suspension were measured in a 384-well 

plate, using a plate reader. The aqueous solution contained the same matrix as that in the droplet experiment, except PEG. As 

shown in Figure 4A, the time evolution of ThT FI was faster with the droplets than without them, even when the total Sup35NM 

amount in the well was the same (FI before normalization is shown in Figure S6A). The inverse of the lag time (1/tlag) of the 

ThT FI, which is often used for the semi-quantitative comparison of the amyloid nucleation rate7,39, was higher with droplets 

than in solutions (Figure 4B). From these results, it was conventionally interpreted that droplet formation enhanced amyloid 

nucleation. However, the comparison of the kinetic parameters of amyloid nucleation (J/t and Jmol/t in Figure 4C and D) 

between the droplets and aqueous solutions showed the opposite tendency: droplet formation suppressed amyloid nucleation. 

FI was analyzed using the global fit of the secondary nucleation model in Amylofit40 rate constants in the secondary nucleation 

model into those in the two-step nucleation model (explained in Section 3, Supporting Information). The rate constants in the 

solutions were determined as 𝑘𝑘𝑜𝑜𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  = (10±8) × 10-6 𝑀𝑀1−𝑛𝑛0−𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐   s−2 and  no + nconv = 3.0  (Figure 4C, Table S1) by 

assuming fibril elongation rate constant (k+) as 2× 105 M−1s−1(Supporting information section 3)41. Next, we calculated the 

nucleation rate per mol (𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚 =  𝐽𝐽/𝑡𝑡𝑡𝑡 =  𝑘𝑘𝑜𝑜𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝑛𝑛𝑜𝑜+𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−1 (mol -1 s-2)), instead of per volume. Jmol is essential to compare 

the risk of amyloid nucleation before and after LLPS because the molecular amount of amyloidogenic protein (AP) in a cell is 

preserved (Figure 1A). In experiments using an aqueous solution, 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚  increased with an increase in Sup35NM concentration 

because no+nconv – 1 = 2.0. Surprisingly, 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚  was lower in the droplets than in the aqueous solution when Sup35NM 

concentration in solution (Csol) ≥ C* ≈ 10 µM. This means that the nucleation was slower in the droplets than in the solution if 

Csol ≥ C*. It should be noted that this tendency can be reproduced by kinetic analysis using Amylofit under several assumptions 

(Figure S6B and C, and Table S2). The observation of 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚  opposes the conclusion from the comparison of tlag (Figure 4B) and 

the previous simulation work predicting that droplet nucleation would accelerate at higher concentration ranges owing to 

increasing oligomer size22,24,25. Our findings highlight that LLPS reduces the risk of amyloid formation of Sup35NM when Csol 

is higher than C* ≈ 10 µM.
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Figure 4. Comparison of amyloid nucleation rates between droplets and solutions. (A) Time evolution of ThT fluorescence 

intensity (FI) measured using a plate reader (N = 3). (B) Comparison of the inverse of lag time (1/tlag). The error bars indicate 

the standard deviation (SD) of three experiments. (C) Comparison of the amyloid nucleation rate (J/t) in solution measured by 

a plate reader and droplets measured via the proposed method. The different symbols indicate different series of experiments 

conducted on different days. The pale blue area and error reflect the standard deviations of 𝐽𝐽/𝑡𝑡. (D) Comparison of the amyloid 

nucleation rate per mol (Jmol/t) in solution measured by a plate reader and droplets measured via the proposed method. The 

pale blue area and error bars reflect the propagations of the SDs of 𝐽𝐽/𝑡𝑡. The error bars reflect the standard deviations of 𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚/𝑡𝑡. 

Higher 1/tlag, J/t, and Jmol/t values indicate faster amyloid nucleation. (E) Schematic of nucleation rates in solution and in 

Sup35NM droplets.  

 

Discussion  

In this study, we quantified amyloid nucleation rates in droplets of AP using a developed image analytical method. The 

results revealed that the nucleation rates in Sup35NM droplets were lower than those in aqueous solutions when Csol > C* (10 

µM). In LLPS conditions achieved using PEG, the binodal concentration (Cbinodal), which is the same as the concentration of 

protein-depleted phase C’, was 18 µM. Since Cbinodal > C*, LLPS did not enhance amyloid nucleation but suppressed it (Figure 

4E). It should be noted that the relationship between C* and Cbinodal changed depending on the protein species and LLPS 

conditions, such as PEG concentrations, pH, and additives. We found that droplet formation condensed the proteins and could 

suppress amyloid formation at high protein concentrations, suggesting that droplet formation suppresses unwilling protein 

aggregation, despite hypotheses predicting the opposite7,8,22,24. In contrast to in vitro/in silico investigations of amyloid 

nucleation in droplets, the LLPS-mediated enhancement of amyloid formation has seldom been observed in vivo. To our 

knowledge, amyloid formation enhancement via LLPS in vivo has only been confirmed for α-synuclein to date7. We believe 
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that our findings will bridge the gap between in vivo and in vitro observations and provide novel insights into the role of LLPS 

in amyloidosis-related proteins from a pathological perspective. 

Moreover, our findings indicated that the comparison of the lag time (tlag)7,39 with the time evolution of ThT FI, which is 

conventionally used to evaluate the amyloid nucleation rate qualitatively, does not necessarily reflect the intrinsic amyloid 

nucleation rates. To compare the nucleation rate between droplets and solutions, a detailed reaction kinetic analysis, as 

performed in this study, is needed, even if the total amount of the AP is the same. 

The present method indicated the rate reduction of 𝐽𝐽/𝑡𝑡 = 𝑘𝑘𝑜𝑜𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝑛𝑛𝑜𝑜+𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 in the droplets but could not indicate the rate 

reduction of oligomer formation from monomers (𝑘𝑘𝑜𝑜𝐶𝐶𝑛𝑛𝑛𝑛 ) and oligomer conversion into fibrils (𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐶𝐶𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) separately. 

Although the mechanism of suppression was not clear, we speculate that the physicochemical properties of the droplets may 

be involved. For instance, the high viscosity of the droplets42 reduces the nucleation rate, as is thought to occur in semi-

crystalline polymers43. Specifically, the diffusion coefficient of Sup35NM in the droplets, as measured using FRAP, was 10−15 

m2/s, which is much lower than that in the aqueous solution (10−10 m2/s)29. The stabilization of certain protein structures in the 

crowding environment44 of the droplets may reduce amyloid nucleation. The detailed molecular mechanism must be 

investigated using other analytical methods, such as fluorescence protein–protein interaction analysis. Future investigations on 

the relationship between droplet size and nucleation will deepen our understanding of amyloid nucleation from droplets. 

 

Conclusion 

In this study, we examined the kinetics of amyloid nucleation in droplets of Sup35NM. The nucleation was suppressed by 

LLPS above the critical concentration (C*) and enhanced below C*. In addition, results from the ThT assay, a wide-spread 

semi-quantitative method for measurement of the amyloid nucleation rate, did not necessarily reflect the amyloid nucleation 

rate in droplets and can potentially overestimate it. We expect that these findings will not only aid in bridging the gap between 

the nucleation behavior in aqueous solution and condensed matters but also provide new insights into the role of LLPS in 

amyloidosis-related proteins from a pathological perspective.  
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