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Abstract

The intracellular liquid-liquid phase separation (LLPS) of biomolecules gives rise to condensates 

that act as membrane-less organelles with vital functions. FUS, an RNA-binding protein, natively 

forms condensates through LLPS and further provides a model system for the often disease-linked 

liquid-to-solid transition of biomolecular condensates during aging. However, the mechanism 

of such maturation processes, as well as the structural and physical properties of the system, 

remain unclear, partly attributable to difficulties in resolving the internal structures of the 

micrometer-sized condensates with diffraction-limited optical microscopy. Harnessing a set of 

multidimensional super-resolution microscopy tools that uniquely map out local physicochemical 

parameters through single-molecule spectroscopy, here we uncover nanoscale heterogeneities 

in FUS condensates and elucidate their evolution over aging. Through spectrally resolved 

single-molecule localization microscopy (SR-SMLM) with a solvatochromic dye, we unveil 

distinct hydrophobic nanodomains at the condensate surface. Through SMLM with a fluorogenic 

amyloid probe, we identify these nanodomains as amyloid aggregates. Through single-molecule 

displacement/diffusivity mapping (SMdM), we show that such nanoaggregates drastically impede 

local diffusion. Notably, upon aging or mechanical shears, these nanoaggregates progressively 

expand on the condensate surface, thus leading to a growing low-diffusivity shell while leaving 

the condensate interior diffusion-permitting. Together, beyond uncovering fascinating structural 

arrangements and aging mechanisms in the single-component FUS condensates, the demonstrated 

synergy of multidimensional super-resolution approaches in this study opens new paths for 

understanding LLPS systems at the nanoscale.
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Introduction

The past decade has witnessed the fast growth of research on microdroplet-like 

“condensates” generated and maintained via the liquid-liquid phase separation (LLPS) 

of biomolecules.1-4 By bringing together relevant molecular players, including proteins 

and nucleic acids, and modulating local physicochemical parameters, e.g., diffusivity and 

hydrophobicity, such “membrane-less organelles” give rise to vital cellular functions,5 e.g., 
signaling6,7 and gene control.8-10

The RNA-binding protein FUS (fused in sarcoma) and related proteins serve as model 

systems for LLPS and biomolecular condensates.11-19 Formed through LLPS owing to 

intrinsically disordered low-complexity domains, FUS condensates are further known 

for their gradual transition from an initially liquid state to a solid or glassy state 

through aging,11,14,16,19 a process accelerated by mutations linked to neurodegenerative 

diseases.11,12,15,18 Related aging/maturation processes have been reported in numerous 

LLPS systems, including other neurodegenerative-disease players such as hnRNPA1,20 

Tau,21,22 TDP-43,23 and α-synuclein.24 However, the mechanism of such processes, as 

well as the overall structural and physical properties of the system, remain unclear. For 

example, for single-component LLPS condensates, whereas it is common to assume that 

each microdroplet adopts a homogenous phase, recent theoretical and experimental work 

points to potential intra-condensate inhomogeneity, e.g., the gradual transformation of FUS 

LLPS condensates to liquid-core/gel-shell multiphase architectures through aging.19,25

The detection and elucidation of possible nanoscale heterogeneities in the often micrometer-

sized condensate droplets are impeded by the ~300 nm resolution of diffraction-limited 

optical microscopy. The past decade has seen substantial advances in super-resolution 

microscopy (SRM), including single-molecule localization microscopy (SMLM), which, 

by super-localizing the positions of millions of individual molecules over consecutive 

camera frames, routinely achieves ~20 nm spatial resolution.26-29 However, limited SRM 

applications have been demonstrated for LLPS condensates.30-32 Moreover, intra-condensate 

heterogeneities may present themselves as varied local physicochemical parameters 

He et al. Page 2

J Am Chem Soc. Author manuscript; available in PMC 2024 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



independent of morphology or molecular distributions, which may not be resolvable by 

enhancing the spatial resolution alone, as will be demonstrated in our data below.

We recently developed an arsenal of functional SRM methods that map out physicochemical 

parameters at the nanoscale by tapping into the high-dimensional information space of 

single-molecule fluorescence.29,33-36 Spectrally resolved SMLM (SR-SMLM) detects local 

parameters through the emission spectra of single probe molecules.33-35 Single-molecule 

displacement/diffusivity mapping (SMdM) maps out diffusivity with high spatial resolutions 

to unveil local molecular states and interactions.36-39 Together, these approaches have 

provided valuable insights into diverse cellular34,36-39 and in vitro40-42 systems.

Here we harness these technical advances to uncover nanoscale heterogeneities in the 

aging process of LLPS condensates, and we focus on probing the local chemical polarity, 

protein states, and diffusivity for the FUS system. We thus unexpectedly unveil distinct 

nanodomains of low chemical polarity at the condensate surfaces, and further show 

that these nanodomains are due to amyloid fibril aggregates and drastically impede 

local diffusion. Moreover, we find that such nanoaggregates progressively expand on 

the condensate surface upon aging or mechanical shears, thus leading to a growing low-

diffusivity shell while leaving the condensate interior diffusion-permitting.

Results and discussion

SR-SMLM achieves high-throughput single-molecule spectroscopy by integrating SMLM 

with a wide-field dispersion scheme (Fig. 1a).35 The resultant spectrally resolved SRM 

images allow functional encoding with environment-sensing probes, e.g., Nile Red for 

probing local chemical polarity.34,43 The solvatochromic dye Nile Red is nonfluorescent in 

the aqueous phase but exhibits fluorescence switch-on and spectral blueshift in hydrophobic 

(low chemical polarity) environments independent of the medium viscosity,44,45 and so has 

been valuable for the (SR-)SMLM of lipid membranes34,43,46 and protein aggregates.43,47

We employed Nile Red-based SR-SMLM to interrogate local chemical polarity in FUS 

condensates. To this end, we prepared wild-type and mutant FUS proteins and induced 

condensates following typical protocols.11,48 Micrometer-sized droplets were formed after 

well-mixing the sample for 2 hr (Fig. 1b). As we allowed the condensates to settle on 

the coverslip and illuminated the sample with a 561 nm laser at a slanted angle slightly 

below the critical angle of total internal reflection,49,50 we illuminated and imaged a cross-

section of the condensate droplets ~3 μm above the coverslip surface. Stochastic local 

bursts of single-molecule fluorescence were observed, corresponding to individual Nile 

Red molecules transiently encountering a hydrophobic (low chemical polarity) phase in 

the sample. The wide-field fluorescence signal was split into two optical paths, with one 

spectrally dispersed, so single-molecule images and spectra were concurrently recorded for 

different molecules in the view.34,35 Accumulating the single-molecule images and spectra 

over ~104 frames generated spectrally resolved super-resolution images (Fig. 1c), in which 

color presented the spectral mean of locally accumulated molecules,34,35 hence the local 

chemical polarity.
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We thus unveiled intriguing nanostructures in the condensates. Notably, the detected 

Nile Red signal highlighted discrete segments ~100 nm in apparent thickness at the 

condensate surface (Fig. 1c and Fig. S1). Averaging the local single-molecule spectra 

at these segments showed a substantial blueshift to an ~635 nm peak when compared 

to the ~650 nm peak averaged from the sparsely detected single-molecule signal at 

the condensate interior (Fig. 1d and Fig. S1). The latter value matches that found in 

highly hydrated environments, whereas the former blue-shifted result is consistent with 

the more hydrophobic environments seen at protein aggregates.51,52 We note that for 

Nile Red, emission in hydrated environments at ~650 nm is sustainably weaker than 

in more hydrophobic environments at ~635 nm.44 Consequently, fewer molecules were 

detected in the condensate interior than in the surface hydrophobic domains. However, 

as we illuminated the sample near total internal reflection, scattered regions of enhanced 

illumination were noted, attributable to local lensing effects from the likely varied refractive 

indices of the randomly distributed surface domains. Higher molecular counts were obtained 

for these regions.

Repeating Nile Red SR-SMLM over 5 days next showed that whereas the hydrophobic 

domains initially occurred as sporadic segments, covering ~23% of the wild-type FUS 

condensate surface, the surface coverage increased gradually, reaching ~60% after 3 and 5 

days (Fig. 1ce and Fig. S1). The apparent thickness of this layer remained ~100 nm over 

the process, suggesting that the hydrophobic domains expanded laterally on the condensate 

surface with a fixed thickness.

We compared results with the FUS(G156E) mutant, an ALS/FTD-associated mutation 

known to accelerate the condensate solidification process11,15. We thus observed similar 

hydrophobic segments ~100 nm in thickness at the condensate surfaces (Fig. 1c and Fig. 

S2), yet noting a higher surface coverage of ~45% in the as-prepared condensates after the 

same initial 2 hr mixing time, and finding this coverage grew to ~80% by Day 3 and Day 5 

(Fig. 1ce). The latter higher surface coverages further coincided with when the condensates 

started to lose their rounded shapes to become irregular in morphology, suggesting solid-like 

behaviors. The averaged Nile Red single-molecule spectra at the surface segments and 

the condensate interior (Fig. S2) were both indistinguishable from that of wild-type FUS, 

suggesting similar protein states.

Thus, SR-SMLM unveiled the gradual lateral expansion of ~100 nm thick hydrophobic 

nanodomains at the surface of FUS condensates, and this process was accelerated by the 

G156E mutation. Meanwhile, the condensate interior remained highly hydrated with high 

chemical polarity throughout the aging process.

For in vitro protein systems, Nile Red fluorescence switch-on and spectral blueshifts often 

occur at amyloid fibrils.43,51,52 To examine this possibility, we utilized CRANAD-2 (Fig. 

2a), a far-red fluorogenic probe with high affinity and specificity to amyloid fibrils.53,54 

A recent study has demonstrated CRANAD-2 for the SMLM of α-synuclein fibrils,54 in 

which the stochastic amyloid binding of individual CRANAD-2 molecules gives bursts of 

single-molecule fluorescence.

He et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2024 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Notably, as we applied CRANAD-2 to the FUS condensate system and performed 

SMLM under 642 nm excitation, we identified surface nanostructures consistent with 

the hydrophobic nanodomains observed above with Nile Red-based SR-SMLM. Discrete 

segments ~100 nm in thickness were noted at the condensate surfaces (Fig. 2b), and they 

similarly increased in surface coverage while maintaining their thinness when aged over 

days (Fig. 2bc).

As CRANAD-2 and Nile Red are spectrally distinct, we further loaded a sample with both 

dyes and sequentially performed SMLM for the two using their respective fluorescence filter 

cubes and excitation lasers. We thus found that the CRANAD-2 and Nile Red SMLM results 

exhibited good colocalization, both highlighting the same surface nanodomains (Fig. 2de).

Thus, with two dyes that respectively probe local chemical polarity and protein states, our 

SRM results indicate the gradual lateral expansion of a thin hydrophobic shell in the aging 

of FUS condensates through the formation of amyloid fibril aggregates.

We next inquired whether the surface aggregates we uncovered could alter local physical 

environments and hence the behavior of guest molecules. Here we focus on mapping 

molecular diffusivity, which both reflects and modulates intermolecular interactions. For 

this task, we turn to Cy3B (Fig. 3b), a 561-nm-excited, consistently bright dye often 

used in single-molecule microscopy,55,56 contrasting with Nile Red and CRANAD-2 above 

only highlighting hydrophobic or amyloid phases. With a molecular weight of 560 Da, 

Cy3B serves as a good proxy for the mobility of similarly sized intracellular signaling 

molecules. Through SMdM, we have recently quantified the fast diffusion of this dye in 

water, hydrogels, and mammalian cells.39,42

We thus similarly prepared FUS condensates as above and added Cy3B. Epifluorescence 

images showed that Cy3B was ~3-fold more concentrated in the condensates versus the 

outside dilute phase, and this ratio stayed unvaried during aging (Fig. S3). Cy3B is 

moderately hydrophilic; its enhanced presence in the condensates over the dilute phase may 

be related to its substantially reduced diffusivity in the condensates (below).

For SMdM, paired stroboscopic excitation pulses were repeatedly applied in tandem across 

odd-even camera frames (Fig. 3a and Fig. S4), so that single-molecule images due to 

Cy3B molecules stochastically diffusing into the focal plane were captured, and their 

displacements were detected over the time window defined by the pulse separation.36 

SMLM based on the super-localized single-molecule positions over ~104 paired frames 

showed that Cy3B distributed relatively homogeneously in the droplet-like condensates at 

the nanoscale (Fig. 3c).

Spatially binning the accumulated single-molecule displacements with a 120 nm grid next 

enabled29,36 fitting the distribution of displacements in each spatial bin to extract the local 

diffusion coefficient D. The resultant color-coded super-resolution D maps (Fig. 3d) and 

local distribution of single-molecule displacements (Fig. 3e for the region indicated by the 

red arrowhead in Fig. 3d) showed that the fastest diffusing regions inside the condensates 

reached D ~10 μm2/s. Whereas such diffusivity would have been too fast to follow with 

traditional single-molecule tracking, it is only ~3% of Cy3B in water (~340 μm2/s).39,42 
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We have recently shown that in hydrogels, Cy3B only exhibits mild (~15%) reductions in 

D at ~6 wt% polymer contents,42 and that in mammalian cells, Cy3B diffusion is only 

reduced by ~25% owing to the modestly higher viscosity of the cytoplasm over water.39 

Thus, our results suggest high macromolecular crowding and/or effective viscosity for 

the 560 Da Cy3B in the FUS condensates. Such markedly reduced mobilities may be 

functionally significant for the condensates to act as concentrating hubs and interaction sites 

for biomolecules.2-5

A closer examination of the super-resolution D maps noted nanoscale segments of even 

greater drops in diffusivity at the condensate surface. This observation is challenging: As 

a 120 nm grid was implemented to warrant enough single-molecule displacements in each 

spatial bin for fitting, the ~100 nm thick shell we identified above at the condensate surface 

would be pixelated into just one or two bins in thickness. Nonetheless, facilitated by the 

occasionally observed nanoscale inclusions, regions with drastically reduced D of ~0.5 

μm2/s were identified (blue arrowhead in Fig. 3d inset; Fig. 3f). We also compared SMdM 

analysis with different grid sizes of 80, 100, and 160 nm (Fig. S4). Low-diffusivity surface 

domains were robustly observed; smaller grid sizes afforded higher spatial resolutions at the 

expense of a reduced count of single-molecule displacements in each spatial bin and thus 

noisier D values.

The extremely low D at the condensate surface likely corresponds to Cy3B bound to the 

solid-like aggregates we identified above. Indeed, as we monitored the FUS condensates 

over days with Cy3B SMdM, we observed that the low-diffusivity domains gradually 

increased their coverage at the surface (Fig. 3d and insets; Fig. S4), although quantification 

was difficult due to the pixelation effects.

To directly compare with surface aggregates, we added both CRANAD-2 and Cy3B to 

new samples, and sequentially performed SMLM and SMdM for the two dyes using 

their respective fluorescence filter cubes and excitation lasers. We thus found that the 

SMdM-resolved Cy3B slowdown regions at the condensate surface correlated well with 

the CRANAD-2 SMLM signal (Fig. 3g). Thus, the surface amyloid fibril aggregates are 

characterized by drastically lowered local diffusivities.

Diffusion inhomogeneities were also noted inside the condensates. Interestingly, the 

collective distribution of single-molecule displacements from the condensate interior showed 

two peaks (Fig. 3h for Day 0). We thus introduce a two-component fitting model to extract 

two D values and their respective fractions (methods). Notably, the resultant D1 = 9.2 

μm2/s and D2 = 0.3 μm2/s were respectively similar to the D values observed above for the 

fast-diffusion regions and surface aggregates. The fraction of slow diffusion was F2 ~15% 

for the as-prepared condensates. However, the SMdM data may have overrepresented the 

slower population, which stays better in focus between the tandem excitation pulses.

Analyzing the SMdM data of the condensate interior over aging next showed that both D1 

and D2 remained largely unvaried (Fig. 3ik), yet the apparent fraction of the slow population 

gradually increased from ~15% to ~30% in 8 days (Fig. 3ij). We also examined Cy3B 

diffusion in the dilute phase outside the condensates and found D ~150 μm2/s, expected with 
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the increased medium viscosity from dextran addition. This D value remained constant over 

8 days (Fig. 3k), suggesting no substantial changes in the dilute-phase or medium properties 

in aging, so the observed changes in condensate properties were due to condensate aging per 
se.

Together, our SMdM results suggest that whereas the surface nanoaggregates are mostly 

nonmobile, the condensate interior is dominated by a fluidic phase plus a small low-

diffusivity fraction. The low-diffusivity fraction likely corresponds to nanoscale aggregates 

inside the condensates, which, while not readily resolved in SMdM with the 120 nm bin 

sizes convolved with the different depths within the focal range, stand out through single-

molecule displacement distribution analysis. Over aging, the fluidic phase maintains its 

liquid nature with a constant diffusivity, yet the low-diffusivity fraction steadily increases its 

presence, suggesting the gradual enrichment of aggregates, which may further accumulate 

on the condensate surface to expand the shell.

A recent study17 has shown that mechanical shear promotes the liquid-to-solid transition of 

FUS condensates and results in enhanced fluorescence of Thioflavin T, a common amyloid 

probe. To test if this behavior could be related to our above-observed gradual formation of 

amyloid-like aggregates at the FUS condensate surface in aging, we prepared FUS LLPS 

samples in which we imposed mechanical shear by repeated pipetting.

For samples pipetted 20 times, we thus observed significantly increased coverage of amyloid 

nanoaggregates at the FUS condensate surface, as visualized by the colocalization of 

CRANAD-2 SMLM signal and reduced local diffusivity of Cy3B in the SMdM D map 

(Fig. 4a). Quantification indicated that the CRANAD-2 SMLM signal covered ~60% of the 

condensate surface (Fig. 4c), substantially higher than that of the non-agitated samples 

(Fig. 2c) as prepared (~20%) or aged for 4 days (~50%). Moreover, irregular-shaped 

nanoaggregates were noted extruding out of the condensate surface (arrows in Fig. 4a).

For samples pipetted 200 times, the condensates lost their droplet-like rounded shapes, 

but appeared as granules of irregular shapes. Interestingly, CRANAD-2 SMLM (Fig. 4b) 

showed high coverage of the granule surfaces to form a shell thickened to ~400 nm, 

yet signal from the granule interior remained low, except for aggregate intrusions from 

the surface (arrow in Fig. 4b). Meanwhile, Cy3B SMdM showed impeded diffusion for 

a thickened shell that corresponded well with the CRANAD-2 SMLM signal (Fig. 4b). 

Notably, diffusion at the granule interior remained reasonably fast at >~5 μm2/s (Fig. 4b), 

suggesting that a liquid-liked core remained even as the granule surface was covered by 

a thickened shell of amyloid aggregates. The thickened amyloid-aggregate shell versus the 

~100 nm thick layer in unagitated aging may be related to the observed extrusions and 

intrusions, which likely caused further exposure of the condensate interior and accumulation 

of aggregates.

Conclusions

To sum, harnessing a set of multidimensional SRM tools, we unveiled nanoscale 

heterogeneity in FUS condensates, identifying hydrophobic amyloid aggregates at the 
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condensate surface, showing their substantial suppression of local diffusivity, and 

elucidating their gradual expansion during aging.

For the LLPS of a single protein, one may intuitively assume each condensate microdroplet 

as a uniform phase. However, recent theories point to the possible gradual transformation of 

initially homogenous FUS LLPS condensates to a liquid-core/gel-shell architecture through 

aging.25 A new experimental study supported this notion for the non-agitated aging of 

FUS condensates, suggesting the gradual solidification of the condensate surface over 

several days through a dissolution assay.19 Separately, tracing individual gold nanorods in 

TFEB condensates has indicated reduced mobilities at the condensate surface.57 However, 

these recent discoveries have not uncovered the existence of nanoscale surface domains or 

identified their amyloid fibril nature.

In this study, we uncovered nanoscale amyloid fibril aggregates at the condensate surface, 

and showed that over aging, such nanoaggregates gradually expanded at the surface and 

increased their intra-condensate presence (model in Fig. 4d). These findings benefited 

from both the high spatial resolution and the multidimensional insights afforded by our 

approaches: Indeed, SMLM of Cy3B showed relatively uniform spatial distribution in the 

condensates, but SMdM of the same dye showed drastically impeded diffusion at the surface 

nanoaggregates, and SR-SMLM with Nile Red highlighted their hydrophobic nature and 

prompted us to employ CRANAD-2 SMLM to identify their amyloid state.

The low-complexity domains of FUS are known to drive both LLPS and fibril 

formation.11,12,58-63 As FUS molecules aggregate into the fibril state, their low-complexity 

domains are buried into a hydrophobic core, as detected by our Nile Red SR-SMLM. It is 

thus likely that the aggregated molecules no longer participate in the LLPS interactions 

and so are excluded from the condensate interior. Under this scenario, the preferred 

structures formed by the immiscible condensate and fibril phases may be explained by 

the relative surface tensions at the different interfaces.3,64 Our observed ~100 nm-thick 

fibril nanodomains suggest that the condensate surface is a heterogenous environment where 

aggregates accumulate, with our SMdM and SMLM data further signifying their functional 

implications as local diffusion barriers and rigidification loci. Meanwhile, the observed 

gradual expansion of amyloid fibril nanoaggregates during aging, as well as their markedly 

enhanced formation upon repeated pipetting, suggest that while the LLPS condensates are 

initially fast formed under kinetic control, the fibril state is energetically favored as the 

system evolves toward equilibrium.

Together, our results unveiled unexpected nanoscale structural arrangements and aging 

mechanisms for the single-component FUS condensates with exceptional spatial and 

functional insights. Generalizing the multidimensional SRM approaches demonstrated in 

this work to other LLPS systems to uncover related, or yet other unknown, behaviors at the 

nanoscale presents exciting opportunities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SR-SMLM with Nile Red unveils growing hydrophobic (low chemical polarity) 

nanodomains at the FUS condensate surface. a. Schematics: Single-molecule fluorescence 

is spectrally dispersed in the wide field, and the resultant single-molecule spectra are 

accumulated over many camera frames to generate SR-SMLM images. b. Brightfield 

micrographs of condensates formed by wild-type (top) and G156E-mutant (bottom) FUS. 

c. Nile Red SR-SMLM images for FUS (top) and FUS(G156E) (bottom) condensates aged 

for different days. Color presents the mean wavelength of the local single-molecule spectra 

(color scale bar), which reflects the local chemical polarity. The Day 0 images correspond 

to the boxed regions in (b). Insets: Zoom-ins of the condensate surfaces, highlighting the 

hydrophobic nanodomains. d. Averaged single-molecule spectra at the condensate surface 

hydrophobic domains (blue) and the condensate interior (green), for FUS condensates 

aged for different days (different line shapes). e. Time-dependent surface coverage of the 

Nile Red-visualized hydrophobic domains over aging. Data points and shades present the 

averages and standard deviations of individual condensate droplets (~10 for each data point), 

respectively.
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Figure 2. 
SMLM with CRANAD-2 indicates the gradual formation of amyloid fibril nanoaggregates 

at the FUS condensate surface. a. CRANAD-2 chemical structure and mode of action: 

CRANAD-2 is nonfluorescent in the aqueous phase but turns on fluorescence upon binding 

to amyloid fibrils in the condensates. b. Representative SMLM images of CRANAD-2, 

for FUS condensates aged for different days. Insets: Zoom-ins highlighting the surface 

nanodomains. c. Time-dependent surface coverage of CRANAD-2 SMLM signal at FUS 

condensates over aging. Data points and shades present the averages and standard deviations 

of individual condensates (~10 for each data point), respectively. d. Two-color SMLM 

for a FUS LLPS sample loaded with both CRANAD-2 and Nile Red, shown as separate 

(CRANAD-2: magenta, Nile Red: green) and overlaid (colocalization: white) images. 

e. Line profiles of single-molecule localizations in the two dye channels along the 

circumference of a condensate droplet, presented as counts per degree as a function of 

the azimuth angle θ marked in (d).
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Figure 3. 
SMdM with Cy3B shows impeded diffusion in the FUS condensates and further large 

drops in diffusivity at the surface aggregates. a. Scheme of SMdM. Paired stroboscopic 

excitation pulses are repeatedly applied in tandem across odd-even camera frames, so that 

single-molecule displacements are captured for the time window defined by the separation 

between the tandem pulses Δt rather than the camera framerate. b. Chemical structure of 

Cy3B. c. SMLM images based on the localized positions of Cy3B molecules in the SMdM 

data, for FUS condensates as prepared (left) and aged for 8 days (right). d. Color-coded 

SMdM super-resolution D maps of Cy3B in FUS condensates aged for different days, 

obtained by spatially binning the accumulated single-molecule displacements onto a 120 nm 

grid, and then fitting the distribution in each bin to extract the local D for color rendering. 

The condensates indicated by the yellow and orange arrows correspond to the ones shown 

in (c). Insets: zoom-ins of the condensate surfaces, highlighting local diffusion slowdowns. 

e,f. Histograms: Local distributions of the accumulated single-molecule displacements at Δt 
= 4 ms, for two regions pointed to by the red and blue arrowheads in (d), respectively. Red 

and blue curves: Fits to our diffusion model, with resultant D values marked in the plots. 

g. Sequentially acquired CRANAD-2 SMLM images and Cy3B SMdM D maps for FUS 

condensates as-prepared (top) and aged 3 days (bottom), shown as separated and overlaid 

images. h,i. Two-component fits (red curve: fast component; blue curve: slow component; 

black curve: sum) to the single-molecule displacements (histograms) collected at the FUS-

condensate interior at Day 0 (top) and Day 8 (bottom). Resultant D values and fractions of 

the two components are marked in the plots. j. Fraction of the low-diffusivity component, 

as obtained above, for the interior of FUS condensates aged for different days. Each data 

point corresponds to one individual condensate. k. Fitted D values for the fast (red) and slow 
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(blue) components, as obtained above, for the interior of FUS condensates aged for different 

days, versus D values in the dilute phase outside the condensates (gray). Error bars in (j,k): 

standard deviations between individual condensates.
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Figure 4. 
Mechanical shear induces similar amyloid fibril aggregates at the FUS condensate surface. 

a,b. Sequentially acquired CRANAD-2 SMLM images and Cy3B SMdM D maps, and 

overlaid images, for FUS condensates subjected to 20 (a) and 200 (b) times of pipetting. 

Arrows in (a,b) point to extrusions and intrusions of the surface aggregates. c. Surface 

coverage of CRANAD-2 SMLM signal for FUS condensates pipetted 20 times. Open 

circles: Individual condensates. Filled circle and error bar: Average and standard deviation. 

d. Model: Enrichment of amyloid aggregates in the condensates and accumulation at the 

surface during aging.
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