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Protein aggregation is a hallmark of major neurodegenerative disorders. Increasing data
suggest that smaller aggregates cause higher toxic response than filamentous aggregates
(fibrils). However, the size of small aggregates has challenged their detection within bio-
logically relevant environments. Here, we report approaches to quantitatively super-
resolve aggregates in live cells and ex vivo brain tissues. We show that Amytracker 630
(AT630), a commercial aggregate-activated fluorophore, has outstanding photophysical
properties that enable super-resolution imaging of α-synuclein, tau, and amyloid-β
aggregates, achieving ∼4 nm precision. Applying AT630 to AppNL-G-F mouse brain tis-
sues or aggregates extracted from a Parkinson’s disease donor, we demonstrate excellent
agreement with antibodies specific for amyloid-β or α-synuclein, respectively, confirm-
ing the specificity of AT630. Subsequently, we use AT630 to reveal a linear relationship
between α-synuclein aggregate size and cellular toxicity and discovered that aggregates
smaller than 450 ± 60 nm (aggregate450nm) readily penetrated the plasma membrane.
We determine aggregate450nm concentrations in six Parkinson’s disease and dementia
with Lewy bodies donor samples and show that aggregates in different synucleinopa-
thies demonstrate distinct potency in toxicity. We further show that cell-penetrating
aggregates are surrounded by proteasomes, which assemble into foci to gradually pro-
cess aggregates. Our results suggest that the plasma membrane effectively filters out
fibrils but is vulnerable to penetration by aggregates of 450 ± 60 nm. Together, our
findings present an exciting strategy to determine specificity of aggregate toxicity within
heterogeneous samples. Our approach to quantitatively measure these toxic aggregates
in biological environments opens possibilities to molecular examinations of disease
mechanisms under physiological conditions.
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Insoluble deposits of misfolded proteins that form aggregates are hallmarks of major
neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s disease
(PD) (1–4). The molecular processes involved in aggregate assembly have been charac-
terized for several misfolded proteins, including tau (5), amyloid-β (Aβ) (6), and
α-synuclein (αS) (7). The occurrence of filamentous aggregates (fibrils) of tau and Aβ
in AD, and αS fibrils in synucleinopathies such as PD and dementia with Lewy bodies
(DLB), led many to examine a potential toxic and disease-causing nature of fibrils (e.g.,
refs. 7–9). More recently, a growing number of studies suggest that the smaller aggre-
gates, including oligomeric aggregates (oligomers) (10–12), which are approximately
spherical entities below 20 nm in diameter and assembled from a low number of mis-
folded proteins at the early stages of aggregation (13–15), are the most toxic aggregate
species. These aggregates are potent in penetrating lipid membranes (16, 17), inducing
oxidative stress (18), and activating proinflammatory signaling (19–21) and serve as
“seeds” for further aggregation and spreading to other cells (22). In contrast to stable
and elongated fibrils, small aggregates are usually soluble entities with largely globular
structures whose features may be difficult to detect by conventional microscopy, there-
fore presenting a challenge to their structural characterization (23, 24). A second chal-
lenge arises from the limitation in strategies that are available to quantify different
aggregate species in situ in order to test any putative relationship to cellular toxicity.
Developing novel approaches to address these challenges would provide insight into
the early stages of multiple neurodegenerative disorders.
Aggregation of misfolded proteins is a complex process both in vitro and in a physio-

logical context, and the relative levels and sizes of small aggregates and fibrils change as
aggregation progresses (25–28). Distinguishing small aggregates from fibrils based on
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their structure and quantifying their abundance is important, as
different aggregates are thought to be processed through dis-
tinct cellular mechanisms. For example, we previously demon-
strated that proteasomes disassemble fibrils into smaller toxic
entities in vitro (29), whereas oligomers and other small aggre-
gates carrying distinct ubiquitin modifications may be directly
degraded by the proteasome (30). Combining fluorescence micros-
copy with fluorophores such as Thioflavin S and Thioflavin T
(ThT) has enabled detection of aggregate structures in vitro and
in biological samples (31, 32). ThT reversibly binds β-sheet
structures in amyloid assemblies and increases its fluorescence
intensity upon binding (33). Several super-resolution approaches
were previously developed for ThT-based aggregate staining
(34–36). Similar aggregate-activated fluorophores such as
pFTAA, Nile Red, and Th-X have also been developed for
aggregate detection using a range of dedicated fluorescence
techniques (29, 37–39). These fluorophores may, however, pref-
erentially detect stable fibrils, which contain extensive β-sheet
structures, while oligomers are more difficult to characterize
owing to the low fluorescence intensity expected from the stain-
ing of these smaller structures (40, 41).
It is possible to super-resolve aggregates that are assembled

from misfolded proteins covalently labeled with Alexa-
fluorophores (30, 42, 43). The stochastic switching between
bright and dark states of organic fluorophores such as Alexa Fluor
647 (Alexa647) is excellent for single-molecule localization
microscopy (SMLM) (44). However, Alexa labeling could inter-
fere with protein aggregation of both tau and αS and, in some
cases, prevent fibril formation (15, 30, 45). Recent applications
of a technique called DNA-PAINT have enabled SMLM
imaging of oligomers and small aggregate species in the range
of 20 to 200 nm in diameter using aggregate-binding aptamers
and antibodies (46, 47). Although not suitable for imaging
live cells, oligomer sizes detected by DNA-PAINT are in
agreement with those measured by atomic force microscopy
(41, 48). However, these approaches require technical expertise
to carefully execute the multiple procedures and require long
imaging times. More recently, new commercial aggregate-
activated fluorophores, such as ProteoStat and the Amytracker
series (49, 50), have gained popularity as aggregate-specific
stains (e.g., refs 51–55). Both fluorophores claim to offer
increased sensitivity and specificity for aggregates compared
to ThT.
In this study, we demonstrate that both ProteoStat and

Amytracker 630 (AT630) are suitable for quantitative SMLM
imaging of aggregates at ∼4 nm precision. AT630 staining, in
particular, enabled sensitive and quantitative detection of aggre-
gate species down to ∼10 nm in size in live cells and ex vivo
brain tissue. We showed that aggregates found in live HEK293A
cells or in fixed mouse brain sections could be super-resolved fol-
lowing AT630 staining. Critically, AT630 staining revealed that
the plasma membrane effectively prevented aggregates over
450 ± 60 nm from entering the cell, and we quantitatively char-
acterized aggregates that invaded the intracellular space. Using
CRISPR-engineered cells in which endogenous proteasomes
were tagged with enhanced green fluorescent protein (eGFP), we
showed that internalized aggregates became surrounded by pro-
teasomes, suggesting that proteostasis mechanisms respond
promptly to proteotoxicity. Finally, we demonstrated that the
size of the membrane-penetrating aggregates detected by AT630
correlated with cytotoxicity. We validated our observation and
quantified aggregate450nm toxicity using PD- and DLB-derived
aggregates, showing that αS aggregates differ in potency in toxic-
ity depending on the pathology they originated from. Our

approach to detect different aggregate species through SMLM
characterization provides a straightforward and reliable in situ
approach to quantify the fraction of toxic aggregates.

Results and Discussion

Sensitive Aggregate Staining with ProteoStat and AT630. We
first set out to determine the specificity of ProteoStat and
AT630 for different aggregate species and compared these with
the widely used ThT (56–58). Since the excitation wavelength
used and the emission maximum of ThT differs from those of
ProteoStat and AT630 (SI Appendix, Fig. S1A), we were able to
co-stain aggregates assembled from recombinant αS with ThT
and ProteoStat or with ThT and AT630 (Fig. 1A). Assembled
aggregates were imaged on a custom-built total-internal reflec-
tion fluorescence (TIRF) microscope, following our established
protocols (29) (see Materials and Methods). We determined the
photophysical properties for all three fluorophores and found
that both ProteoStat and AT630 were brighter than ThT (SI
Appendix, Fig. S1B), which required a sixfold increase in excita-
tion laser power to reach an acceptable level of detection (Fig.
1B). Merging the same field of view staining of ProteoStat and
ThT or AT630 and ThT showed complete overlap of aggre-
gates in the two images, indicating that ProteoStat and AT630
both detected all aggregate species recognized by ThT (Fig.
1B). For controls, we showed that fluorescence emission in the
absence of aggregates, in the presence of the aggregates but
absence of fluorophores, or in the presence of monomeric αS
and fluorophores was negligible (SI Appendix, Fig. S2). This
indicates that both fluorophores have a high specificity for
aggregate structures and high signal-to-noise ratios.

Our imaging approach detected a wide range of αS aggregate
sizes by fluorophore staining (Fig. 1C). We previously defined
aggregate size from TIRF imaging as the longest distance that
could be measured within an aggregate entity, defining species
<1 μm as “small aggregates” and “fibrils” for species >1 μm
(29) (see Materials and Methods). Importantly, in addition to
characterizing large fibril structures, small aggregates, whose
molecular features reach below the ∼200 nm diffraction limit,
were easily identified even at low laser power (10 mW unless
stated otherwise). The abundance of aggregates detected with
all three fluorophores is plotted by size (Fig. 1D). AT630 and
ProteoStat were able to detect a significantly greater number of
aggregates at the same aggregate concentration. We conclude
that both ProteoStat and AT630 are more adept at uniformly
staining aggregates than ThT (Fig. 1D) and require less laser
power for reliable aggregate detection, thus reducing potential
phototoxic damage to biological samples.

To account for the presence of internal structures and aggre-
gate conformations that might not have been recognized by ThT
in Fig. 1B, we further assembled aggregates from αS monomers
covalently labeled with Alexa647. We developed a strategy mix-
ing different fractions of Alexa647-labeled and unlabeled αS to
overcome potential steric interference that Alexa647 may have
on αS aggregation, which could prevent assembly of fibrils (30).
We optimized this fraction (10% Alexa647-labeled αS) to allow
formation of fibrils that incorporated Alexa647-labeled αS (SI
Appendix, Fig. S3A). Fibril structures were reconstructed in three
dimensions (3D) using an astigmatism SMLM imaging method
(59), which confirmed that labeling was largely uniform over the
fibril structures (SI Appendix, Fig. S3B and Video S1; technical
details further below). Our SMLM approach achieved 21 ±
1 nm planar and 84 ± 2 nm axial resolution (see Materials and
Methods and SI Appendix, Fig. S4). ProteoStat and AT630 both
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stained Alexa647-labeled αS aggregates, and the detected features
matched with the fluorescence detected from Alexa647 (SI
Appendix, Fig. S3C). These results confirm that ProteoStat and
AT630 detected all aggregate species present in the sample.
Imaging individual aggregates allowed us to explore the rela-

tionship between the total fluorescence intensity detected from
each aggregate versus its size (SI Appendix, Fig. S3D). The total
fluorescence intensity detected from each aggregate can be
assumed as a product of the fluorophore brightness and the
number of fluorophores bound to each aggregate. Both Proteo-
Stat and AT630 demonstrated greater fluorescence intensities
with aggregate size compared to ThT and Alexa647 labeling in
SI Appendix, Fig. S3D. Since the brightness of ProteoStat and
AT630 is greater than that of ThT but not as bright as that of
Alexa647 (SI Appendix, Fig. S1B), we would therefore expect
that the increased total intensities of ProteoStat and AT630
originate from higher densities of fluorophores bound to each
aggregate. The increased density of fluorophores reflects an
expected higher density of aggregate structures than the 10% of
monomers that were labeled with Alexa647 (29). Overall, these
data suggest that AT630 and ProteoStat more sensitively detected
amyloid structures than Alexa647 and ThT. Furthermore, these
data highlight the advantages of aggregate-activated fluorophores
over the Alexa647-conjugation approach.

Super-resolution of Aggregates with ProteoStat and AT630 at
∼4 nm Precision. Accurately determining the size of aggregates
below ∼200 nm is challenging due to the Abbe diffraction
limit. We therefore used SMLM to characterize the structural
features of aggregates in finer detail. We initially imaged aggre-
gates in two dimensions (2D) (SI Appendix, Fig. S5) and in 3D
(SI Appendix, Fig. S3B) using fibrils labeled with Alexa647 or
Alexa488 (44). We used high laser powers and an imaging
buffer containing a reducing agent and an oxygen scavenger
system (see Materials and Methods) to induce the fluorophores
to stochastically switch on and off, allowing densely packed sin-
gle molecules to be distinguished temporally (60–62). The
point-spread-functions (PSFs) measured from the emission of

individual fluorophores were fitted to Gaussian profiles, and
these were used to calculate the position of each fluorophore
with greater accuracy (62). Fig. 2A shows the average PSF pro-
file of Alexa647 conjugated on αS aggregates collected for
SMLM. The localization precision (Δloc) was determined from
the number of photons detected and the full width half maxi-
mum (FWHM) of the PSF profile of Alexa647 (see Materials
and Methods). Similarly, average PSFs were used to calculate
the localization precision of Alexa488, ProteoStat, AT630, and
ThT (Fig. 2B and Videos S2–S4). Alexa647 and Alexa488
achieved the highest localization precisions at 2.1 ± 0.1 nm
and 3.8 ± 0.1 nm, respectively (Fig. 2C). The average PSF pro-
files of AT630 and ProteoStat also gave excellent signal-to-noise
profiles and achieved localization precisions (4.2 ± 0.1 nm and
4.3 ± 0.1 nm, respectively) in range with the Alexa fluoro-
phores. As expected, the localization precision determined for
ThT was lower, achieving 16.8 ± 0.2 nm, similar to previously
published values (57).

ProteoStat and AT630 both enabled SMLM imaging of αS
aggregates assembled in vitro and revealed structural details of
aggregates from >10 μm down to 10 nm in size (Fig. 2 D and
E and Videos S3 and S4). We defined the size of each aggregate
by thinning the aggregate shape to a path 1 pixel in width and
calculated the aggregate size as the length of this 1-pixel-wide
path (see Materials and Methods). From the reconstructed
SMLM images, we found that the smaller aggregates within a
few hundred nanometers in size were heterogeneous in struc-
ture; some appeared globular, while others were elongated and
with apparent differences in ellipticity (Fig. 2D), similar to
those reported by others (38, 56). Similar observations were
made using the same staining approach to super-resolve aggre-
gates assembled from tau or Aβ, demonstrating that sensitivity
of detection was not dependent on the misfolded protein
involved (SI Appendix, Fig. S6). These results together indicate
that ProteoStat and AT630 enabled SMLM imaging of molecular
features of aggregates at ∼4 nm localization precision, resolving
the conformational heterogeneity in aggregate samples down to
the same order of magnitude as the organic fluorophores.
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Fig. 1. Detecting aggregate species with ThT,
ProteoStat, and AT630. (A) Schematic repre-
sentation of small aggregate and fibril detec-
tion with fluorophores that reversibly bind to
aggregates. Unbound fluorophores (in gray)
are nonfluorescent. Binding to aggregates
locks the fluorophores in a high-fluorescence
conformation (in blue), from which aggregate
morphology can be detected. (B) Representa-
tive TIRF images of aggregates assembled
from recombinant αS stained with ThT and
ProteoStat (Top) or ThT and AT630 (Bottom).
Laser power was set at 10 mW unless other-
wise stated. Scale bars represent 5 μm.
(C) TIRF images of typical aggregates ranging
from 0.2 to 5 μm in size detected with ThT
(Top), ProteoStat (Middle), and AT630 (Bottom).
Scale bars represent 1 μm. (D) Semilog plot of
frequency count of aggregates detected up to
60 μm with each fluorophore. Kolmogorov-
Smirnov test indicates that AT630 and Proteo-
stat detected a significantly greater number of
aggregates (NAT630 = 4,417; NProteoStat = 4,473;
NThT = 2,353) and are more faithful at detect-
ing larger aggregates as evidenced by their
greater medians and interquartile ranges (IQRs):

IQR (median[IQR])AT630 = 2,428[655–7,260] nm; median[IQR]ProteoStat = 1,763[452–5,712] nm; median[IQR]ThT = 1,499[490–4,432] nm; P < 0.0005). See SI
Appendix, Fig. S1 for biophysical properties of the three fluorophores.
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Aggregate Species below 450 ± 60 nm Readily Penetrate
Plasma Membranes and Invade HEK293A Cells. To test whether
the new fluorophores detect aggregates within a cellular environ-
ment, we incubated recombinant αS aggregates with HEK293A
cells. αS aggregates released into the extracellular domain are
known to be taken up by cells (reviewed in ref. 63). Here, we
used a CRISPR-engineered line in which the genomic loci cod-
ing for a proteasomal subunit, PSMD14, was knocked in with
an eGFP-coding sequence introduced to the 30- end in frame
with the gene, thereby fluorescently tagging endogenous protea-
somes (64). Although suitable for SMLM (SI Appendix, Fig. S6),
ProteoStat requires sample preparation through cell fixation and
permeabilization steps prior to staining of intracellular aggregate
species (see ref. 65 and manufacturer’s instructions); we therefore
used AT630 to stain aggregates in live cells. We optimized stain-
ing time and washing procedure for AT630 to achieve the high-
est signal-to-background ratio for imaging, and we adjusted the
TIRF microscope to apply a highly inclined and laminated opti-
cal sheet (HILO) imaging approach (66), which enabled axial
illumination in the z direction throughout the whole cell volume
(see Materials and Methods). The boundaries of the cell were
defined from z-stacks of images taken 100 nm apart throughout
the cell volume. Since proteasomes are dispersed throughout the
cell interior (64, 67), we applied a rolling ball filter to the eGFP
emission to reconstruct the cell volume and validated this
approach comparing cell volumes detected from eGFP emission
and a CellMask Plasma Membrane Stain (SI Appendix, Fig. S7).
From the eGFP emission, we could distinguish between aggre-
gates that had entered the cell from those that lay on the apparent
apical side of plasma membrane (Fig. 3A). After 4 h incubation,

we detected mostly smaller aggregates submicrometer in size (in
yellow, Fig. 3A) within the intracellular domain, while the larger
fibrils remained docked to the plasma membrane (in red, Fig.
3A). The relative frequency of internalized species was plotted by
size, showing that the distribution of these aggregates was best
described by an exponential function (orange curve, Fig. 3B). We
subsequently compared this distribution to the internalized spe-
cies after 12 h, in which we observed a greater frequency of larger
aggregate species entering the cell (blue curve, Fig. 3B). As a com-
parison, we plotted the function based on the total number of
aggregates detected in the starting sample (i.e., sample added at
0 h; black curve, Fig. 3B). The starting sample showed a lower
relative prevalence of smaller aggregates than in the functions for
both 4 and 12 h, suggesting a higher efficiency of these smaller
aggregate species at crossing the plasma membrane. Given that
the relative frequency of internalized aggregates at 4 and 12 h
showed different distributions, the intersection at 450 ± 60 nm
between the two curves represents the aggregate species that does
not change in relative abundance over time (dashed line, Fig.
3B). Following this reasoning, we interpreted the crossover as a
threshold to define a population of aggregates with sizes shorter
than 450 ± 60 nm (aggregate450nm) that is able to traverse the
cell membrane with increased efficiency.

Sonication has been shown to break apart fibrils and increase
the abundance of smaller and more toxic aggregates in the mix-
ture (29, 68); therefore, we repeated the aggregate invasion
experiment with sonicated fibrils and followed the fate of
aggregate450nm after incubation for 24 h. We observed that the
dispersed proteasomes assembled into foci structures (Fig. 3C and
Video S5) and that areas of increased proteasome concentration
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Fig. 2. Super-resolution of aggregates by SMLM with ProteoStat and AT630. (A) The principle of PSF analysis. Emission from Alexa647 is detected as a
diffraction-limited spot in 2D (Bottom). The emission may be presented in 3D using fluorescence intensities registered at each pixel (Middle). The PSF
is mathematically modeled to pinpoint a more precise location of the fluorophore (Top). (B) The average PSFs detected from SMLM imaging of aggregates
using Alexa488, ProteoStat, AT630, and ThT. (C) Table of values for measured localization precision (Δloc) calculated from the PSF of each fluorophore using
Δloc = FWHM=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
photons

p
. (D) (Left) Comparison of recombinant AT630- and ProteoStat-stained αS aggregates imaged by SMLM reconstruction (see also Videos

S3 and S4) and conventional diffraction-limited TIRF methods. Scale bars represent 2 μm. (Right) Representative images of smaller aggregates detected using
SMLM. Scale bars represent 100 nm. (E) An example of improvement in determining distribution of aggregates’ size as measured from diffraction-limited or
super-resolution images (in the red rectangle) using AT630 (n = 1,273 for the diffraction limited and n = 576 for the SMLM samples). a.u., arbitrary units.
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condensed around internalized aggregates. Similar colocalizations
of proteasomes concentrated around αS aggregates and in Lewy
bodies is known (69–71), and the proteasome foci we observed
here may be similar to stress-induced proteasome foci in previous
reports (64, 67, 72, 73). Staining these aggregate-treated cells
with AT630 followed by SMLM imaging (in Fluorobrite rather
than SMLM imaging buffer, which is toxic to cells) revealed

that many proteasome foci indeed colocalized with internalized
aggregates. The AT630 staining performed in live cells was spe-
cific, as no meaningful fluorescence was detected in the absence
of aggregates (SI Appendix, Fig. S8).

We subsequently determined the size of internalized aggre-
gates by SMLM and compared their size distribution with the
aggregates before they were deposited on the cells (Fig. 3D).

A B

C

xy

xz

yz

100 1000 10000
0.0

0.1

0.2

0.3 Internalized after 4 h
Internalized after 12 h

 Aggregates in starting sample

R
el

at
iv

e
Fr

eq
ue

nc
y

Size (nm)

D

R
el

at
iv

e
fr e

qu
en

cy

10 100 1000
0.0

0.2

0.4 All aggregates

Internalized aggregates

10 30 50 70 90
0.0

0.5

1.0

R
el

at
iv

e
fr e

qu
en

c y
(0

-1
00

nm
)

All aggregates

*

**

*n.s. n.s.
Aggregate species
Proteasome foci

Extracellular 
aggregates
Proteasomes 
(PSMD14-eGFP)

Intracellular 
aggregates

Size (nm) 

Internalized aggregates

Fig. 3. Imaging cell-penetrating aggregate species with size less than 450 ± 60 nm. (A) αS aggregates at 1 μM final concentration were added to HEK293A
cells expressing proteasome subunit PSMD14-eGFP from the genomic loci (green). Aggregates were stained with AT630 (red). A typical cell is shown with
profiles along the z axis and aggregates detected within the cell interior (merged colors show aggregates in yellow) or sitting on the external side of plasma
membrane (aggregates appear red in the merged colors image) as indicated. Scale bars represent 5 μm. (B) Quantification of aggregates detected in live
cells (N4h = 14 cells; N12h = 13 cells) within the intracellular domain after 4 h or 12 h (orange and blue, respectively) after incubation. The red dashed line
indicates the intersection of the 4 h and 12 h curves at 450 ± 60 nm. Aggregate size distribution of the starting sample at time 0 h is shown in black (N4h =
529; N12h = 585; N0h = 2,734). (C) Live super-resolution imaging by SMLM of AT630-stained aggregates (red) in the intracellular domain or blocked by the
plasma membrane is shown. Proteasome foci (green) are represented by bright green spots. Typical foci-aggregate colocalizations are shown in the
zoomed-in images. Scale bars represent 2 μm and 200 nm for the whole cell and insets, respectively (see also Video S5). (D) Quantification of aggregates
detected by SMLM, showing the relative frequencies of aggregates with sizes between 0 and 100 nm. The top plot represents frequency distribution of
aggregate sizes before and after they enter a cell. The blue arrow indicates the decrease in size of aggregates after entering a cell. The bottom bar chart
focuses on aggregates smaller than 100 nm, and reports the mean aggregate size. Aggregates from 19 cells were imaged, with 893 total number of aggre-
gates. Sonicated aggregates were imaged from five samples, with a total of 849 aggregates. A two-sample t test was used to calculate statistical significance
between the groups of sizes, with n.s. (no significance) P > 0.05, *P < 0.05, and **P < 0.005. Error bars represent SD of triplicate measurements (n = 3).
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A left shift in the distribution of intracellular aggregate size by
21 ± 3 nm was detected (blue arrow showing shift from black to
red curve, Fig. 3D), indicating that internalized aggregates
became smaller than before they were deposited on the cells.
Focusing on aggregates with sizes <100 nm (inset, Fig. 3D), we
found by using a two-sample t test that unlike the larger size
groups, the smallest size group (10 nm) showed a marked
increase in relative frequency once internalized. This is in line
with the left shift of the red curve in Fig. 3D and suggestive of
gradual disassembly/degradation of larger aggregates into the
smaller species once internalized, similar to previous in vitro
observations (29). Additional mechanisms may be involved in
removing the smallest size group, perhaps similar to the ubiqui-
tin-dependent mechanisms we showed before (30). Together, our
data indicate that proteasomes target internalized aggregates, and
the reduction in aggregate size in cells after 24 h suggests the
observed foci contain active proteasomes. These results provide
evidence for aggregates to promptly attract proteasomes, thus
increasing local degradation activity to facilitate aggregate removal.
We recently proposed a putative cellular ability to reversibly

increase local proteasome concentration and thereby degradation
activity through assembly of “transient aggregate-associated droplets
(TAADs)” (74). The observed colocalization between aggregates
and proteasome foci is largely in agreement with the description of
TAADs. Given that we typically observed aggregates inside cells
after 4 h, we further suggest that the plasma membrane is readily
permeable to smaller aggregates and filters out aggregates and
fibrils above 450 ± 60 nm in size. Given the uncertainty range, it
is likely that in reality this threshold represents a critical range of
aggregate sizes, and aggregates that are significantly larger than
this range are less likely to be internalized. The plasma membrane
therefore serves as an effective protectant against larger fibrils
(>450 ± 60 nm) while remaining vulnerable to small aggregates.
It is tempting to speculate whether the reverse effect is also
true—the plasma membrane may effectively contain the larger
fibrils, while small aggregates escape into the extracellular domain,
if below 450 ± 60 nm, and spread to adjacent cells.

αS Aggregates below 450 ± 60 nm Correlate with Cytotoxicity.
To determine whether the invasive aggregate450nm we have
identified in Fig. 3 may cause cytotoxicity (47), we set up a
controlled αS aggregation reaction in vitro. The aggregation
process of recombinant αS has been characterized by us and
others (23, 30, 43), and we used these studies to guide the selec-
tion of time points at which aliquots should be taken (Fig. 4A).
We expected no aggregates at time 0 h, when only monomers
should be present, and mostly small aggregates 12 h after aggrega-
tion was initiated, before we observed any significant increase in
ThT signal. A larger proportion of fibrils was expected at 36 h
after the aggregation reaction had entered the stationary stage.
Indeed, a predominant population of smaller aggregate species
was detected after 12 h using AT630, no aggregates were
observed at 0 h, and large numbers of fibrils were found at 36 h
(Fig. 4 B and C and SI Appendix, Fig. S9 A–C). Again, we soni-
cated a sample of fibrils from the 36 h time point to generate a
large population of smaller aggregates similar in size to those
formed after 12 h (SI Appendix, Fig. S9D). The detected smaller
aggregate species had distinctive structures, which we super-
resolved in 2D and 3D (Fig. 4D and Video S6). Next, we treated
HEK293A cells with a calculated equivalent αS monomer con-
centration of 1 μM taken at the different time points and mea-
sured the cytotoxicity using a lactate dehydrogenase (LDH) assay
(Fig. 4E), which offers sensitive readouts of membrane permeabi-
lization and LDH release (29). In agreement with our hypothesis,

the aggregate sample at the 12 h time point was most harmful to
cells, with 20.2 ± 0.6% cytotoxicity value of the positive control
for the assay (lysis buffer treatment of cells). The monomer- and
fibril-rich samples at 0 h and 36 h, respectively, induced smaller
cytotoxic responses (5.5 ± 0.7% and 7 ± 2%, respectively) in
comparison. As expected, sonicated fibrils from the 36 h time
point resulted in significant cell death (41 ± 5% cytotoxicity;
Fig. 4E). It is possible there are structural differences between αS
aggregates from the 12-h time point and sonicated 36 h, such as
those observed with tau where sonication increased epitope expo-
sure (75). However, our results show that the size of the aggre-
gates plays a prominent role when inducing cytotoxicity.

We subsequently sought to quantify the concentration of αS
proteins that constitute the aggregate450nm population at each time
point. SMLM was used to determine aggregate size, and the frac-
tion of aggregate450nm was calculated from the total size of all aggre-
gates in the sample compared to the sum of total sizes detected
from aggregate450nm. Plotting the calculated concentrations of αS

0

25

50

A B

C D

F

12 h 36 h

Sonicated
1

10

100

1000

10000

100000

1000000

Si
ze

(n
m

)

E

0 12 24 36 48
0.0

0.4

0.8

Time (h)

In
te

ns
ity

 (a
.u

.)

Monomers Small 
aggregates

Fibrils

x
z

y

12 hrs12 hrsss12 h

Sonicated
12 h

36 h0 h 0.0 0.5 1.0
0

25

50

Soluble aggregates (μM) 
<450 nm

450 nm

Sonicated

12 h

0 h

36 h

C
yt

ot
ox

ic
ity

 (%
)

C
yt

ot
ox

ic
ity

 (%
)

Fig. 4. Quantitative super-resolution imaging correlates aggregate450nm with
toxicity. (A) The aggregation process of recombinant αS over time as measured
by ThT. Arrows below cartoons represent the aggregate species (not drawn to
scale) detected by TIRF imaging of aliquots taken at indicated time points (see
SI Appendix, Fig. S9). (B) Representative small aggregates detected using AT630
at 12 h time point after aggregation. Scale bars represent 100 nm. (C) Quantifi-
cation of aggregate species by size as detected by super-resolution for time
points at 12 and 36 h and sonicated aggregates (N12h = 313; N36h = 595; Nson

= 287). The horizontal dashed line shows the 450 nm size threshold calculated
in Fig. 3B. (D) A typical AT630-stained αS aggregate reconstructed in 3D from
super-resolution imaging, x-y resolution 24 nm, and z resolution 48 nm (see
also Video S6). Scale bars represent 500 nm in x, y, and z directions. (E) Quanti-
fication of αS aggregate cytotoxicity as determined by LDH assay for aliquots
taken and the time points indicated in A. Cells were treated with a final concen-
tration of 1 μM αS. (F) Cytotoxicity-to-aggregate450nm normalized to aggre-
gate concentration shows a linear relationship. a.u., arbitrary units. Error
bars represent SD of triplicate measurements (n = 3).
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in aggregate450nm versus the measured cytotoxicity of the differ-
ent samples allowed us to fit a linear relationship (Fig. 4F),
suggesting that the concentration of aggregate450nm causes pro-
portional cell damage within this range of concentrations. Our
data therefore imply that aggregate450nm contains the most toxic
species.

AT630 Stains Pathological Aggregates Derived from PD and
DLB. To test our cytotoxicity–aggregate450nm correlation estab-
lished in Fig. 4F, we performed brain soaks on postmortem
cortical brain tissues from three PD donors by modifying an
existing protocol (76) (SI Appendix, Fig. S10). Following our
optimized protocol, AT630 efficiently stained the extracted
aggregates and enabled imaging by SMLM. Detailed structural
features of typical tissue-derived aggregate450nm are shown in
Fig. 5A. All three PD samples contained predominantly small
aggregate species with mean sizes ± SEM of 140 ± 10 nm,
211 ± 7 nm, and 106 ± 2 nm for PD1, PD2, and PD3,
respectively (Fig. 5B and Video S7). We used SMLM to calcu-
late the fraction of aggregate450nm in all three samples (11%,
12%, and 20%, respectively) by applying similar calculations
as in Fig. 4, from which we then determined the estimated
aggregate450nm concentration. Cytotoxicity was next measured
for increasing concentrations of each sample and plotted against
the aggregate450nm concentration (SI Appendix, Fig. S11). At
higher sample concentrations of brain-derived aggregate450nm,
the amount of aggregates larger than 450 nm also increases and
may interfere with the potency of aggregates450nm, potentially
perturbing the linear relationship with LDH cytotoxicity. How-
ever, within the linear sections of each cytotoxicity curve, we
observed slopes that were largely in agreement with the cytotoxicity–
aggregate450nm relationship in Fig. 4F with gradients of
42 ± 6 μM�1 and 46 ± 4 μM�1 for recombinant αS and PD
samples, respectively (Fig. 5C and SI Appendix, Fig. S11).
We subsequently investigated if aggregate450nm species derived

from postmortem brain tissues of three donors with DLB also
obeyed the same correlation with size and cytotoxicity (Fig. 5
D–F). Examining the size distribution, the mean ± SEM aggre-
gate sizes for DLB samples were 200 ± 20 nm, 66 ± 2 nm and
109 ± 2 nm, respectively, and smaller than those observed for
PD. DLB samples also contained high fractions of aggregate450nm
within each mixture (43%, 84% and 69%, respectively). While
the corresponding cytotoxicity values do not fall on the same lin-
ear slope shared by the recombinant αS and PD samples, they
remain linearly correlated with aggregate450nm concentration with
a gradient of 17.8 ± 0.6 μM�1 (Fig. 5F).
We further compared the cytotoxicity of 1 μM PD and DLB

samples after 4 and 24 h (SI Appendix, Fig. S12A) and found no
significant difference between the two incubation periods, sup-
porting the view that the aggregates that penetrate cells at 4 h
are responsible for the observed toxicity. The cytotoxicity level
did not depend on the effective concentration of fibrils larger
than 450 ± 60 nm but on small aggregates (SI Appendix, Fig.
S12B), suggesting that any toxic effects resulting from larger
fibrils in the brain may involve more complex pathways in vivo.
This agrees with our previous results (29) and also supports the
conclusion that the size, rather than concentration of total aggre-
gates, determines their innate ability to harm cells. To validate
the toxicity of small aggregates, we incubated 1 μM PD
patient–derived aggregates (PD1) with HEK293A cells
expressing PSMD14-eGFP for 4 h. The distribution of PD1
aggregate sizes inside cells was similar to that of intracellular
recombinant αS aggregates found in Fig. 3 (Fig. 5 G and H).
This supports the observed similarity in toxicity gradient of

recombinant and PD aggregates in Fig. 5C, again confirming
that the small aggregate species exert toxicity by penetrating
the plasma membrane.

Together, our cytotoxicity data demonstrate that the αS
aggregates present in different synucleinopathies may possess
distinct potency in causing cell damage. This could be impor-
tant to explain why different pathologies arise from misfolding
and aggregation of the same protein. It will be interesting to
explore how aggregate size and other structural features influ-
ence spreading in different cell types to fully understand the
activity of aggregates in each disease. Our findings validate the
robustness of using the SMLM approach to determine cytotox-
icity based on the fraction of aggregate450nm within a heteroge-
neous aggregate sample. Our SMLM approach may further be
applied to other biological samples and fluids, through which
toxicity may be determined in a similar manner.

AT630 Stains Aggregate Species in Mouse Brain Tissues. We
further validated the ability of AT630 to characterize pathologi-
cal aggregates in situ and tested our SMLM approach on brain
tissues from transgenic AppNL-G-F mice. These mice are geneti-
cally engineered to express mutant APP proteins that are then
processed into aggregation-prone Aβ42 peptides, leading to
aggregate formation in the brain (77). To confirm the presence
of pathological aggregates in the tissue, we performed immu-
nostaining using 6E10, an Aβ-specific antibody, together with
AT630 staining. Tissues were sectioned in 10 μm slices and
imaged under HILO conditions, which produced background
fluorescence in both channels using diffraction-limited imaging
methods (Fig. 6 A and B). Regions with amyloid structures in
the tissue were appreciable by both antibody and AT630 stain-
ing, albeit offering little information about aggregate features
(in red and green, respectively, Fig. 6A). To examine tissue-
bound aggregates in detail, we performed SMLM to reveal the
distinct aggregate structures within the amyloid regions and dem-
onstrated a very high degree of colocalization between AT630
and the 6E10 antibody (Fig. 6B and Video S7). We quantified
the percentage of colocalization by dividing the total number of
colocalized signals with the total AT630 signal (see Materials and
Methods) and found 70 ± 20% agreement between AT630 and
the antibody. Considering the increased noise level associated
with tissues, the significant overlap underscores the specificity of
AT630 in aggregate detection. In support of its specificity for
aggregates, AT630 staining of aggregates derived from PD brain
soak colocalized with anti-αS antibody (MJFR1) with 70 ± 5%
(Fig. 6 C and D). Of note is the benefit of using azimuthal or
spinning TIRF image averaging to improve signal-to-background
in tissue imaging (SI Appendix, Fig. S13).

Conclusions

For this study, we developed an SMLM approach using aggregate-
activated fluorophores ProteoStat and AT630, which enabled
characterization of aggregates by their size and detection of struc-
tural features of small aggregates down to 10 nm in size. Our
data suggest that both ProteoStat and AT630 sensitively recognize
features in smaller aggregate species in addition to fibrils. Com-
bined with the observation that ThT does not seem to impede
ProteoStat and AT630 staining, it is plausible that all three fluo-
rophores recognize distinct features within aggregate structures.

Our approach enables quantitative detection of aggregates and
especially aggregate450nm as a distinct species and demonstrates
their increased cytotoxicity associated with cell permeabilization.
Using HEK293A cells, these invasive aggregates can be
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Fig. 5. Aggregates derived from postmortem PD and DLB donors are quantitively detected by SMLM using AT630 staining. (A) Features of typical small
aggregates detected in PD samples are shown. Scale bar represents 100 nm. (B) Quantification of superresolved aggregates by size in each donor sample is
shown, with mean ± SEM sizes of 140 ± 10 nm, 211 ± 7 nm, and 106 ± 2 nm for PD1, PD2, and PD3, respectively (NPD1 = 599; NPD2 = 10,084; NPD3 = 8,663).
The horizontal dashed line shows the 450 nm size threshold calculated in Fig. 3B. (C) LDH assay performed similar to HEK293A experiment in Fig. 4F, where
cytotoxicity values are plotted against the calculated concentration of aggregate450nm. Increasing concentrations of PD samples were used to determine the
linear range (see also SI Appendix, Fig. S11), which is plotted here, and are fitted to a straight line (cyan dashed line). The plotted values are in agreement with
the toxicity-to-aggregate450nm relationship determined in Fig. 4F (solid magenta line). The fraction of aggregate450nm found in the samples for PD1, PD2, and PD3
were 11%, 12%, and 20%, respectively. (D) Features of typical aggregates detected in DLB samples are shown. Scale bar represents 100 nm. (E) Quantification of
super-resolved aggregates by size in each donor sample is shown, with mean sizes ± SEM of 200 ± 20 nm, 66 ± 2 nm, and 109 ± 2 nm for DLB1, DLB2,
and DLB3 samples, respectively (NDLB1 = 1,446; NDLB2 = 8,009; NDLB3 = 11,866). The horizontal dashed line shows the 450 nm size threshold calculated in Fig. 3B.
(F) Cytotoxicity levels of three DLB samples plotted against the concentration of aggregate450nm. The solid magenta line represents the linear relationship in Fig.
4F determined from recombinant αS samples, and the cyan dashed line represents a linear relationship of the DLB samples. The fraction of aggregate450nm in
DLB1, DLB2, and DLB3 is 43%, 84%, and 69%, respectively. (G) Live HEK293A cells expressing PSMD14-eGFP (green) were also incubated with 1 μM PD1 patient-
derived aggregates and stained with AT630 (red). Scale bars represent 5 μm. (H) Quantification of PD1 aggregates within intracellular domain (NPD1,4h = 4,740
aggregates inside 115 cells). The blue dashed line is taken from the analogous experiment shown in B, where cells were incubated with αS aggregates for 4 h.
Error bars represent SD of triplicate measurements (n = 3).
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distinguished from fibrils, which are prevented from entering the
cell by the plasma membrane. We further provide evidence that
membrane-permeabilizing aggregates are targeted inside the cell
by proteasomes, which concentrate locally into foci, probably as
part of wider mechanisms to remove harmful agents (74). Given
their size, it is possible that aggregate450nm may be fragments of
amyloid fibrils. This would be in line with our previous report
of higher toxicity of fibrils fragmented by the proteasome (29)
and consistent with recent studies describing self-replication of
amyloid fibrils through fragmentation (78). Since AT630 is suit-
able for aggregate staining in live cells, employing this aggregate-
proteasome assay in conjunction with quantitative SMLM of
aggregates could be a combined approach to determine the level
of aggregate450nm and their toxicity within a biological sample.
Such strategies would be beneficial for early-stage disease detec-
tion of proteopathies, for example, and the difference in linear
relationships between cytotoxicity and aggregate450nm concentra-
tion (Fig. 5 C and F) could enable diagnosis of specific diseases.
Importantly, our data on PD and DLB suggest that a popu-

lation of small αS aggregates (aggregate450nm) from different
synucleinopathies may have distinct toxic effects upon cells.
This could perhaps be related to specific conformations assumed

by the aggregates in each pathology and in line with the observed
variations in structural conformations of αS fibrils reported for
different synucleinopathies and for recombinant αS fibrils
(79–81). Another possibility may be that the toxicity is propor-
tional to the number of constituent misfolded protein monomers
the individual aggregates contain. A previous study suggested no
apparent correlation between the size of small aggregates and
toxicity (17). The size of aggregates as observed by current imag-
ing techniques do not necessarily correlate proportionally with
the number of constituent monomers. Therefore, although our
data suggest that stable fibrils are less toxic than small aggregates,
it remains to be determined whether it is the aggregate450nm size
or their constituent monomer number that critically correlates
with the observed toxicity. Nevertheless, the linear relationship
between size and cytotoxicity in all samples indicate that size is a
crucial factor determining membrane permeability for aggregates,
while the conformations that aggregates adopt may also influence
toxicity once inside the cell.

The quantitative imaging approach we developed here will
facilitate further studies on understanding the cellular mecha-
nisms underlying neurodegenerative disorders. For example, the
methods outlined here offer a highly sensitive technique to

A B
AT630 6E10

Merge SMLM

C D
AT630

Merge SMLM

MJFR1

APPNL-G-F mouse brain tissue

PD donor brain-derived aggregates

Fig. 6. AT630 enables SMLM imaging of aggre-
gates in AppNL-G-F mouse brain tissues and human
brain-derived aggregates. (A) Tissues are stained
with AT630 (green, Top Left), anti-Aβ antibody
6E10 (red, Top Right); the merged image detected
by diffraction-limited microscopy (Bottom Left) and
the same merged image are shown super-
resolved (Bottom Right) (see Video S7). Scale bars
represent 5 μm. (B) Typical aggregates detected in
A are shown. Scale bars represent 500 nm. (C)
Aggregates isolated from the PD1 sample were
imaged on a coverslip stained with both AT630
(green, Top Left) and anti-αS antibodies (red, Top
Right), with the merged image (Bottom Left) super-
resolved (Bottom Right). Scale bars represent 5
μm. (D) Typical aggregates from C are shown.
Scale bars represent 500 nm.
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study brain tissue, with the potential to identify cell types vul-
nerable to invasion by aggregates from the early stages of disease
and beyond. Soluble aggregates have critical roles in propagat-
ing aggregate growth between cells (12); they are also faster at
being internalized than fibrils, and are more likely to seed fur-
ther aggregation events (82–84). Incomplete aggregate disas-
sembly by proteasomes inside the cell can also increase the
probability of aggregate elongation and further rationalizes the
increased toxicity and spreading of aggregates that we and
others have observed (29, 47, 85, 86). Using ProteoStat and
AT630, which we now regard as the next generation of fluoro-
phores, we uncovered aggregate species that are abundant at ear-
lier stages of aggregation but were not detected by fluorophores
traditionally used in imaging strategies. We have demonstrated
that these aggregate-activated fluorophores may be used to quan-
tify pathogenic aggregates, paving the path for future molecular
studies relevant to neurodegeneration.

Materials and Methods

Preparation and Aggregation of Misfolded Proteins. Purification of recom-
binant full-length tau P301S mutant (isoform 0N4R) and αS followed protocols
others and we have described before (29, 87). Lyophilized synthetic Aβ42
(4014447; Bachem) was dissolved in phosphate-buffered saline (PBS) containing
0.5 M NaOH to make stock solution at 10 mM.

Proteins were aggregated according to standard protocols described else-
where (17, 29).

Aggregation of 2 μM tau in PBS was induced with an equimolar final concen-
tration of low-molecular-weight heparin (5 kDa; Thermo Fisher Scientific) at
37 °C for 24 h. Aβ42 aggregation was performed at 10 μM final concentration
at 37 °C in reaction buffer (50 mM Tris and 150 mM NaCl, pH 7.4). For αS
aggregation, the protein was diluted to 70 μM final concentration in reaction
buffer containing 0.1% NaN3 and incubated at 37 °C, 200 rpm for 72 h. Forma-
tion of fibrils from the aggregation reaction was verified by ThT on a Cary Eclipse
spectrophotometer.

Extraction of Human Soluble Aggregates. Soluble aggregates were
extracted from the brain tissues of PD and DLB donors (SI Appendix, Table S1),
following the protocol as described in Hong et al. (76). The specimens were
obtained from the London Neurodegenerative Diseases Brain Bank, Brains for
Dementia Research, and the Multiple Sclerosis and Parkinson’s Tissue Bank. Frozen
temporal cortical tissues (∼0.5 g) were diced and incubated with artificial cere-
brospinal fluid (aCSF) (124 mM NaCl, 2.8 mM KCl, 1.25 mM NaH2PO4, and
26 mM NaHCO3, pH 7.4) supplemented with protease inhibitors (A32953;
Thermo Fisher Scientific) for 30 min at 4 °C. Samples were centrifuged for 10 min
at 2,000 × g, and the supernatant was collected for subsequent ultracentrifuga-
tion at 200,000 × g for 110 min at 4 °C in a SW41 Ti rotor. The upper 80% of
the resulting supernatant was dialyzed against a 100-fold excess of fresh aCSF
for 72 h, with buffer changed every 24 h. Protein concentrations of the dialyzed
samples were determined by Bradford assay, aliquoted, and stored at -80 °C.

Mouse Tissue Staining. Animal experiments were conducted according to the
United Kingdom Animals (Scientific 643 Procedures) Act 1986. Brain hemi-
spheres were flash frozen from adult (P240) AppNL-G-F homozygous mice harbor-
ing the Swedish (KM670/671 N L), Beyreuther/Iberian (I716 F), and Arctic
(E22G) mutations in the APP gene on a C57BL/J6 background. Animals were
transcardially perfused with 20 mL ice-cold (4 °C) oxygenated dissection aCSF
(108 mM choline-Cl, 3 mM KCl, 26 mM NaHCO3, 1.25 mM NaHPO4, 25 mM
D-glucose, 3 mM Na pyruvate, 2 mM CaCl2, and 1 mM MgSO4 saturated with
95% O2/5% CO2). OCT embedding matrix was used to fix hemispheres, which
were subsequently sectioned in 10 μm slices on a cryostat at -20 °C. Before stain-
ing, each section was repeatedly washed in PBS to remove the OCT, followed by
incubation with PBS containing 4% paraformaldehyde, 0.3% Triton-X100. The
same buffer was used for blocking with goat serum prior to staining with primary
anti-Aβ antibody 6E10 overnight. Secondary Alexa488-tagged antibodies were
used for staining the next day, followed by AT630 staining immediately before
super-resolution imaging.

Cytotoxicity Assay. Toxicity of aggregates was determined with LDH assay
(88). We previously described the procedure (29) for aggregate measurement.
Aggregate samples or control buffers were added in triplicates to 200 μL cell
media containing 30,000 HEK293A cells per well in 48-well plates. Lysis buffer
was added 45 min before the end of the experiment to the maximum LDH activ-
ity set of control cells. After 4- or 24 h incubation at 37 °C, medium was removed
and centrifuged at 200 × g for 5 min. Then, 50 μL media was incubated with
50 μL of the LDH assay buffer for 1 h, and the reactions were quenched with
50 μL 1 M acetic acid. Absorbance at 490 nm and 680 nm was measured for
each reaction on a plate reader.

Fluorophore Staining and Imaging. ProteoStat (ENZ-51023; Enzo Lifescien-
ces) or AT630 (Ebba Biotech) was diluted 1:50 in PBS for stock aliquots and
stored at -20 °C. This stock was further diluted 1:50 (ProteoStat) or 1:1,000
(AT630) for final single-aggregate TIRF imaging. Single-aggregate TIRF imaging
was performed as described before (29). Briefly, aggregates were diluted to
700 nM (αS), 400 nM (tau), or 300 nM (Aβ) imaging concentrations with indi-
cated fluorophores and incubated on a coverslip for 15 min. Samples were
imaged on a home-built TIRF microscope. For super-resolution microscopy,
samples were incubated in freshly prepared imaging buffer [PBS with 1mg/mL
glucose oxidase, 0.02mg/mL catalase, 10% (wt/wt) glucose, and 100mM methyl-
amine] immediately prior to imaging.

Generation of the HEK293A cells expressing eGFP-tagged PSMD14 subunit is
described in detail by Zhang et al. (64). Live-cell imaging of these cells incubated
with 1 μM aggregates was conducted in FluoroBrite Dulbecco’s modified Eagle’s
medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum.

Imaging with TIRF Microscope. Samples were imaged using an ECLIPSE
Ti2-E inverted microscope (Nikon). Lasers were housed in a C-FLEX laser com-
biner (H€UBNER Photonics), containing 405 nm (06 series, H€UBNER Photonics),
488 nm (06 series, H€UBNER Photonics), 561 nm (04 series H€UBNER Photonics),
and 638 nm (06 series, H€UBNER Photonics) lasers. These were all aligned inside
the combiner and were coupled to the E-TIRF arm (Nikon). A filter cube contain-
ing a dichroic mirror, in addition to bandpass and longpass filters for all four
laser lines (C-NSTORM QUAD 405/488/561/647 FILT; Nikon) was installed inside
a motorized filter turret below a CFI Apochromat TIRF 100XC NA 1.49 Oil objec-
tive (Nikon). Samples were placed on a motorized stage, and a Perfect Focusing
System (Nikon) was used to minimize drift in the z direction. Images were
recorded by an sCMOS camera (Prime95B, Photometrics) with a pixel size of
11 × 11 μm, at 20 Hz. Super-resolution (SMLM) images were reconstructed from
2,000 frames, and diffraction-limited images of aggregates on coverslips were
averaged from 100 frames. In order to record axial information of single mole-
cules, we placed a cylindrical lens (f = 1,000.0 mm, Plano-Convex; Thorlabs) in
the Optosplit II and followed the astigmatism method of 3D SMLM (89).

SMLM Image Reconstruction. SMLM images in 2D were reconstructed using
Matlab scripts described in detail by Yin et al. (90). Briefly, each frame was ini-
tially filtered using a box filter and set with a box four times the width of 2D
Gaussian PSF, and each pixel intensity was weighted by the inverse of its varia-
tion. Local maxima were then recorded and fitted to a 2D-Gaussian single-PSF
using the Maximum Likelihood Estimation algorithm performed in GPU (Nvidia
GTX 1060, CUDA 8.0). Alignment of two colors was achieved by recording a map
of chromatic aberrations using Tetraspeck beads (0.1 μm, fluorescent blue/
green/orange/dark red; Life Technologies) that fluoresce across a broad range of
wavelengths and readily adhere to a plasma-cleaned coverslip. The centers of
these beads were recorded upon excitation of the 488 nm, 561 nm, and 638 nm
lasers, and a second-order polynomial function was used to correct for the chro-
matic aberration across the three colors. For the calculation of localization preci-
sion, each burst of fluorescence from individual fluorophores was aligned relative
to each other, and an average PSF was calculated. Calibration of the sCMOS cam-
era enabled the offset for each pixel to be calculated and allowed the number of
photons to be calculated for each burst (90). This was used to define the localiza-
tion precision usingΔloc = FWHM=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
photons

p
.

Recorded 3D images and videos were reconstructed using ThunderSTORM (91).
We again used the Tetraspeck beads deposited on a plasma-cleaned coverslip
and imaged the beads while scanning along the z axis, with the cylindrical lens
installed in the Optoslipt II. These images were used to produce reference curves
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that we used to calculate the axial position of the fluorophores bound to aggre-
gates during our 3D SMLM experiments. Reconstruction of 3D models from
SMLM were made by fitting the recorded images with the elliptical Gaussian PSF
(astigmatism) model using the weighted least-squares method.

Following the methodology described by Huang et al. (89), we deposited αS
monomers that were singly labeled with Alexa647 on a plasma-cleaned cover-
slip. We plotted the relative 2D and 3D positions measured within 100 nm from
the average focal plane for each fluorophore across individual blinking cycles.
This gave clusters of localizations that could be fitted to Gaussian curves to quan-
tify our localization accuracy (SI Appendix, Fig. S4). SMLM in 2D gave Gaussians
with an FWHM of 27 nm and 28 nm for both x and y directions. Adding the
cylindrical lens resulted in Gaussians of 33 nm, 42 nm, and 84 nm for x, y, and
z directions, respectively.

Quantitative Analysis of Imaging Data. Images produced from SMLM and
diffraction-limited TIRF microscopy experiments were analyzed using custom
written Matlab codes to quantify the lengths (sizes) and total intensities of each
aggregate, previously described in detail by Cliffe et al. (29). Briefly, 100 frames
were averaged, and the averaged images were top-hat and bpass filtered to
reduce noise from the camera and subtract background. The resultant images
were then blurred using a Gaussian filter before the outline of the individual
aggregates was calculated. The boundaries were thinned to determine the size
of each particle, and a signal-to-background correction for each pixel was used to
measure the total intensities.

To identify aggregates that were internalized by cells, the whole cell was
imaged using stacks of images 100 nm apart in the z direction. These cells
expressed GFP-tagged proteasomes, and the cell boundaries from each stack
were determined using a rolling ball filter on the images from the GFP emission
(64). Aggregates that were found outside these boundaries were then masked
from the stack of images and excluded from further analysis. The pixels were
then summed in the z-projection across the stack of images, and these resulting
2D images were put through the size analysis described above.

Image analysis for colocalization experiments was performed using the
Colocalization Threshold plug-in in ImageJ software. This analysis gave the
thresholded Manders’ coefficients for each channel. The Colocalization Threshold
plug-in uses the Costes method (92) to automatically determine the thresholds
for the two channels.

Statistical Calculations. All uncertainties are presented to one significant fig-
ure only, as the second significant figure for each uncertainty would be within
the error reported by the first. Similarly, the accuracy of all quantities is reported
within its corresponding error; therefore, the last significant figure of each mea-
surement is the same figure as the first significant figure in the corresponding
uncertainty.

N numbers for the number of aggregates and cells imaged from each experi-
ment are found in the corresponding figure legends. A Kolmogorov-Smirnov
test was used in Fig. 1D to demonstrate that AT630 and ProteoStat produced a
distribution of images that was statistically different to those observed using ThT
(P < 0.0005). Scatter plots in Figs. 3–6 are reported with the mean values
and SEM of the aggregate sizes for each aggregate sample. The crossover at
450 ± 60 nm for the 3 h and 24 h samples shown in Fig. 3B was calculated by
fitting each distribution to a single exponential decay using Eq. 1, where x is the
aggregate size, A is the amplitude, and 1=t1 represents the decay rate.

y = Ae½�x=t1� [1]
The error reported at the crossover is the square root of the sum of the SEM for
t1 of the two fitted curves. Similarly, the 21 ± 3 nm shift in Fig. 3D was

calculated by subtracting the median value of each curve, and the error is the
square root of the sum of the SEM of t1 of the two fitted curves. Error bars in the
inset in Fig. 3D represent the SD of the mean number of aggregates in an indi-
vidual cell. Statistical significance between size groups at different time points
was calculated using a two-sample t test with n.s. (no significance) P > 0.05, *P
< 0.05, and **P < 0.005. Cytotoxicity values in Figs. 5 and 6 and SI Appendix,
Figs. S10 and S11 are reported as mean and SD of triplicate experiments.

Calculation of Photophysical Properties. The quantum yield (Φ) and
extinction coefficient (εA) of Alexa488, Alexa568, Alexa647, and ThT have been
previously validated by other research groups and the dyes’ manufacturers. The
precise properties of ProteoStat and AT630 are protected due to proprietary rea-
sons. The manual from Enzo Life Sciences states that ProteoStat is ∼3 μM at the
recommended final concentration, and this was used to calculate an extinction
coefficient from the UV-vis (ultraviolet-visible) absorption spectrum. Ebba Bio-
tech, who produced the Amytracker dyes, was able to inform us that the average
molecular weight across the range of Amytracker dyes was 660 ±30 g/mol. The
user manual from Ebba Biotech also states that the concentration of AT630 is
1 mg/mL, and this was then used to calculate the molar concentration of AT630
and enabled us to calculate the extinction coefficient from the UV-vis absorption
spectrum. The excitation and emission profile of Alexa568 is similar to that of
both ProteoStat and AT630, so we used an anti-rabbit secondary antibody
labeled with Alexa568 (Invitrogen; A11011) as our reference to calculate the rel-
ative quantum yields of ProteoStat and AT630. We recorded the emission spectra
from a range of concentrations of the fluorophore absorbances ranging from
0.1 to 0.9 AU (arbitrary units), in the presence of an excess of αS fibrils (10 μM).
The emission profiles were integrated (I) and plotted against the absorbance
(A) and were fitted to a straight line. The gradients of each linear plot were
compared to the Alexa568, using Eq. 2 described by Wong et al. (93) using the
quantum yield of Alexa568 (ΦR = 0.69) as a reference. The brightness of each
dye was calculated simply using Brightness = Φ × εA.

ΦS = ΦR
IS
IR

� �
1� 10�AR

1� 10�AS

 !
nS
nR

� �2

[2]

where n = refractive index of the solution.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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