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Main text
Ultrasensitive detection of pathological protein aggre-
gates is crucial for early diagnosis and monitoring of 
neurodegenerative diseases. The seed amplification assay 
(SAA), a method involving in vitro amplification of path-
ological aggregates using the native protein monomers as 
reaction substrates, has proven effective in ultrasensitive 
detection of prion and α-synuclein (αSyn) protein aggre-
gates in a clinical setting [1]. However, applying this tech-
nology to TAR DNA-binding protein 43 (TDP-43) and 
amyloid-β (Aβ) aggregates remains challenging, because 
SAA requires a high degree of protein stability of the 
native monomers that need to function as reaction sub-
strates for an extended period of SAA, typically several 
days. TDP-43 and Aβ monomers are very unstable pro-
teins that rapidly form liquid droplets, amorphous aggre-
gates, or amyloid fibrils, typically within a few hours after 
preparation of fresh monomer solutions [2, 3]. Despite 

efforts by several groups, the limit of detection (LOD) of 
TDP-43 SAA and Aβ SAA has not exceeded ~ 15 pg (0.4 
fmol for TDP-43, 3 fmol for Aβ in monomer equivalent 
molarity) to date [4–6]. These values, derived using syn-
thetic protein aggregates, inherently have limitations, 
but they are over 10,000-fold higher than those of prion, 
αSyn, and tau SAAs with ag to fg sensitivity [1]. There-
fore, a general strategy that could enhance LOD by redi-
recting the unstable aggregation-prone monomers to the 
seed amplification pathway could further expand the util-
ity of SAA.

This study investigated a novel reagent for SAA with 
two key properties: (1) the ability to stabilize unstable 
protein monomers and (2) the capacity to not inhibit 
seed amplification. The latter property is particularly 
important in this study, because general protein stabi-
lizers (such as molecular crowders, arginine, etc.), solu-
bilizers (like surfactants, denaturants, etc.), molecular 
chaperones, and anti-aggregation compounds, while 
stabilizing protein monomers, may simultaneously 
inhibit seed amplification. These reagents are designed 
for protein stabilization and typically act on both native 
monomers and seed aggregates in a non-specific manner. 
Interestingly, there has been limited research into SAA-
specific reagents, with the exception of recent studies on 
Hofmeister salts [7] and the development of small com-
pounds for αSyn SAA [8].

Here, we focused on a series of surfactants based on 
our preliminary screening results and on the previ-
ous reports showing that sodium dodecyl sulfate (SDS) 
enhances the LOD of prion SAA [9]. We evaluated a 
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variety of surfactants using a standard TDP-43 SAA that 
incorporated a recombinant TDP-43 C-terminal domain 
fragment (aa. 267 − 414), a low-salt buffer, and thioflavin-
T (ThT) (Fig. S1a). We measured sensitivity by observ-
ing the difference in the lag time of protein aggregation 
with or without synthetic TDP-43 seed fibrils (∆tlag) (Fig. 
S1b, c). Interestingly, Brij-58, a linear polyethylene gly-
col (PEG) ester of palmitic acid, dramatically increased 
the ∆tlag value (Fig. 1a). Brij-58 gave a bell-shaped dose–
response curve with an optimal concentration range of 
0.02%–0.2% (Fig. S1d), which was much higher than the 
critical micelle concentration (CMC) (0.001%) (Table S1), 
indicating that the micelle formation plays a role in its 
mechanism-of-action (MoA). In contrast, SDS showed 
no activity toward TDP-43 SAA, both at high (0.1%) 
and at  the previously reported concentrations below 
CMC (0.001%–0.004%) [9]. Tween-60 and other Brij-
58 analogs showed no activity, indicating that the linear 
structure composed of PEG and fatty acid is crucial for 
the observed activity. The structure–activity relation-
ship analysis revealed that the conjugation of 20–23 PEG 
repeats with either palmitic acid (C16:0) or stearic acid 
(C18:0) yielded the best activity (Fig. S1e).

In efforts to further improve the sensitivity, we discov-
ered that addition of 0.5–1.0 M urea, but not guanidine 
hydrochloride (GuHCl), further increased the ∆tlag value 
(Fig. S1f ). Overall, the enhanced TDP-43 SAA was able to 
detect seed fibrils as low as 5 fg seeds (Fig. 1b). Further-
more, the tlag value showed an excellent correlation with 
seed concentration, indicating a dynamic range from 5 fg 
to 50 pg. Notably, the TDP-43 SAA did not detect Aβ or 
αSyn seed fibrils at 1 ng (Fig. S2). Therefore, TDP-43 SAA 
is a sensitive and specific assay for detecting TDP-43 seed 
fibrils.

To assess applicability of our method to patient-derived 
TDP-43 aggregates, we examined autopsied brain tis-
sues from patients diagnosed with frontotemporal lobar 
degeneration (FTLD) (FTLD-TDP type A n = 3, type B 
n = 4) and from neurologically healthy control patients 
(n = 3) (Fig.  1c, Tables S2 and S3). The TDP-43 SAA 

with Brij-58 detected varying degrees of TDP-43 seed-
ing activity depending on the patient and the sampling 
site (Fig. 1d and Fig. S3), while without Brij-58, it did not 
(Fig. S4). Overall, seeding activity was detected in six 
out of seven (85.7%) FTLD-TDP patients in either fron-
tal or temporal lobe-derived homogenate at a dilution of 
1:250. A single case (TDP#1) exhibited prominent TDP-
43 seeding activity, detectable at dilutions as low as  10−5 
(Fig. S5a and S6). No seeding activity was detected in 
the three control samples (Fig. 1d) or in four additional 
control samples from a second cohort (Fig. S7). Notably, 
the measured seeding activity correlated well with the 
results of standard immunoassays probing phosphoryl-
ated TDP-43, namely immunoblots and immunohisto-
chemistry (IHC) (Fig. 1e, f, Fig. S5b, and Fig. S8). Samples 
from patient TDP#5 were negative or minimally posi-
tive in both SAA and immunoassays, suggesting that the 
sampled sections contain very few seeding-active TDP-
43. Thus, our SAA protocol using Brij-58 is effective for 
detecting patient-derived TDP-43 aggregates.

Brij-58 dramatically accelerated in  vitro amplification 
of TDP-43 seed fibrils (Fig. S9 and S10). To investigate 
its unique MoA, we used surface plasmon resonance 
(SPR) to study the interactions between the TDP-43 
monomer and the 21 surfactants. Brij-58 and most sur-
factants showed a very rapid, reversible, and nearly 1:1 
binding kinetics to the TDP-43 monomer (Fig.  1g and 
S11). Interestingly, the dissociation constants of binding 
(Kd) values correlated well with the ∆tlag values in SAA 
(Fig. 1h). Therefore, the strength of the molecular inter-
action between TDP-43 monomers and surfactants is a 
major determinant of activity.

We further investigated the interactions between Brij-
58, TDP-43 monomers, and seed fibrils using structural 
biology methods, namely liquid droplet assay (Fig. S12), 
far-UV circular dichroism (Fig. S13), size exclusion chro-
matography (SEC) (Fig.  1i and S14), transmission elec-
tron micrography (Fig. S15a), limited proteolysis (Fig. 
S15b), and GuHCl-unfolding assay (Fig. S15c). Overall, 
we found that (1) Brij-58 and TDP-43 monomers formed 

Fig. 1 a Screening result of surfactants at the concentration of 0.1% unless otherwise noted. b Performance of the enhanced TDP-43 SAA. The left 
panel shows the time courses of ThT fluorescence at different seed concentrations. The right panel presents tlag values derived from the left panel 
(mean ± SE, *P < 0.05, **P < 0.005, unpaired two-tailed t-test compared to no seed). c Outline of the experiment using FTLD-TDP patients’ brains. 
Small sections from the frontal and temporal lobes of frozen brains in the right hemisphere were sampled and subjected to SAA, immunoblotting, 
and IHC. d The tlag values of the patient-derived brain homogenates obtained at a 1:250 dilution ratio (*P < 0.05, **P < 0.005, Dunnett’s test 
compared to control brain homogenate). Frontal lobes from the TDP#1 and #2 patients were evaluated in two different extracts. e, f Bubble plots 
showing the correlation of SAA with immunoblot and IHC scores. The size of the bubbles is proportional to their frequency. g Left panel: SPR 
sensorgrams of Brij-58 binding to TDP-43 monomers. Right panel: a dose–response curve derived from the left panel. h Correlation between ∆tlag 
and Kd values of 21 surfactants. i SEC profiles of 20 µM TDP-43 monomers mixed with Brij-58 prior to analysis. j Schematic of how Brij-58 redirects 
aggregation-prone protein monomers to the seed amplification pathway. k SPR sensorgrams of Brij-58 binding to Aβ monomers. l Time courses 
of ThT fluorescence of Aβ SAA (with 1.5 M urea) at different seed concentrations, both without and with 0.1% Brij-58

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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a rapidly reversible 200 kDa micelle complex that inhibits 
the self-aggregation of TDP-43 monomers, and (2) Brij-
58 did not disrupt the stability or structure of TDP-43 
seed fibrils, thereby specifically acting on TDP-43 mono-
mers. Therefore, Brij-58 redirects the aggregation-prone 
TDP-43 monomers to seed amplification pathway, mak-
ing them suitable as SAA substrates (Fig. 1j).

We hypothesized that Brij-58 could also bind to 
Aβ monomers due to two reasons: (1) the interaction 
between surfactants and proteins is generally driven 
by non-specific hydrophobic interactions, and (2) Aβ 
is a highly hydrophobic peptide prone to aggregation. 
Indeed, SPR analysis showed that Brij-58 bound tightly to 
Aβ monomers with a Kd value lower than that of TDP-
43 monomers (Fig.  1k). Furthermore, an enhanced Aβ 
SAA, which employed a combination of 0.1% Brij-58 
and 0.5 − 1.5 M urea, could detect seed fibrils at levels as 
low as 100 pg (Fig. 1l). Without Brij-58, the LOD did not 
exceed 10 ng, indicating that Brij-58 improved the sensi-
tivity of Aβ SAA by over 100-fold (Fig. S16). In contrast, 
Brij-58 did not bind to hydrophilic αSyn, or improve the 
LOD of αSyn SAA (Fig. S17).

In summary, Brij-58 can be utilized for multiple SAAs 
that are challenged by the hydrophobic and aggrega-
tion-prone nature of the substrate monomers, including 
TDP-43, Aβ and possibly other unstable proteins, such as 
FUS, EWSR1, and TAF15. The interaction between Brij-
58 and protein monomers, followed by the formation of 
a rapidly reversible 200  kDa micelle complex, is crucial 
for its MoA. Due to the monomer-dependent MoA, its 
effect largely depends on the properties of the substrate 
monomer, rather than the origin of the seeds whether 
synthetic or patient-derived. Notably, the LOD of the 
enhanced TDP-43 SAA is as low as 5  fg, which is com-
parable to prion and αSyn SAAs currently used in clini-
cal settings. We anticipate further enhancements of SAA 
down to ag or few-molecule levels through integration 
with immunoprecipitation, proteolytic cleavage of pro-
tein aggregates, and engineering of substrate monomer. 
Efforts are also underway to translate our TDP-43 SAA 
into clinical practice by detecting TDP-43 aggregates in 
clinically accessible specimens, such as cerebrospinal 
fluid and blood.

Abbreviations
SAA  Seed amplification assay
LOD  Limit of detection
CMC  Critical micelle concentration
TDP-43  TAR DNA-binding protein 43
MoA  Mechanism-of-action
ThT  Thioflavin-T
SEC  Size exclusion chromatography
FTLD  Frontotemporal lobar degeneration
GuHCl  Guanidine hydrochloride
PEG  Polyethylene glycol
SPR  Surface plasmon resonance

SDS  Sodium dodecyl sulfate

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40035- 024- 00444-7.

Additional file 1. Table S1. Basic properties and activities of surfactants.

Additional file 2. Table S2. TDP-43 detection from frozen brain using IHC, 
immunoblot, and SAA.

Additional file 3. Table S3. Patients’ demography.

Additional file 4. Material and methods. Figure S1. Development of an 
ultrasensitive TDP-43 SAA. Figure S2. Seed-specificity of the enhanced 
TDP-43 SAA. Figure S3. Original time courses of ThT fluorescence in the 
presence of patient-derived brain homogenates (1:250 dilution). Fig-
ure S4. Effects of Brij-58 in the detection of TDP-43 aggregates from 
patient-derived brain tissues. Figure S5. Detection of TDP-43 aggregates 
in patient-derived brain tissues using SAA and immunoblot. Figure S6. 
Original time courses of ThT fluorescence in the presence of patient-
derived brain homogenates (1:1250–156250 dilutions). Figure S7. A result 
of TDP-43 SAA for four neurologically healthy controls in a second cohort. 
Figure S8. IHC images of brain tissues probing phosphorylated TDP-43 
at Ser409/410. Figure S9. Brij-58 dramatically accelerates amplification 
of TDP-43 seed amplification. Figure S10. Original time courses of ThT 
fluorescence in the presence of 16 ng seeds and 1 M urea. Figure S11. 
SPR sensorgrams and dose-response curves of surfactant. Figure S12. 
Liquid droplet assay. Figure S13. Far-UV circular dichroism (CD) analysis of 
the Brij-58/TDP-43 complex. Figure S14. Size exclusion chromatography 
(SEC) analysis of the Brij-58/TDP-43 complex. Figure S15. Brij-58 does 
not significantly affect the structure or stability of seed fibrils. Figure S16. 
Brij-58 improves the detection limit of Aβ SAA. Figure S17. Brij-58 did not 
bind to αSyn, nor improves the detection limit of αSyn SAA.

Acknowledgements
Not applicable.

Author contributions
R.H. designed the study and the main conceptual ideas. Y.R. sampled brain tis-
sues and performed histopathological analysis. R.H., S.S., and T.K.N. performed 
the other experiments with the contribution percentages of 30%, 60%, and 
10%, respectively. M.I. and Y.S. aided in interpreting the results and worked on 
the manuscript. R.H. wrote the manuscript. S.S. and Y.R. helped the writing. N.Y, 
K.O., M.Y., Y.I., Y.S., and T.S. collected human specimens.

Funding
This work was supported by grants from SERIKA Foundation (to R.H.), Yukihiko 
Miyata Memorial Trust for ALS research (to R.H.), JSPS KAKENHI JP23K06935 (to 
Y.R.), JP22K07359 (to Y.R.), and JP22K06744 (to M.I.).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
We included seven patients with sporadic ALS/FTLD-TDP and seven neuro-
logically healthy controls. The cases were autopsied at the Institute of Medical 
Science for Aging, Aichi Medical University, Japan. Research-purpose archiving 
of autopsied tissues was approved by the ethical committee of the university.

Consent for publication
Not applicable.

Competing interests
R.H., M.I., and Y.S. are the authors of a pending patent on the mSAA developed 
in this study. The other authors declare no potential conflicts of interest.

https://doi.org/10.1186/s40035-024-00444-7
https://doi.org/10.1186/s40035-024-00444-7


Page 5 of 5Sakamoto et al. Translational Neurodegeneration           (2024) 13:51  

Received: 23 June 2024   Accepted: 17 September 2024

References
 1. Ferreira NDC, Caughey B. Proteopathic seed amplification assays for 

neurodegenerative disorders. Clin Lab Med. 2020;40(3):257–70.
 2. Johnson BS, Snead D, Lee JJ, McCaffery JM, Shorter J, Gitler AD. TDP-43 is 

intrinsically aggregation-prone, and amyotrophic lateral sclerosis-linked 
mutations accelerate aggregation and increase toxicity. J Biol Chem. 
2009;284(30):20329–39.

 3. Jarrett JT, Berger EP, Lansbury PT Jr. The carboxy terminus of the 
beta amyloid protein is critical for the seeding of amyloid formation: 
Implications for the pathogenesis of Alzheimer’s disease. Biochemistry. 
1993;32(18):4693–7.

 4. Scialò C, Tran TH, Salzano G, Novi G, Caponnetto C, Chiò A, et al. TDP-
43 real-time quaking induced conversion reaction optimization and 
detection of seeding activity in CSF of amyotrophic lateral sclerosis and 
frontotemporal dementia patients. Brain Commun. 2020;2(2):fcaa142.

 5. Fontana E, Bongianni M, Benussi A, Bronzato E, Scialo C, Sacchetto L, 
et al. Detection of TDP-43 seeding activity in the olfactory mucosa 
from patients with frontotemporal dementia. Alzheimers Dement. 
2024;20(2):1156–65.

 6. Salvadores N, Shahnawaz M, Scarpini E, Tagliavini F, Soto C. Detection of 
misfolded Aβ oligomers for sensitive biochemical diagnosis of Alzhei-
mer’s disease. Cell Rep. 2014;7(1):261–8.

 7. Metrick MA, do Carmo FN, Saijo E, Hughson AG, Kraus A, Orrú C, et al. 
Million-fold sensitivity enhancement in proteopathic seed amplification 
assays for biospecimens by Hofmeister ion comparisons. Proc Natl Acad 
Sci U S A. 2019;116(46):23029–39.

 8. Takada F, Kasahara T, Otake K, Maru T, Miwa M, Muto K, et al. Identification 
of α-synuclein proaggregator: rapid synthesis and streamlining RT-QuIC 
assays in Parkinson’s disease. ACS Med Chem Lett. 2022;13(9):1421–6.

 9. Orrú CD, Hughson AG, Groveman BR, Campbell KJ, Anson KJ, Manca M, 
et al. Factors that improve RT-QuIC detection of prion seeding activity. 
Viruses. 2016;8(5):140.


	Ultrasensitive detection of TDP-43 and amyloid-β protein aggregates using micelle-assisted seed amplification assay
	Main text
	Acknowledgements
	References


