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Abstract 

Alzheimer’s disease (AD) is characterized by the accumulation and aggregation of tau and amyloid-

β (Aβ). The pathophysiology and progression of AD are facilitated by the neurotoxic effects of these 

aggregated proteins resulting in neurodegeneration and memory loss. In this context, the interaction 

between tau and Aβ42 is considered but the mechanism behind their pathology associated interplay 

is not clear. Here, we addressed this question by studies of aggregation of full-length, unmodified 

tau and Aβ42 at physiologically low concentrations using atomic force microscopy (AFM). AFM 

imaging and data analyses demonstrate an increase in tau aggregation in the presence of Aβ42, 

characterized by increased sizes and number of aggregates. Importantly, tau aggregation occurs 

without the need for phosphorylation or any other post-translational changes. The analysis of the 

data demonstrates that tau and Aβ42 form co-aggregates, with no visible accumulation of Aβ42 

aggregates alone. Given that the catalysis of tau aggregation by Aβ42 is observed at physiological 

low nanomolar concentrations of Aβ42, the finding suggests that such aggregation catalysis of tau by 

Aβ42 can be a molecular mechanism underlying pathological tau aggregation process associated with 

onset and development of Alzheimer’s disease. 
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1. Introduction 

Alzheimer’s disease (AD) is the most common form of dementia, affecting nearly two-thirds of 

individuals over 65 years of age[1]. Its two major pathological hallmarks are the accumulation of 

amyloid-beta (Aβ) aggregates and the formation of tau-containing neurofibrillary tangles, 

particularly in the entorhinal cortex, limbic regions, and associated cortices[2–4]. Notably, these 

changes begin up to two decades before clinical onset of AD [5], underscoring the importance of 

understanding the molecular mechanisms that drive tau &Aβ pathology. In their monomeric forms, 

both tau & Aβ serve essential neuronal functions: Aβ contributes to synaptic activity and plasticity, 

while tau stabilizes microtubules and maintains cytoskeletal integrity[2–5]. However, conformational 

transitions trigger the misfolding of Aβ and tau, which lead to toxic aggregation [4,6]. While tau-

containing neurofibrillary tangles have historically defined AD pathology, tau oligomers are 

increasingly recognized as critical drivers for tau propagation and synaptic disruption. Similarly, 

oligomeric Aβ species are increasingly linked to neuronal toxicity, suggesting that toxic oligomers 

for both proteins, rather than their mature aggregates, are central to disease progression [7–10]. 

Increasing evidence points to a synergistic relationship between Aβ and tau in AD [11,12]. For 

instance, Aβ deposition correlates with the spread of tau aggregates [13–15], possibly by promoting 

tau oligomerization, a process linked to synaptic dysfunction, calcium dyshomeostasis, and 

microtubule destabilization, although the causal mechanisms remain uncertain [16–18]. In addition, 
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Aβ activates kinases such as CDK-5 and GSK-3β, which are associated with tau 

hyperphosphorylation and may thereby contribute to tau-mediated neurotoxicity [8]. Collectively, 

these findings suggest that Aβ and tau aggregation may be mechanistically linked in AD 

development [16,19,20], however, the precise molecular basis of their interaction remains unclear. 

In this work, we examined the interplay between native full-length tau and Aβ42 at 

physiologically relevant nanomolar concentrations. Using atomic force microscopy (AFM), we 

directly visualized the aggregation of Aβ42 and tau, enabling the characterization of the aggregation 

process. Our findings indicate that Aβ42 at nanomolar levels can accelerate the aggregation of 

unmodified tau, and that the two proteins are capable of coaggregation. 

2. Results 

2.1. Experimental Setup 

To mimic the aggregation process of Aβ42 at physiologically relevant environment 

concentrations, specifically in the low nanomolar range [21], we employed the on-surface aggregation 

approach[22,23], in which AFM is used to directly visualize aggregates assembled as a function of 

time on a mica substrate. We placed pieces of cleaved mica in protein solutions and incubated the 

mica for 2 minutes, 3 hours, and 5 hours. After which the mica was rinsed, dried, and imaged with 

AFM to visualize aggregate formation. Figure S1 provides a schematic of this approach. 

2.2. AFM imaging of Tau Aggregation 

AFM images of mica specimens incubated in a solution of tau protein at 10 nM are shown in 

Figure 1. Initially (2 min, Figure 1a), only a few particles of round shape were seen. A few zoomed-

in images, indicated with arrows labelled i, ii, and iii, are shown below in Figure 1a. As incubation 

time increased to 3 hours (Figure 1b), the number of tau aggregates on the surface increased. 

Similarly, zoomed images of a few particles (i, ii, and iii) are shown below Figure 1b. These are 

visually larger particles compared with those in Figure 1a. 

The aggregation is more pronounced after 5 hours of incubation (Figure 1c), as illustrated by a 

few zoomed-in images in Figure 1c (i, ii, and iii). Together, these data indicate that over the 5-hour 

incubation period, tau progressively self-assembles into larger aggregates, demonstrating that even 

unmodified tau can undergo aggregation at low nanomolar concentrations. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 October 2025 doi:10.20944/preprints202510.0376.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0376.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 12 

 

 

Figure 1. AFM imaging of tau aggregation. Representative AFM topographic images of tau aggregates on mica 

surfaces at different incubation times. (a) 2 minutes, (b) 3 hours, (c) 5 hours. Arrows indicate examples of 

aggregates. (a, i-iii) represents zoomed-in particles from 2 minutes. (b, i-iii) represents zoomed-in particles from 

3 hours. (c, i-iii) represents zoomed-in particles from 5 hours. (d)Tau height distribution for 2 minutes, and 5 

hours with baseline shift. 

The direct quantification of particle size distribution was achieved by measuring the heights of 

particles appearing on the mica substrates over time. Ten line traces were drawn across the images 

(Figure S2a), and the variability in particle heights along each line is shown in Figure S2b, with each 

line represented by a different color. These measurements from different images were used to 

generate the histograms in Figure 1d, where the light blue and dark blue bars correspond to the 2-

minute and 5-hour incubation times, respectively. The shift toward larger particle heights at 5 hours 

reflects the progressive aggregation of tau over time. Three independent experiments were 

conducted, Figure S3 demonstrates the overlap plot of the height traces for 2 minutes and 5 hours, 

providing a clearer visual representation of data reproducibility. Table 1 shows the median height 

measurements for each replicate (median ± MAD), where MAD is the median absolute difference, as 

well as the mean and mean absolute difference (MAD) of the three experiments for 2 minutes and 5 

hours. The change from 2 minutes to 5 hours is statistically significant (p < 0.01). 

Table 1. Height trace measurement from tau aggregation at 2 minutes and 5 hours. 

 

(Exp 1, 2, and 3 display median ± MAD of the median). 

A control experiments using tau proteins (10 nM) in the bulk were conducted to evaluate the 

impact of the surface on aggregation kinetics (Figure S4). The number of aggregates in the bulk 

solution (Figure S4a) was less compared to the images corresponding to the aggregation on mica 

(Figure S4b), and this difference is illustrated by the data in Table S1, in which the number of 

aggregates depending on time is counted. 
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2.3. AFM Imaging of Aβ42 Aggregation 

Similar experiments were done for 10 nM Aβ42 aggregation, and the results are presented in 

Figure 2. 

 

 

Figure 2. Experimental data for Aß42 aggregation. AFM topographical images of the on-surface aggregation of 

10nM Aß42 protein for (a) 2 minutes, (b) 3 hours, and (c) 5 hours. (d) Aβ42 height distribution for 2 minutes and 

5 hours with baseline shift. 

A few bright particles (indicated by arrows) corresponding to Aß42 aggregates, and this number 

grows over time (Figure 2b, c). Note, Aβ42 is 10 times smaller than the tau protein. The histograms 

corresponding to the particle size distribution for AFM images taken at 2 minutes and 5 hours are 

shown in Figure 2d to illustrate the growth of particle sizes over time. Three independent 

experiments were performed, and Figure S5 demonstrates the overlap plot of the height traces for 2 

minutes and 5 hours, providing a clearer visual representation of data reproducibility. Table 2 shows 

the median height measurements for each replicate (median ± MAD) of the three experiments for 2 

minutes and 5 hours. The change from 2 minutes to 5 hours is statistically significant (p < 0.01). 

Table 2. Height trace measurement from Aβ42 aggregation at 2 minutes and 5 hours. 
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(Exp 1, 2, and 3 display median ± MAD of the median). 

2.4. AFM Imaging of Tau-Aβ42 Coaggregation 

Next, tau and Aβ42 proteins at 10 nM were mixed, and the experiment was repeated as described 

above for the individual proteins. AFM images are shown in Figure 3. Initially (2 min, Figure 2a), 

only a few particles of round shape were seen. A few zoomed-in images, indicated with arrows 

labelled i, ii, and iii, are shown below in Figure 3a. As incubation time increased to 3 hours (Figure 

3b), the number of tau-Aβ42 aggregates on the surface increased. Similarly, zoomed images of a few 

particles (i, ii, and iii) are shown below Figure 3b. These are visually larger particles compared with 

those in Figue 1b. The aggregation is more pronounced after 5 hours of incubation (Figure 3c), as 

graphically illustrated by a few zoomed-in images in Figure 3c. Overall, these data demonstrate that 

the coaggregation of tau-Aβ42 is more pronounced than the aggregation of either tau or Aβ42 

individually. 

 

 

Figure 3. AFM imaging of tau-Aβ42 coaggregation. Representative AFM topographic images of tau-Aβ42 

aggregates on mica surfaces at different incubation times. (a) 2 minutes, (b) 3 hours, (c) 5 hours. Arrows indicate 

representative aggregates. (a, a.i-iii) represents zoomed-in particles from 2 minutes. (b, bi-iii) represents zoomed-

in particles from 3 hours. (c, i-iii) represents zoomed-in particles from 5 hours. (d) Tau-Aβ42 height distribution 

for 2 minutes, 3 hours, and 5 hours with baseline shift. 

The height value analysis was conducted, and the data are presented in Figure 3d, illustrating a 

significant shift in height values over time. Three independent experiments were performed, and 

Figure S6 illustrates the overlap plot of the height traces for 2 minutes and 5 hours, providing a clearer 
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visual representation of data reproducibility. Table 3 shows the median height measurements for 

each replicate (median ± MAD) of the three experiments for 2 minutes and 5 hours. The change from 

2 minutes to 5 hours is statistically significant (p < 0.01). 

Table 3. Height trace measurement from tau-Aβ42 aggregation at 2 minutes and 5 hours. 

 

(Exp 1, 2, and 3 display median ± MAD of the median). 

2.5. Comparative Analysis of AFM Image Data 

Figures 4a, 4b, and 4c provide a comparative aggregation profile by overlapping the height 

distributions of tau, Aβ42, and co-aggregated tau & Aβ42 at 2 minutes, 3 hours, and 5 hours. Blue, 

orange, and green traces represent tau, Aβ42, and tau & Aβ42, respectively. These overlays highlight 

that Aβ42 enhances tau aggregation, as the combined tau & Aβ42 samples consistently show higher 

height values, most notably at 5 hours. The data assembled at this incubation time demonstrate that 

there is no overlap between the height values of aggregates assembled with the tau-Aβ42 mixture 

(green histogram) and the histograms for the height values of the protein aggregated separately 

(orange and blue histograms). This finding suggests that the primary co-aggregation of these two 

proteins occurs more frequently than their independent aggregation. 

To count the number of particles each hour, two separate frames were used for each hour, and 

the average is shown in Supplementary Table S2. For this particle counting, the volume cutoff for tau 

and Aβ42 was determined from the calibration curve [24] and used the approximate monomer size 

volume as a cutoff. 

 

Figure 4. Comparative quantitative analysis of AFM images. (a) Overlapping height distribution of tau (blue), 

Aβ (orange), and tau & Aβ aggregates (green) at 2 minutes, (b) 3 hours, and (c) 5 hours. 

3. Discussion 

Our studies revealed several novel features of tau aggregation and the role of Aβ42 in this 

process. First, we demonstrate that tau can aggregate at low nanomolar concentrations, suggesting 

that even small amounts of free tau in cells may be sufficient to initiate aggregation. In cells, tau is a 

structural protein present at concentrations of up to 2 μM as part of microtubules [25] , but 

spontaneous dissociation can release free tau capable of forming aggregates [26,27]. Second, whereas 

most studies associate tau aggregation with phosphorylation or even hyperphosphorylation [28,29], 

our data demonstrates unmodified, wild-type tau can aggregate, indicating that phosphorylation is 
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not required for this process. Third, our findings suggest that Aβ42 catalyzes the aggregation of tau, 

as visually evident in the AFM images (Figure 3a-c). Importantly, quantitative analysis (Figure 4) 

further shows that these two proteins co-aggregate with no free Aβ42 aggregates found after 5 hours 

(Figure 4c). These results imply that all Aβ42 is associated with tau aggregates. Hence, a 10-fold 

difference in size allows tau to accommodate several Aβ42 molecules, possibly in the oligomeric form. 

We posit that misfolded tau and Aβ42 interact to form a more aggregation-prone complex. Based on 

these findings, we propose the model in Figure 5 for tau aggregation in the presence of Aβ42, in 

which a direct interaction of Aβ42 with tau leads to the co-aggregation of tau and Aβ42, occurring 

more rapidly than free tau aggregation. Thus, the Aβ42-defined catalysis of tau aggregation is 

determined by the tau-Aβ42 assembly, resulting in the misfolding and aggregation, which could 

contribute to the pathology process. 

 

Figure 5. Graphical model of tau- Aβ42 interaction pathway. (a) Formation of Aβ oligomer. (b) Formation of tau 

oligomer, (c) Co-aggregation of tau-Aβ when mixed. 

The significance of our findings to the pathological features of tau and Aβ42 in the AD 

development is discussed below. 

The hallmarks of AD are senile plaques assembled primarily with Aβ42 and neurofibrillar 

tangles (NFT) formed by tau [30–32] . More recent experimental research suggests that Aβ promotes 

NFT development by facilitating either direct or indirect interactions with tau [20,33–37]. Our data 

directly show the catalysis of tau aggregation by Aβ42. Importantly, the tau aggregation is markedly 

enhanced by Aβ42, even at a low concentration of 10 nM. As previous studies show that it is within 

the range of the intracellular concentrations of soluble Aβ in neurons, this concentration is very 

significant [38]. 

The demonstration of tau protein aggregation, without any post-translational modifications 

such as phosphorylation, is another crucial finding. Most in-vitro tau aggregation studies employ 

chemical modifications, truncations, inducers, or mutations to induce fibrillization[18,39]. However, 

our findings demonstrate that full-length, unaltered tau can assemble on mica surfaces in a period 

comparable to that of Aβ42, under physiological conditions. While tau pathology in Alzheimer’s 

disease is commonly associated with hyperphosphorylation, our research suggests that tau has the 

inherent capacity to aggregate. 

Extracellular tau oligomers have also been found to be pathologically active in Alzheimer’s 

disease, despite tau’s neurotoxicity traditionally being linked to its formation into intracellular 
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neurofibrillary tangles. In animal models, short-term exposure to extracellular oligomeric tau reduces 

memory and hippocampus long-term potentiation (LTP), even when fibrillar deposits are not present 

[40,41]. The presence of Aβ extracellularly is associated with its formation of plaques; however, these 

extracellular Aβ monomeric or oligomeric forms can also contribute to tau aggregation. In this 

instance, our demonstration of on-surface aggregation of Aβ42 and tau can be a mechanism that 

further catalyzes their co-aggregation in the presence of cell membranes and other organelles. 

We have shown that phospholipid bilayers mimicking the cell membrane catalyze Aβ42 

aggregation [42,43] so this mechanism can be applied to the tau-Aβ42 co-aggregation. The findings 

also suggest that tau may undergo conformational changes that facilitate self-assembly in specific 

microenvironmental settings, such as those found in intracellular compartments or near membrane 

interfaces. This supports the idea that phosphorylation may not be the exclusive focus of early stages 

of tau aggregation, but Aβ42 can play a critical role. 

4. Materials and Methods 

4.1. Preparation of Protein Stock Solutions 

Human recombinant wild-type protein tau-441 (2N4R), Catalog No. SPR-47, monomers were 

purchased from StressMarq Biosciences Inc. The lyophilized protein was reconstituted in 10 mM 

HEPES buffer (pH 7.4) containing 100 mM NaCl and stored at −80 °C. Working solutions were freshly 

prepared by serial dilution of the stock to achieve a final concentration of 10 nM in HEPES buffer (pH 

7.4). 

Lyophilized Aβ42 peptide (Catalog No. RP10017; GenScript, New Jersey, USA) was prepared 

following a previously established protocol [25,26]. To eliminate any pre-existing aggregates, the 

peptide was first dissolved in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) in a glass vial to a final 

concentration of 50 μM. The HFIP was allowed to evaporate overnight at room temperature under a 

gentle nitrogen stream, leaving a thin peptide film. This film was then re-dissolved in DMSO to obtain 

a stock solution, which was stored at −20 °C until use. Before each experiment, an aliquot of the stock 

solution was dialyzed against 10 mM HEPES buffer (pH 7.4) and subsequently diluted to a final 

concentration of 10 nM for use. 

For mixed-protein aggregation experiments, tau and Aβ42 were prepared separately as 

described above, and equal volumes were combined to yield a final concentration of 10 nM each in 

10 mM HEPES buffer (pH 7.4). 

4.2. Sample Preparation to Monitor On-Surface Aggregation 

Freshly cleaved mica sheets were used as substrates for the on-surface aggregation assays. Small 

pieces of mica were incubated with tau, Aβ42, or tau–Aβ42 mixture solutions (10 nM final protein 

concentration) in Eppendorf tubes for up to 5 hours. At defined time points (2minutes, 3hr, and 5hr), 

the mica substrates were carefully removed, rinsed thoroughly with deionized water, dried under an 

argon stream, and finally pasted to a metal puck with sticky tape. The samples were then kept in a 

vacuum overnight to ensure complete drying before AFM imaging. 

4.3. AFM Imaging and Analysis 

AFM images were acquired in standard tapping mode under ambient conditions using a 

Multimode Nanoscope IV system (Bruker-Nano, Santa Barbara, CA). TESPA probes with a nominal 

resonance frequency of 310–340 Hz and a spring constant of ~42 N/m were used for imaging. Before 

starting imaging, autotuning was performed in nanoscope software. The scan rate for the scanning 

was in the range of 1 to 1.5Hz. Scan size was 1.5 × 1.5 μm² with 1024 samples/line. 
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4.4. Image Analysis and Data Handling 

Topographical images were plane-adjusted and flattened using a polynomial function in 

Gwyddion v2.66 (Gwyddion, Czech Republic). Direct quantification of particle size distribution 

becomes statistically complex due to the large degree of morphological heterogeneity. However, we 

can approximate aggregation through changes in baseline height. Intrinsically disordered proteins 

(IDPs), such as tau and AB42, are known to coat surfaces; here, we exploited this property and 

measured the baseline height by comparing buffer-treated controls with Ab42-treated samples. 

Supplementary Figure S7 displays control histograms (no protein, only buffer) and those with protein 

present for 2 minutes and 5 hours. In Figure S7a, a clear baseline shift of height to the right is observed 

when protein is present, with gray representing control and orange representing Aβ42. Figure S4b 

shows an even more prominent baseline shift after 5 hours, indicating increased aggregation. We 

acquired height traces in Gwyddion v2.66 (Gwyddion, Czech Republic), extracted the values in nm, 

and plotted the histograms in MagicPlot Pro v2.9.3 (St. Petersburg, Russia). The method is illustrated 

in the supplementary section (Figure S2). For each time point and sample type (tau, Aβ42, and their 

mixture), AFM images from 1.5 × 1.5 μm² scan areas were analyzed. A Student’s t-test was performed 

to show the statistical significance. 

5. Conclusions 

This work demonstrates that Aβ42 promotes and accelerates tau aggregation at physiologically 

low concentrations (10 nM). This can be a co-aggregation process in which the interaction of tau and 

Aβ42 drives the aggregation process. The finding that the process occurs at the surfaces of tau protein 

with no modifications suggests novel molecular mechanisms for the pathological effects of both 

physiologically essential proteins. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

AFM Atomic force microscopy 

Aβ Amyloid beta 

AD Alzheimer’s Disease 

nM Nanomolar 

NFT Neurofibrillary Tangle 

MAD  Mean/Median Absolute Difference 
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