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A novel pathway for amyloids 
self-assembly in aggregates at 
nanomolar concentration mediated 
by the interaction with surfaces
Siddhartha Banerjee1,*, Mohtadin Hashemi1,*, Zhengjian Lv1,*, Sibaprasad Maity1,*,  
Jean-Christophe Rochet2,3 & Yuri L. Lyubchenko1

A limitation of the amyloid hypothesis in explaining the development of neurodegenerative diseases 
is that the level of amyloidogenic polypeptide in vivo is below the critical concentration required to 
form the aggregates observed in post-mortem brains. We discovered a novel, on-surface aggregation 
pathway of amyloidogenic polypeptide that eliminates this long-standing controversy. We applied 
atomic force microscope (AFM) to demonstrate directly that on-surface aggregation takes place at 
a concentration at which no aggregation in solution is observed. The experiments were performed 
with the full-size Aβ protein (Aβ42), a decapeptide Aβ(14-23) and α-synuclein; all three systems 
demonstrate a dramatic preference of the on-surface aggregation pathway compared to the 
aggregation in the bulk solution. Time-lapse AFM imaging, in solution, show that over time, oligomers 
increase in size and number and release in solution, suggesting that assembled aggregates can serve 
as nuclei for aggregation in bulk solution. Computational modeling performed with the all-atom MD 
simulations for Aβ(14-23) peptide shows that surface interactions induce conformational transitions 
of the monomer, which facilitate interactions with another monomer that undergoes conformational 
changes stabilizing the dimer assembly. Our findings suggest that interactions of amyloidogenic 
polypeptides with cellular surfaces play a major role in determining disease onset.

Misfolding and aggregation of amyloidogenic proteins is associated with a vast number of neurodegenerative 
diseases including Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease (HD), termed 
protein aggregation diseases1,2. Numerous studies have shown that amyloidogenic proteins are capable of sponta-
neous assembly into aggregates and eventually form fibrillar structures found in amyloid or amyloid-like depos-
its3,4. These studies have led to the amyloid cascade hypothesis, which posits that the disease onset involves a 
spontaneous assembly of amyloidogenic polypeptide, and that the accumulation of aggregates defines the disease 
state5–7. Numerous studies support this hypothesis that currently is considered the main model for the onset of 
AD, PD, HD, and other diseases. Although the amyloid cascade hypothesis cannot explain all facts related to the 
development of these diseases, it remains the major underlying hypothesis of in vitro and in vivo studies related to 
the molecular mechanisms of amyloid aggregation causing neurodegenerative diseases8. A strong support for the 
amyloid cascade hypothesis comes from recent studies that demonstrated that antibody-based immunotherapy 
against Aβ  improved cognition in a dose-dependent manner9. Evidence of similarities of structural features of 
aggregates extracted from amyloid plaques with those of Aβ  aggregates assembled in vitro provide additional sup-
port for the use of in vitro Aβ  aggregation studies for understanding Aβ  structural dynamics in vivo10. Amyloid 
aggregates can be visualized by electron microscopy and atomic force microscope (AFM) (e.g. refs 11 and 12 and 
references therein), and structural techniques including X-ray and NMR applied to fibrils have revealed a highly 
ordered arrangement of protein monomers13. However, recent studies have led to the discovery that oligomers 
rather than fibrils are neurotoxic3,14,15. Studies of these transient oligomeric species have been enabled by the 
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development of novel approaches16,17 and have shown that at the very early aggregation stage, unstructured mon-
omers form stable dimers due to structural transitions of monomers. In turn, these results suggest that the lack 
of structure in monomers can facilitate the aggregation. However, there is a serious complication with translating 
current knowledge on amyloid aggregation in vitro to understand the aggregation process in vivo —namely, the 
concentrations of amyloidogenic polypeptides are dramatically different in vivo versus in vitro. For example, 
whereas the critical concentration for the spontaneous aggregation of Aβ  peptide in vitro is in the micromolar 
range, physiological concentrations of Aβ  are in the low nanomolar range18,19. At such low concentrations, Aβ  
aggregation cannot occur in vitro. Intracellular crowding effects18 can facilitate the aggregation process, but these 
do not solve the problem. Recently, we have found that dimers of α -synuclein (α -Syn) could be assembled at 
nanomolar concentrations, if the target monomer is tethered to a surface20. These data led us to hypothesize that 
binding to the surface can be a factor dramatically facilitating the aggregation process. This hypothesis is sup-
ported by recent studies in which the assembly of large α -Syn aggregates on a glass surface was observed with the 
protein concentration in the nanomolar range21.

In the present study, we developed an approach enabling us to directly test our hypothesis. We utilized AFM 
to image assembly of aggregates on surfaces and compare this effect with their assembly in the bulk solution. We 
used full-length Aβ  protein (Aβ -42), its aggregation-prone segment Aβ (14-23) peptide and the full-size α -Syn. 
The experiments demonstrate that all these proteins on mica surface assemble into aggregates at nanomolar 
concentration with essentially no aggregation propensity in the bulk solution. Time-lapse AFM imaging exper-
iments in solution demonstrate that assembled aggregates can be released to the solution to act as seeds for the 
aggregation in bulk solution. Computational modeling allowed us to reveal the mechanism of the accelerated 
on-surface aggregation process. Given that the on-surface aggregates are oligomeric in nature, which are known 
to be the most neurotoxic species, we hypothesize that prevention of the on-surface aggregation should block the 
disease-prone process and can be considered a means for the development of future preventions and treatments 
for Alzheimer’s and similar neurodegenerative protein aggregation diseases.

Results and Discussion
Surface aggregation of Aβ-42. To directly test the hypothesis that surface interactions facilitate the 
self-assembly of amyloidogenic polypeptides, we performed systematic AFM studies of the on-surface aggrega-
tion of full size Aβ -42, Aβ (14-23) peptide and α -Syn protein at the nanomolar range. The on-surface aggregation 
schematically is shown in Fig. 1A. The mica sheets functionalized with 1-(3-aminopropyl) silatrane (APS) were 
immersed in a 100 nM solution of Aβ -42 in 10 mM sodium phosphate buffer (pH 7.4). After a certain incubation 
time, a mica sheet was removed from the solution, rinsed with water, dried and imaged with AFM. The samples 
were prepared for incubation times 0 h, 24 h, 48 h and 72 h, and typical images are shown in Fig. 1B, plates i-iv, 
respectively. The surface for the initial sample (0 h, plate (i)) is clean, but globular aggregates appear after a 24 h 
incubation time (plate (ii)), and the surface is quite densely coated with aggregates after 48 h (plate (iii)). The 
aggregate sizes are larger for the 72 h sample (plate (iv)). In parallel with the on-surface aggregation, aggregation 
of the same solution of the protein in the absence of a mica surface (aggregation in the bulk solution) was per-
formed. A set of typical images is shown in Fig. 1C. No aggregation was detected for these samples. Only after 72 h 
of incubation in the bulk solution, a few globular features are noticeable (Fig. 1C, plate viii).

To quantitatively characterize the aggregation process, we measured the aggregate volume and num-
ber at all incubation times, and the data are shown in Fig. 1D and Supplementary Fig. 1. The distribution 
of aggregate volumes is approximated with a single Gaussian for the 24 h incubation with a maximum of 
107.2 nm3 (Supplementary Fig. 1A), but the distributions are bimodal for two longer aggregation times (48 h 
(Supplementary Fig. 1B) and 72 h (Supplementary Fig. 1C)), indicating the formation of two sets of aggregates. 
The sizes of aggregates that appear after a 72 h incubation in the bulk solution were also measured, and the dis-
tribution is shown in Supplementary Fig. 1D. The overall number of counts is low due to a low yield of globular 
aggregates, and their sizes are more than 50 times smaller than those found for the aggregates formed on the 
surface. Thus, interaction with the surface dramatically enhances the Aβ -42 aggregation process.

Next, to characterize the aggregation process further, we performed time-lapse AFM imaging experiments 
in which images were taken over the same surface area continuously after injecting 100 nM Aβ -42 protein in 
10 mM phosphate buffer (pH 7.4) into the fluid cell. AFM images for selected observation times are shown in 
Supplementary Fig. 2A. Frame (i) shows the image of the surface prior to adding the protein, illustrating that the 
surface is clean. The next frame (ii) shows the image taken after 10 min, and here again no protein aggregates are 
seen. As the incubation time increases, new aggregates appear on the surface. For example, frame (iii) illustrates 
that quite a large number of aggregates appear after 5 h incubation. Comparison with the images taken after 
6 h demonstrates the dynamics of the aggregation process in which aggregates are formed and dissociate and 
grow. For example, an aggregate circled in yellow in frame (iii) is no longer present in (iv), and the aggregate 
circled in yellow in (iv) disappears in (v), suggesting that these aggregates have dissociated from the surface. At 
the same time, a new aggregate circled in green appears in (iv). The aggregate indicated by a dotted black circle 
remains throughout the time-period of imaging (Supplementary Fig. 2iii–vii) and serves as a marker to monitor 
the changes occurring in other aggregates. The aggregates marked with a yellow dotted circle dissociate from the 
surface, whereas the new aggregates which appear on the surface are indicated with a green dotted circle. The 
results are summarized graphically in Supplementary Fig. 2B. In this graph, the time-dependent changes of over-
all volume and number of aggregates are plotted. The graphs demonstrate that the particle volumes increase over 
time monotonically, although the number of aggregates is not monotonic, indicating that aggregation occurs as a 
dynamic process in which aggregates can dissociate from the surface. To illustrate these dynamics for individual 
aggregates, we numbered a few particles as shown in Supplementary Fig. 2 iii-vii. For example, the aggregate 
marked ‘1’ stays in plates iii and iv (Supplementary Fig. 2A) but disappears in plate v. The aggregate marked ‘2’ 
shows up in plate iv and disappears in plate vii (Supplementary Fig. 2A). Measurement of the aggregate sizes 
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(Supplementary Table 1) demonstrated that some of the aggregates grow in size leading to an increase in volume 
(aggregates ‘3’, ‘4’, ‘5’ and ‘6’), whereas some dissociate from the surface (aggregates ‘1’ and ‘2’). To estimate the 
subunit numbers of the oligomers, we compared the volumes determined here with volumes of isolated Aβ -42 
oligomers of specific sizes obtained by photoinduced cross-linking22. These measurements (data not shown) show 
that the heptamer and decamer have volumes of 60.3 ±  9.7 nm3 and 73.4 ±  12.8 nm3 respectively, suggesting that 
the oligomers formed after 8 h of the time-lapse experiment correspond to the oligomer order of heptamer to 
decamer.

Surface aggregation of peptide Aβ(14-23). The stretch of Aβ  peptide spanning residues 14 through 23 
is the segment of the Aβ -42 peptide (designated as Aβ (14-23) from hereon) that adopts β -sheet structure when 
Aβ -42 assembles into fibrils, and Aβ (14-23) itself forms fibrils in solution23,24. The on-surface aggregation exper-
iments were performed under the same conditions as in the above described experiments (100 nM Aβ (14-23), 
10 mM sodium phosphate buffer (pH 7.4) at room temperature), and the results are shown in Fig. 2. A few aggre-
gates appear as globular features after 24 h (Fig. 2A-plate i) and their sizes have increased at the 72 h incubation 
time point (Fig. 2A, plate iii). Fibrillar features were also observed and are indicated with arrows. Zoomed images 

Figure 1. Effect of surface on Aβ-42 (100 nM) aggregation. (A) Schematic of the experimental set-up to 
monitor the on-surface aggregation. APS-functionalized mica surfaces were incubated in 100 nM Aβ -42 
solution for different time intervals. Specimens were then taken out from the solution, rinsed, and then imaged 
using AFM. (B) AFM topographic images of the on-surface aggregation at different incubation time (i) 0 h, (ii) 
24 h, (iii) 48 h and (iv) 72 h. (C) AFM topographs (i–iv) show the aggregation in bulk solution at different time 
intervals of 0 h, 24 h, 48 h and 72 h, respectively. (D) The plot shows the increase in both volume and number of 
aggregates with time for on-surface aggregation.
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of the fibrils are shown as insets (Fig. 2Ai–iii), and a 3D view is shown in Fig. 2A(iii). Statistical analysis for the 
globular aggregates sizes was performed, and the data are shown in Fig. 2B. There is a considerable growth of the 
aggregates between 48 h (Fig. 2B(ii)) and 72 h (Fig. 2B(iii)), with a bimodal distribution reflecting the presence 
of large aggregates evident in the histogram corresponding to the later time point (Fig. 2B(iii)). A graph in which 
these values as well as the number of aggregates were plotted against incubation time (Fig. 2C) illustrates a mono-
tonic growth of aggregates in size and number. As a control, aggregation in the bulk solution was monitored in 
parallel. Typical AFM images for these samples are shown in Supplementary Fig. 3. Only a few aggregates were 
formed after 72 h, and no fibrillar features were found.

Time lapse experiments, similar to those carried out with the full-length Aβ 42 peptide as described above, 
were also performed for the Aβ (14-23) peptide. The same surface area was imaged continuously after injecting 
100 nM of Aβ (14-23) peptide in 10 mM sodium phosphate buffer in a fluid cell. Supplementary Fig. 4A shows 
typical images of aggregates at different time intervals: frame (i) 10 minutes after protein addition; (ii) 4 h; (iii) 
5 h, and (iv) 6 h respectively. Frame (i) illustrates the presence of a very small number of globular aggregates after 
10 min of peptide injection. As time progresses, the number and size of aggregates increases as shown in frames 
(ii) to (iv). Dynamics of association/dissociation of amyloid aggregates with the surface were also observed in 
time lapse experiments for this small fragment Aβ (14-23). The black circles in frames (ii), (iii) and (iv) indicate a 
subset of aggregates and serve as markers to monitor the changes occurring in other aggregates. A few examples 
of association (green dotted circle) and dissociation (yellow dotted circles) of Aβ (14-23) aggregates are shown 
in frames (iii) and (iv). The statistics on number and size (volume) of globular aggregates over time are shown in 
Supplementary Fig. 4B indicating a monotonic increase in both variables with time.

Surface aggregation of α-synuclein protein. To test that the observed enhancement effect of the surface 
is not limited to Aβ  peptides, we performed surface-aggregation experiments with α -synuclein (α -Syn) protein. 
Given that α -Syn is more than three times larger than Aβ -42 and the fact that we were previously able to image 
α -Syn monomers20, we anticipated being able to visualize the formation of oligomers starting with dimers. The 
surface-mediated aggregation experiment was carried out similarly to the analyses described above. Similar to 
the experiments with Aβ  peptides, mica sheets were incubated in 10 nM α -Syn solution for different time-periods 
and imaged with AFM. Typical AFM images for samples corresponding to 0 h, 24 h and 48 h incubation times are 
shown in Fig. 3A. A few globular features were seen in the initial sample (plate (i)). To characterize their sizes, 
volume measurements as described in ref. 20 were performed. These measurements are shown in Fig. 3B(i) and 
they indicate that these features are monomers. After 24 hours (Fig. 3A, plate ii), the particles become brighter 
and larger in size; the volume measurements (Fig. 3B(ii)) are consistent with the formation of oligomers larger 
than dimers. Longer incubation (48 hours) leads to the formation of aggregates with a broad range of sizes as evi-
denced by images in plate (iii) and the corresponding volume distribution (Fig. 3B(iii)). Control experiments for 
α -Syn aggregation in the bulk solution (Fig. 3C) did not reveal such a pronounced aggregation. Even after a 24 h 

Figure 2. Effect of surface on aggregation of Aβ(14-23). (A) AFM images of on-surface aggregation of 
100 nM Aβ (14-23) peptide at different time intervals: (i) 24 h, (ii) 48 h, (iii) 72 h show the presence of globular 
aggregates along with fibrils (highlighted with white arrows). The insets show zoomed images of the fibrillar 
features and a 3D view of a fibril has been shown as an inset in frame (iii). (B) Shows the volume distribution 
of the globular aggregates for (i) 24 h, (ii) 48 h and (iii) 72 h. (C) Plot showing the increase in both volume and 
number of aggregates with the increase in incubation time.
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Figure 3. Effect of surface on aggregation of α-Syn (10 nM). (A) Shows the AFM topographic images of on-
surface aggregation at different time intervals: (i) 0 h, (ii) 24 h, (iii) 48 h. (B) Shows the corresponding volume 
distribution of the aggregates. (C) Shows the aggregation of α -Syn in bulk solution. AFM images obtained after 
depositing an aliquot from the tube at (i) 0 h, (ii) 24 h and (iii) 48 h. (D) shows the volume distribution of the 
aggregates formed in bulk solution after 48 h. The inset represents the zoom scale view where two peaks in the 
histogram are observed.
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incubation, the bulk solution did not show aggregates (Fig. 3C, plate ii). The volume measurements for the 48 h 
sample reveal a major peak at 39 nm3 which is very close to the monomer volume (Fig. 3D)20. There is a secondary 
minor peak with a volume value of 66 nm3 that can be assigned to dimers-trimers.

Time-lapse measurements were also performed with a 100 nM α -Syn solution. AFM images for 2, 3 and 
5 hours of continuous observation, shown in Supplementary Fig. 5, clearly illustrate the time-dependent 
aggregation of α -Syn. Similar to the previous experiments, the surface was imaged first in 10 mM sodium 
phosphate buffer (pH 7.4) to confirm that the surface was clean (Supplementary Fig. 5A(i)). Then 100 nM 
α -Syn was injected onto the surface, and imaging was continued. A considerable number of aggregates were 
observed after 2 h (Supplementary Fig. 5A(ii)). The number of aggregates was further increased at the 3 and 
5 h time points. (Supplementary Fig. 5A(iii, iv)). The volume distribution of the aggregates indicates that the 
size of the aggregates increases with time (Supplementary Fig. 5B). Similar time-lapse experiments with 10 nM 
α -Syn demonstrating the surface induced aggregation has also been performed and the data are shown in 
Supplementary Fig. 6. Apart from globular aggregates, the formation and growth of fibrillar features was also 
visualized (Supplementary Fig. 6B). In this dataset, an initially small fibrillar complex was observed in plate (i) 
and found to grow in size over time (plate (ii) and (iii)), but became smaller later on (plate (iv)). This set indicates 
that the assembled complex is not stable and can dissociate. A control experiment in connection with all of the 
time-lapse studies mentioned above was performed by imaging a mica surface in 10 mM sodium phosphate buffer 
(pH 7.4) without any protein for an extended period of time (up to 6 h) (Supplementary Fig. 7). This experiment 
did not show the appearance of any aggregate like features even after 6 h.

Computer modeling of the on-surface dimer formation of Aβ(14-23). In order to understand the 
effect of the surface on aggregation, we performed all-atom molecular dynamics (MD) simulations of interactions 
of Aβ (14-23) monomers with the mica surface, Fig. 4A. Two systems were simulated, Mica1 and Mica2, with 
initial monomer structure being adopted from23; for detailed description of the simulation parameters please see 
the Methods section.

Figure 4. Molecular dynamics simulations of on-surface aggregation of Aβ (14-23) dimers. (A) Schematic 
of the simulation system showing van der Waal representation of the atoms. Grey color is the mica structure 
excluding potassium cations, K+ are purple, Cl− are green, Na+ are brown, while peptides are colored using 
atomic names in VMD. (B) Time-dependent change of the secondary structure of the peptides determined 
using DSSP. Solid gray bar separates the two monomer, with monomer A being below the separator. (C) COM 
distance between dimer and mica surface, blue, and the minimum distance of dimer backbone and mica 
surface, red, for Mica 1 system as determined by g_mindist. Highlight indicates distance at which dimer is 
dissociated from mica surface (D) The plot shows COM distance between the two Aβ (14-23) peptides in the 
Mica 1 system; key events of the simulation are highlighted with a cartoon representation of the dimer, blue 
represents monomer A and red monomer B.
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The interaction of two peptide monomers with each mica surface was simulated, the secondary structure of 
the monomers is characterized using the defined secondary structure of proteins (DSSP) method25 (Fig. 4B). 
In the Mica1 system, Aβ (14-23) monomer A rapidly interacts with the mica surface; within the first 50 ns of 
the simulation the monomer approaches the surface. Binding of the monomer is accompanied by its structural 
transformation, going from having a small helical segment to assuming a bend structure, as seen with the change 
in secondary structure in Fig. 4B. The interaction between the monomers was characterized by the distance 
between them as a function of time as shown in Fig. 4C and D. A few snapshots illustrating the peptide structure 
are indicated along the time trajectory. The surface induces a conformation that is favorable for dimer formation, 
as is evident from the rapid recruitment of the free monomer and the formation of a dimer bound to the surface, 
Fig. 4D. Recruitment of the free monomer, monomer B, happens within the first 100 ns of the simulation; the 
dimerization causes a structural change in the previously free monomer, Fig 4B. However, the newly formed 
dimer is only formed transiently and for the next ~200 ns forms and dissociates multiple times as is demonstrated 
by the fluctuation of the dimer-surface plot in Fig 4C. The dimers interact with the surface primarily staying in 
contact with the surface through interactions involving a few residues and rarely lie fully on the surface. The 
behavior of the Aβ (14-23) monomers in the Mica2 system is very similar to the Mica1 system, with the exception 
that the interaction of peptides with the surface is not as strong, and the conformation of the dimers formed is less 
compact, Supplementary Fig. 8.

Modeling of Aβ(14-23) dimer formation on DLPE surface. Next we performed similar MD simu-
lations using the DLPE lipid bilayer system that mimics membrane surfaces26,27. Two monomers were placed 
above and below the bilayer (Fig. 5A inset). The initial orientations of the monomers on the outside and inside 
facing leaflets are opposite of each other to determine if the initial approach orientation has an effect on the sur-
face interaction. Similar to the results for the mica surface, the monomers assemble into dimers, but the process 
occurs more rapidly. As shown in Fig. 5A, in both dimers, the monomers interact with the surface within 20 ns 
followed by a rapid dimer formation process. Structural changes occur in monomers upon the interaction with 
the surface. Fig. 5B demonstrates the structural dynamics of the monomers over the entire simulation time. The 
initial structure containing small helical segments becomes largely unstructured with β -bridge, turn, or bends. 
The dimer interacts with the surface and re-organizes on the surface. Through this re-organization, monomers 

Figure 5. Interaction of four Aβ(14-23) monomers with a DLPE bilayer. (A) The distance between two 
pairs of monomer over time. The inset shows the initial placement of the monomers with respect to the bilayer. 
Aβ (14-23) monomer A is colored blue, monomer B is colored magenta, monomer C is depicted in brown, 
monomer D in green, and the bilayer is colored according to the atom names in VMD. Monomers A and B are 
on the upper leaflet side of the bilayer. (B) Shows the secondary structure of individual monomers during the 
interaction with the bilayer. (C) Depicts the frequency of interaction of the four Aβ (14-23) monomers along 
with the number of backbone contacts between each monomer and the PO4 headgroups of the bilayer. The 
associated frequency histograms are shown to the right.
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are able to dissociate from and re-associate with the surface – but still remain as dimers. This dynamic behavior is 
seen as fluctuations in the number and duration of contacts during the simulation, Fig. 5C.

The simulations suggest the following model for the surface effect on dimer formation. Interaction of a mon-
omer with the surface is accompanied by the structural transition of the monomer. Another monomer binds to 
the immobilized monomer, forms a dimer in which both monomers undergo a structural transition. As a result, 
the interaction with the surface accelerates the formation of dimers. Compared to our previous simulations for 
dimer formation by free Aβ (14-23) monomers in which no major structural changes were observed during the 
first ~200 ns23, we have an almost five-fold faster structural transition when the peptides interact with the surface.

Conclusions
We have shown that the interaction of amyloid proteins with surfaces presents a unique opportunity to allow 
the protein to assemble into aggregates at concentrations that are non-permissive for aggregation in solution. 
This finding eliminates a major problem with understanding the spontaneous appearance of plaques in the AD 
brain due to the apparent gap between known extracellular Aβ  concentrations in vivo (in the low nM range) and 
the concentration required for spontaneous aggregation in vitro (which is in the μ M range). Importantly, the 
on-surface aggregation is a dynamic process, so the assembled aggregate can dissociate from the surface to the 
bulk solution. This mechanism is confirmed by direct measurement of the concentration of Aβ -42 aggregates in 
solution depending on the presence of the mica surface. The data shown in Supplementary Fig. 9 demonstrate 
that in the presence of mica, the concentration of Aβ -42 aggregates in solution is considerably higher than in 
the control, and this number grows with time. As a result, these dissociated oligomers can play roles as seeds for 
aggregation in the bulk solution, or start a neurotoxic effect such as phosphorylation of the tau protein to initiate 
its misfolding and aggregation followed by neurodegeneration8. Additionally, in the vast majority of cases, we 
found that aggregates formed on the surface are oligomers, which are considered to be the most neurotoxic amy-
loid aggregates. Although the experimental data presented was for APS-mica, a very similar effect was observed 
for the bare mica. Additionally, we are currently performing experiments with the use of a lipid bilayer surface. 
Preliminary results show an even stronger on-surface aggregation effect for the lipid bilayers compared with APS 
and bare mica. Therefore, we posit that on-surface aggregation is a general mechanism by which neurotoxic amy-
loid aggregates are produced under physiological conditions.

With regard to applications of this work to AD development, we propose the following model in the frame-
work of the amyloid cascade hypothesis in which interaction of amyloidogenic polypeptides with cellular 
membranes plays an important role for the disease-related aggregation process. Under normal conditions, the 
interaction of intracellular or extracellular amyloid proteins with intracellular or extracellular membranes is 
weak, so small aggregates assemble. These are unstable and dissociate into monomers either on the surface or 
after dissociation from the membrane. A change in membrane properties leading to an increase in affinity of 
amyloid proteins to the membrane surface will shift the process to the formation of more stable oligomers that 
remain intact after dissociation from the surface, and this assembly triggers the disease-related aggregation pro-
cess. This mechanism does not require elevation of the amyloid peptide concentration, and indeed the concen-
tration of amyloid beta peptide in blood fluctuates weakly regardless of the disease state and does not differ from 
the controls28. Also, the Aβ  clearance in late-onset AD patients drops by about one quarter29, and only a fraction 
of the Aβ  produced is trapped in amyloid plaques30. Our model is in line with recent findings31–34 that demon-
strate that the aggregation rate of amyloidogenic proteins measured in the presence of membranes of various 
types depends on the membrane composition and mechanical properties. Indirect support for the concept of 
membrane-induced aggregation comes from findings on the elevated yield of Aβ  dimers in membrane-containing 
fractions of blood from AD patients compared with controls35. Note as well our direct observation of α -Syn 
on-surface assembly at nanomolar concentrations when the initial monomer was covalently bound to the sur-
face20. Recent NMR studies on the intracellular structure of α -Syn showed that it primarily exists in cells as 
monomers in an essentially unstructured, compact conformation, but transient interaction of the protein with 
the membrane was considered9. Indeed, the on-surface assembled oligomers comprise a very small fraction of the 
protein mass in bulk solution, and only a fraction of the aggregates dissociate into the solution, so their detection 
by NMR is a challenge.

Our surface mediated amyloid aggregation model is a significant departure from the current model in which 
amyloid aggregation is linked with elevated synthesis of amyloid proteins and their accumulation in the cell to 
initiate the aggregation process. The lack of evidence for the change of amyloid protein level during the disease 
progression is a weak point of this model. Our model does not require an elevation of amyloid synthesis as the 
on-surface assembly can occur at the nanomolar concentration range of the protein. The approaches described 
in this paper can be extended to various types of surface, so future studies will provide detailed characterization 
of the on-surface aggregation process and pinpoint possible changes in cellular membrane defining the disease 
prone state of the organism.

Methods
Preparation of protein stock solutions. Aβ -42 protein (AnaSpec, Fremont, CA) and Aβ (14-23) having 
the sequence HQKLVFFAED (Peptide 2.0 company, VA, USA) were dissolved and sonicated for 5 min in 100 μ L 
of 1,1,1,3,3,3 Hexafluoroisopropanol (HFIP) to destroy pre-aggregated oligomers. Then the solvent was evapo-
rated in vacufuge (1 hr) for complete removal of HFIP. The stock solution of the protein/peptide was prepared in 
DMSO and kept at − 20 °C. Wild-type A140C α -Syn in which the C-terminal alanine was replaced with a cysteine 
was prepared as described previously36. α -Syn solutions were freshly prepared by dissolving 0.4 to 0.8 mg of the 
lyophilized powder in 200 μ L water (the pH has been adjusted to 11 with NaOH), with the addition of 1 μ L of 1 M 
dithiothreitol (DTT) to break disulfide bonds, followed by the addition of 300 μ L of 10 mM sodium phosphate 
buffer (pH 7.0). The obtained solution was filtered through an Amicon filter with a molecular weight cutoff of 
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3 kDa at 14,000 rpm for 15 min. The filtration was repeated 3 times to completely remove free DTT. The concen-
tration of the stock solutions was determined by spectrophotometry (Nanodrop® ND-1000, DE) using the molar 
extinction coefficients 1280 cm−1·M−1 and 120 cm−1·M−1 for tyrosine and cysteine at 280 nm, respectively. In 
general, freshly prepared stock solutions were used for all the experiments.

Sample preparation to monitor the on-surface aggregation. To monitor the effect of surface on 
aggregation of Aβ 42, Aβ (14-23) and α -Syn, 1-(3-aminopropyl) silatrane (APS)-functionalized mica surfaces were 
used. APS-functionalized mica surfaces were prepared by incubating freshly cleaved mica into 167 μ M of APS 
solution for 30 min, then rinsed with deionized water and dried properly with Argon stream37. The small pieces 
of surfaces were put inside the eppendorf tube (low protein binding tubes) containing 100 nM of protein solution 
[Aβ 42 and Aβ (14-23)] in 10 mM sodium phosphate buffer, pH 7.0. The substrates were taken out at desired time 
periods and rinsed thoroughly with deionized water and dried under Argon flow for imaging in ambient condi-
tion. To compare the on-surface aggregation propensity with that of in bulk solution, a tube containing the same 
stock of 100 nM protein was incubated along with the tubes with surfaces. 5 μ l solution was taken out from this 
tube and deposited onto the APS-mica at the same time periods to that of surfaces to monitor the aggregation in 
bulk solution. For α -Syn, a similar method as described above was adopted. The protein concentration used was 
10 nM.

AFM imaging and analysis. AFM images were acquired in tapping mode by Multimode Nanoscope III 
system (Bruker, Santa Barbara, CA) and MFP-3D AFM (Asylum Research, CA) using TESPA and MSNL (Bruker, 
CA) probes in air and in buffer medium respectively. The nominal spring constant for TESPA and MSNL probes 
were ~42 N/m and ~0.1 N/m, respectively. AFM topographic images were analyzed using Femtoscan Online soft-
ware (Advanced Technologies Center, Moscow, Russia). The volume of the aggregates was obtained from the 
‘Enum feature’ and ‘grain analysis’ tool in the software. The data obtained have been plotted in Origin software 
(OriginPro 2016) to generate the histograms and then they were fitted with Gaussian distribution to measure the 
mean value and errors38.

Time-lapse imaging of the aggregation event. Time-lapse imaging was carried out in Asylum MFP3D 
instrument using the MSNL probe (Bruker Corporation). First the functionalized mica surface was imaged in 
10 mM sodium phosphate buffer (pH 7.0) to obtain a clean surface, then the desired amount of protein solu-
tion was added (100 nM) and imaging was carried out. On-surface aggregation was monitored by scanning 
the surface at one hour time intervals. The results shown in Supplementary Fig. 6B have been obtained using 
Nanoscope Multimode VIII system (Bruker, Santa Barbara, CA) in Peakforce mode. A small droplet of 10 nM 
alpha-synuclein was created under the fluid cell, then the cell was inserted into scanner head and imaging was 
being continued after proper alignment of the laser. The imaging was continued in the same area to monitor the 
changes in morphology of the aggregates.

Molecular dynamics simulations. Molecular dynamics (MD) simulations were conducted using NAMD 
v 2.10 and employing CHARMM27 force field39, extended with INTERFACE FF v1.5 (INTFF) parameters for 
mica40, and the TIP3P water model41. A single layer of mica, spanning 52 ×  54 Å, was constructed using the 
INTFF provided structures. Two monomers of Aβ (14-23) were then placed at Center-of-Mass (COM) distance of 
2 nm above the mica surface. The initial monomer structure (Figure S9) was adopted from ref. 23. To mimic the 
experimental design, a Cys residue was added to the N-terminus of the peptide. The index of this Cys residue was 
set to 0 to keep the context of the other residues as the actual Aβ 42 protein. Because we do not know the behavior 
of the cations on the mica surface, we performed simulations of two different mica surfaces: one, which allowed 
the K cations to freely move during the simulation, called Mica1, and another system where the K cations were 
restrained to their crystal positions as obtained from42, called Mica2. Both systems were then solvated with TIP3P 
water molecules. Na+  and Cl−  ions were then added to neutralize the charges and maintain an ionic concentration 
of 150 mM. Other details of the simulations setup were adopted from our previous work23. 20 ns NVT simulation 
was then performed. After which 520 ns NPT production simulation, at 1 bar and 300 K, were carried out for each 
system using Crane at the Holland Computing Center (HCC) and Comet at San Diego Supercomputer Center 
(SDSC).

Similarly, an equilibrated bilayer containing 128 DLPE (1,2- didodecanoyl-sn-glycero-3-phosphoethanolamine)  
molecules was obtained from http://www.fos.su.se/~sasha/SLipids and used together with Slipids force field 
parameters43 and four Aβ (14-23) monomers, two on each side of the lipid bilayer. The Aβ (14-23) molecules were 
placed 2 nm COM above the lipid head groups. The rest of the simulation parameters, steps, and duration were 
the same as the mica simulations.

For analysis, the first 20 ns of the NPT simulation was discarded. The interaction between peptides was exam-
ined using the COM distances between each of the peptides. Likewise, the minimum distance between the pep-
tide and the mica layer was also calculated using the COM of each peptide and the Si atoms of the mica surface, 
this was done using g_distance. Similarly for the DLPE system, the distances were calculated with respect to 
the PO4 groups. Additionally, the backbone interactions of each of the monomers were also monitored using 
g_mindist. To follow the frequency of interaction of each of the peptides as they interact with the surface, the 
number of contacts between peptide backbone and the surface were monitored; contact being defined as dis-
tances less than 1 nm.
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