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Small molecules that can reduce the neurotoxic beta-amyloid (Aβ) aggregates in the brain provide 

a potential treatment for Alzheimer disease (AD). Most screening methods for small-molecule hits 

focus on the overall Aβ aggregations without a specific target, such as the very first association 

step (i.e., nucleation) en route to the Aβ oligomers. Located in the middle of a full-length Aβ 
peptide, Aβ19–20 (diphenylalanine or FF) nucleates the neurotoxic Aβ oligomer formation. Here, 

we innovate a single-molecule screen method in optical tweezers by targeting the nucleation 

process in Aβ aggregation, namely FF-dimerization. With a 121-compound National Institutes 

of Health (NIH) library, we identify 12 inhibitors and 8 stimulants that can inhibit/promote Aβ19–

20 dimerization significantly. The representative hits are subjected to the thioflavin T and cell 

toxicity assays to confirm their inhibiting or stimulating activities. By replacing FF with longer Aβ 
sequences, our single-molecule platform may identify more specific and potent small molecules to 

fight AD.

Graphical abstract

In brief

Pandey et al. report a mechano-pharmaceutical screening platform for anti-amyloid research, in 

which a bottom-up strategy recapitulates the hydrophobic core of neurotoxic beta-amyloid (Aβ) 

oligomers. The single-molecule hydrophobic core is used to screen an NIH library from which 12 

inhibitors and 8 stimulators are identified.
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INTRODUCTION

Amyloidosis is associated with the deposition of misfolded proteins called amyloids 

in tissues or organs, which alters the physiological functions of those affected.1 In 

Alzheimer disease (AD), the plaques formed by beta-amyloids (Aβ) in brain tissues lead 

to neurodegenerative symptoms that irreversibly debilitate patients’ mental functions over 

years.2,3 Drugs available to treat AD include cholinesterase inhibitors4 and the N-methyl-D-

aspartate receptor antagonist memantine, which were approved by the US Food and Drug 

Administration (FDA) decades ago.5 However, these drugs offer only symptomatic relief 

while not halting the progression of the disease. To counteract the progression of AD, 

within the past 20 years, much effort has been focused on disease-modifying drugs, which 

aim to reduce Aβ generation, prevent Aβ aggregation, or promote Aβ clearance.6 In 2021, 

the first Aβ clearance monoclonal antibody, aducanumab,7 received a conditional approval 

in the United States for the treatment of AD. However, due to its unclear efficacy and 

severe side effects, aducanumab was withdrawn from the European market in early 2024 

and is only provided with limited availability in the United States at the present time. The 

second Aβ clearance monoclonal antibody, lecanemab,8 was approved by the FDA in 2023. 

Unfortunately, this disease-modifying drug only provides limited symptomatic relief for 

early AD patients while presenting a range of side effects.9,10 Given the fact that no effective 

drug exists to fight AD, it is critical to explore other disease-modifying drugs.

Increasing evidence shows that the pathogenic events of AD originate from the misfolding 

of the Aβ peptide, followed by sequential nucleation and aggregation of the oligomers, 

protofibrils, fibrils, and plaques in the brain.1,2,11 The soluble Aβ oligomers are considered 

more toxic than the corresponding protofibrils, fibrils, and plaques.11–15 It is, therefore, 

desirable to break the train of the Aβ aggregation, especially at the early stage of the 

oligomers.11 In fact, many molecules, such as curcumin and epigallocatechin gallate 

(EGCG), have been found to be effective in disrupting the Aβ aggregation in a screening 

assay using optical density as the reporting signal.16,17 After Aβ aggregates into protofibrils 

or fibrils, they precipitate from the solution, causing decreased light transmittance as the 

incoming light is scattered off the (proto)fibrils. In an alternative approach, dyes sensitive to 

the β sheet formation, such as thioflavins, have been used to report the Aβ aggregation.18,19 

It is, however, extremely challenging to cast these two methods onto soluble oligomeric 

states yet to form β sheets. Other methods have also been reported to surveil the dynamic 

Aβ oligomerization or to determine whether compounds could prevent Aβ oligomer and 

fibril formation, such as immunoblotting,20–22 western blotting,23–25 and single-molecule 

fluorescence microscopy.26–29 However, they either are too laborious for the screening 

purpose or there is a need to label the Aβ peptide with a large fluorophore, which 

may significantly vary the oligomerization process relative to unmodified Aβ peptides.30 

Moreover, none of the methods can be used to screen compounds against a single specific 

target, such as the very first nucleation intermediate leading to Aβ oligomers,31 which are 

clinically more relevant due to their demonstrated toxicity.32,33

In this work, we demonstrate a new screening strategy to identify small molecules that can 

interfere with the first step in Aβ nucleation: Aβ dimerization. To simplify the screening 

design, we chose to use a central motif of the Aβ peptides, FF (Aβ19–20), which has 
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been used as a minimal amyloid model to evaluate known inhibitors that are effective 

against Aβ aggregation.34,35 Aβ19–20 constitutes the critical region of the hydrophobic core 

(Lys16-Ala21) in Aβ1–40/Aβ1–42 peptides and plays an indispensable role in inducing the 

pathological peptide aggregation.36–38 As a proof of concept, this dipeptide was chosen 

to establish a prototypical single-molecule screening platform in which each FF fragment 

is linked to a 9-mer single-stranded DNA (ssDNA). The two complementary ssDNA 

strands can hybridize to form a short duplex DNA. Due to the limited Watson-Crick 

base pair interactions, the formed duplex DNA (double-stranded DNA [dsDNA]) has low 

stability at room temperature. However, the FF-dimerization increases the thermodynamic 

stability of the 9-bp duplex DNA, making it feasible to observe the dimerization of the 

FF dipeptide by mechanical unfolding of individual constructs in an optical tweezers 

instrument. The mechanical unfolding, in addition, offers a unique angle to probe the 

interaction between small molecules and the Aβ19–20 dimer from a mechanochemical 

perspective. As hydrophobic contact between Aβ19–20 segments is vital to maintain the Aβ 
oligomer, protofibril, and fibril formation, such mechanical information is highly relevant 

as neurotoxic Aβ aggregates constantly experience a shear force in blood vessels. Our 

single-molecule method complements well the thermodynamic, chemical affinity-based 

conventional screening strategies.

Performing mechanochemical screening against the Aβ19–20 dimer formation enabled us 

to probe different effects of small molecules on the monomer → dimer Aβ association 

process. We have identified not only new compounds that inhibit the nucleation process 

but also those that promote the nucleation process. The representative hits were further 

evaluated in the in vitro biophysical and cell assays to confirm the single-molecule screening 

results. By replacing the Aβ19–20 model used in this study with other Aβ-derived sequences 

(the full hydrophobic core Aβ16–21 or the hydrophobic C-terminal fragment Aβ31–42), this 

novel single-molecule screening approach holds promise to identify hit compounds for 

the treatment of AD in the future. Moreover, given that peptide fragments responsible 

for aggregation are identified, this new method can also be generalized to investigate the 

nucleation process of other proteinopathy disorders, which helps researchers discover new 

molecules that can either interfere with or promote the early amyloid association step critical 

to the abnormal fibril formation.

RESULTS AND DISCUSSION

Dimerization of diphenylalanine peptides

In conventional assays, FF (i.e., Aβ19–20)34,35 and Aβ1–42 peptides have been used to 

evaluate the Aβ aggregation by signals such as light transmittance or fluorescence dyes 

specific for β sheet formation (e.g., thioflavin).39,40 However, these methods do not target 

oligomers that occur at the early stage of the aggregation (i.e., nucleation). Given the 

toxicity of the early-stage soluble oligomers,11,41 these conventional approaches cannot 

identify the most effective candidates that disrupt early-stage Aβ oligomers. Immunoblotting 

and western blotting can be used to probe these early-stage oligomers. However, they are 

limited by their poor sensitivity, slow speed, and laborious procedures.20–25 To interrogate 

specific soluble oligomers that dynamically evolve and often exist at low concentrations, 

Pandey et al. Page 4

Cell Rep Phys Sci. Author manuscript; available in PMC 2025 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



highly sensitive approaches such as single-molecule methods can be applied. Nevertheless, 

single-molecule techniques are often so sensitive that their signals are overwhelmed by 

numerous intermediates during the oligomerization of full-length Aβ peptides. For example, 

single-molecule fluorescence is difficult to deconvolute specific species qualitatively 

in a mixture of different Aβ oligomers.26 In addition, the fluorophores used in this 

technique often have hydrophobic aromatic groups, which may significantly alter the Aβ 
oligomerization.30 We hypothesized that using a shorter sequence, such as the hydrophobic 

core in the full-length Aβ peptide, may be sufficient to establish a prototypical single-

molecule screen method. It has been found that diphenylalanine (FF, Aβ19–20) plays a 

critical role in the aggregation of Aβ1–42.38 Experiments have also revealed that Aβ19–

20 represents the minimalist fragment that can aggregate to form fibrils, showing a high 

resemblance to amyloid structures.34,35 The self-assembly of two proximate FF fragments is 

thus considered a key stepping stone to initiate the Aβ nucleation. Here, we employed this 

minimal amyloid model to represent the oligomerization and aggregation of full-length Aβ 
peptides.

However, due to the short length, the FF-dimer formation is expected to be weak and 

transient, making it difficult to probe by single-molecule approaches. This supposition 

was confirmed by our initial failure that no FF-dimer formation could be observed at 

the single-molecule level (data not shown). We reasoned that if we conjugate each FF to 

the end of each DNA strand in a short duplex DNA, the FF-dimerization and the duplex 

DNA formation may reinforce each other, leading to a complex dimer that is stable at 

room temperature. This stable complex dimer can then be easily studied by single-molecule 

mechanical unfolding in optical tweezers.42,43 To test this strategy, we first synthesized 

two molecules (POC1 and POC2) by conjugating FF with DNA strands using microwave-

assisted copper-catalyzed alkyne-azide cycloaddition (CuAAC) in a quantitative manner44–

46 (see Figures 1A and S1–S10; Tables S1–S3 for details). To mimic the non-charged Aβ19–

20 motif, the N-terminal phenylalanine of the FF peptide was acylated, and the C-terminal 

phenylalanine was amidated. Each peptide-DNA conjugate (POC) contained a DNA domain 

that can form 9-bp duplex DNA between the two POCs. The DNA strand at the end of each 

POC is used to ligate to a dsDNA handle (Figure 1B), which can be tethered to an optically 

trapped bead via one of the affinity linkages (digoxigenin/antibody or biotin/streptavidin) 

for single-molecule mechanical unfolding experiments (Figure 1C). It is noteworthy that the 

complex dimer is located opposite to the poly(thymine(T))90 spacer, which serves as a linker 

to hold the two dissociated monomers in proximity. This design allows rapid reassociation 

of the dimer complex without external force during the incubation, drastically increasing the 

throughput of the dimerization probing process. The entire DNA-peptide assembly (DPA) 

was placed within a microfluidic chamber while mechanical folding and unfolding of the 

FF-dimer were performed to evaluate the association of the Aβ19–20 dimer.

After the DPA was tethered between two optically trapped beads, we moved one bead 

away from another by controlling a steerable mirror that directs one of the trapping lasers. 

As a result, the tension exerted on the DPA construct was increased, eventually unzipping 

the DPA dimer to two monomers. However, the dissociation signal of the complex dimer 

was rare at the loading rate of 5.5 pN/s (in the 10–30 pN range) in a 10-mM Tris buffer 

containing 100 mM KCl (pH 7.4), indicating that the formation of the complex dimer 
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under this condition was low. When we increased the loading rate to 15 pN/s in the same 

Tris buffer with 1 M KCl, unfolding features were clearly observed at 6.7 pN with 98% 

probability, which was significantly higher than the controls (the dsDNA, dsDNA-5′-FF, and 

dsDNA-3′-FF) (Figure S11; Table S4). The change-in-contour-length of each rupture event 

(ΔL = 36 nm) was close to the expected value (37.6 nm, see supplemental experimental 

procedures for calculations) for the fully extended poly(T)90 linker, proving that these 

rupture features were indeed due to the dissociation of the complex dimer, resulting in a 

fully extended poly(T)90 linker.

To eliminate the possibility that the complex dimer formation was driven by the interaction 

of the 25-bond linkers between the 9-mer ssDNA and FF, we repeated mechanical unfolding 

experiments on a control construct assembled from ON1-C5 and ON2-C5 (see Figure S2), 

which contained the 9-bp DNA duplex and the two interdomain linkers, but without the 

FF fragments (the dsDNA-25-bond linkers). We observed two unfolding force populations 

centered at 4.2 and 6.2 pN (Figure S11). While the low force species was likely due to 

the unzipping of 9-bp dsDNA only (see the 3.9 pN population for the dsDNA), the high 

force population is close to that of the dissociation for the complex dimers (see the 6.7-pN 

population for the dsDNA-5′3′FF-dimer). This result suggested that the two 25-bond linkers 

may also contribute to the POC dimer formation.

To test this hypothesis, we performed molecular dynamics (MD) simulations to obtain 

molecular insights into the interaction among the DNA, linkers, and FF dipeptides. In the 

simulations, the structures of all three components were constructed following the same 

design of the single-molecule mechanical unfolding experiments. The two interdomain 

linkers were intentionally placed parallel to each other at the beginning of the equilibrium 

run to observe whether the two linkers could move toward each other in proximity. At 

the high salt concentration (1 M KCl), we found close proximity between the two linkers, 

especially for the –CH2– aliphatic groups, after a 20-ns equilibrium run (Figure 2, panel 

A1). This is likely due to the ion-induced folding and strong hydrophobic interactions in 

high salt solutions.47 We further performed extensive nonequilibrium steered MD (SMD) 

simulations to evaluate the influence of such strong interactions on the dissociation forces 

for the DNA-peptide dimer assembly. In the SMD simulations, the two free DNA ends (the 

ends without connecting to the linker/FF) were connected to driving springs to mimic the 

dissociation force measurements in experiments. Among 30 independent SMD simulations, 

we found that the average rupture forces were about 80 pN (Figure 2, panel A2). The 

magnitudes of the simulated rupture forces were one order of magnitude larger than that of 

experimental measurements (Figure 3) due to the very high pulling rate in SMD simulation, 

a well-known timescale issue in the field.48–50 From the configuration analysis, we found 

that the two linkers keep binding until the final dissociation (see Figure S12, panel A3 for a 

typical snapshot). This scenario accounts for about 80% of total SMD runs, indicating that 

the linker binding makes a large contribution to the interaction of the FF-dimer. As shown 

in Figure S12, panel A4, we found the intermolecular interactions between the linker and 

FF peptide were strong during the SMD pulling. Even before the dissociation event, the 

intermolecular energies of linker/linker and linker/FF were still as large as several kcal/mol 

(Figure S12, panel A4). All these findings suggested that the linker/linker interaction in a 
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solution with a high salt concentration (1 M KCl) may complicate the interpretation of the 

interaction between the ligands and FF-dimers.

The nucleation effect of FF-dimers on the peptide-DNA association

The linker/linker interaction may be reduced if contact time is minimized. To this end, we 

performed a force jump (FJ) experiment followed by a force-ramping procedure with a high 

loading rate (15 pN/s) in a Tris buffer with 1 M KCl. During these FJ experiments, the 

DPA dimer was first mechanically unfolded, followed by a rapid relaxation to 0 pN by an 

FJ within 10 ms42 to allow possible refolding of the DPA dimer. After reaching 0 pN, the 

construct was again force jumped to 1.5 pN, followed by continuous stretching at the 15 

pN/s loading rate to evaluate whether the DPA dimer had been formed during the low-force 

regimes. The entire procedure reduced dwell time for the construct in the low-force regime 

so that the dimerization of the 25-bond linkers was minimized. Indeed, we found that the 

two force populations in the “dsDNA-25-bond linkers” construct (Figure S11) reduced to a 

single species, with its rupture force (5.0 pN; Figure S13) significantly lower than that for 

the complex dimer dissociation (dsDNA-5′3′FF-dimer, 6.9 pN, p < 0.001) by the same FJ 

procedure in the 1 M KCl buffer.

Since high-salt conditions facilitate hydrophobic interactions that result in the linker/linker 

association, we reduced the KCl concentration in the buffer. SMD simulation on the 

mechanical unfolding of the DPA construct in 200 mM KCl solution indeed revealed that the 

tendency (measured by rupture force) to dimerize two interdomain linkers is much reduced 

compared to that in 1 M KCl. We did not observe significant linker dimerization after a 

20-ns equilibrium run on the DPA construct in 200 mM KCl solution, in complete contrast 

to that in 1 M KCl solution (see Figure 2B1 for a typical equilibrium configuration in which 

the two 25-bond linkers largely keep parallel and dissociated to each other). Due to the 

timescale issue of MD simulation, such a finding does not rule out that the two linkers will 

never dimerize after a longer time. After performing 30 independent SMD simulations, we 

found that the average rupture force was about 50 pN (Figure 2B2), significantly lower than 

that in 1 M KCl solution. Figure S12, panel B3 shows the typical snapshot before the final 

dissociation of the DPA, which indicates that the rupture force should only be attributed to 

the interaction between the FF-dimers. Energetic calculations of intermolecular electrostatic 

and van der Waals interactions between the two linkers or between the linker and the FF 

peptide along the pulling pathway (Figure S12, panel B4) clearly show that these molecular 

interactions are negligible compared to those in 1 M KCl solution (Figure S12, panel A4), 

consistent with the relevant dissociation force histograms.

This result prompted us to further reduce dimerization of the 25-bond linkers in a 

physiologically more relevant buffer containing 200 mM KCl. To confirm that FF-

dimerization occurred in Tris buffer with 200 mM KCl, we first performed non-denaturing 

gel electrophoresis (Figure S14) and a combined use of molecular modeling and small-

angle X-ray scattering (SAXS) (Figures S15–S21; Tables S5–S7) measurements. These 

experimental results substantiated that 200 mM KCl buffer allowed the orthogonal self-

assembly of an FF-dimer on one side and a 9-bp duplex DNA on the other, where each FF 

was conjugated to one ssDNA via the same interdomain covalent linker.
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Next, we carried out regular force-ramping experiments at 15 pN/s loading rate (10–30 pN 

range). The results still showed that the dsDNA-25-bond linker control had significantly 

higher dimerization populations (41% formation) than other controls (Figure 3, two center 

panels, 12%–20% formation). When we performed FJ experiments, the dissociation force 

of the complex dimer (5.0 pN for the dsDNA-5′3′FF-dimer) was much higher than all 

the controls (3.1–3.5 pN, p < 0.001; Figure 3, right panel), consistent with the FF-dimer 

formation in the DPA complex. In addition, the differences in the percentage complex 

dimer formation between the DPA (56% for the dsDNA-5′3’FF) and controls (16%–24%) 

were much higher than those found in the 1 M KCl buffer (97% vs. ~70% for the DPA 

vs. controls; Table S4), suggesting that these experimental conditions (FJ coupled with 15 

pN/s force loading rate in a buffer with 200 mM KCl) can be exploited to more accurately 

evaluate the ligand effect on the FF-dimerization. The 56% formation of the complex dimer 

in the DPA conveniently provides plenty of room to screen and evaluate the compounds that 

can either inhibit (down to 0%) or promote (up to 100%) the FF-dimerization.

A minimalist mechano-pharmaceutical screening platform for Aβ aggregations

In a typical ligand screening experiment, we first performed FJ experiments on a minimum 

of three different DPA constructs with at least 100 FJ traces. Based on these data, we 

calculated the percentage formation of the DPA dimers without inhibitor or promoter 

molecules in a microfluidic buffer channel (Figure S22). The same DPA construct was 

then transported to another microfluidic channel that contains a specific compound followed 

by the FJ experiment to obtain the percentage formation of the complex dimers in the DPA. 

The two formation percentages were then compared to obtain relative percentages to either 

promote or inhibit the DPA dimer formation by specific compounds (see the supplemental 

experimental procedures for calculation).

To validate this evaluation protocol, we chose four molecules, rosmarinic acid (RA), EGCG, 

tetracycline, and nordihydroguaiaretic acid (NDGA), that have been known to inhibit Aβ1–42 

aggregations. Similar to the literature report,34 we found these four compounds inhibit the 

dimerization of the Aβ19–20 (FF) peptides (Figure 4A). To further quantify the potency 

of these compounds, we evaluated their half-maximal inhibitory concentrations (IC50s) on 

the FF-dimerization by observing the unfolding events of the complex dimer, as discussed 

above. To this end, we varied the concentration of each compound while measuring the 

percentage formation of the complex dimer at a particular inhibitor concentration. We define 

the percentage formation of the DPA dimer in the buffer channel as the 0% inhibition of the 

FF-dimerization. In contrast, the 100% inhibition is represented by the percentage formation 

of the 9-bp duplex DNA conjugated with the 25-bond linkers (i.e., the “dsDNA-25-bond 

linkers” construct) or the percentage formation that reaches a plateau. Using these two 

boundary conditions, the relative percentage inhibitory at each concentration of a particular 

compound was calculated by interpolation (Figure 4A; see the supplemental experimental 

procedures for details).

After plotting the percentage inhibition vs. compound concentration (Figure 4B), we used 

the Hill equation (see the supplemental experimental procedures for calculation)51,52 to 

retrieve IC50. We found that IC50 values of the four compounds were RA (13.1 μM) > 
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EGCG (26.3 μM) > tetracycline (77.6 μM) > NDGA (107.1 μM). This order matched well 

with the trend determined by the ensemble turbidity assay,34 which validated this minimalist 

screening platform to target Aβ aggregation. Given that our evaluation was based on the 

dimerization of the Aβ19–20 dipeptide, whereas the turbidity assay measured Aβ fibril 

formation, the similar trend of the four inhibitors suggests the critical importance of the 

Aβ19–20 dimerization during the overall Aβ aggregation processes.

While the Aβ19–20 dimerization represents the minimalist platform to mimic Aβ 
aggregations, evaluating the cohesive mechanical force (i.e., the rupture force measured 

here) in the Aβ19–20 dimer is of unique biological significance. It is known that protein 

deposits, such as Aβ aggregates, experience shear forces in blood vessels.53 Thus, we 

call this minimalist platform mechano-pharmaceutical screening to reflect its capability to 

identify compounds to reduce the cohesive force in Aβ aggregates, which may lead to 

dissolutions of the Aβ deposits in blood flow.

Screening an NIH library

Close inspection of the percentage inhibition for the Aβ aggregation vs. concentrations of 

the four known inhibitors revealed that 100-μM ligands represented significant inhibition 

of FF dimerization. Therefore, we chose 100 μM to screen a library of druggable 

compounds provided by the National Institutes of Health (NIH).54 The results of a 

total of 121 compounds were summarized in Figure 4C (see Table S8 for FF-dimer 

formation percentage; Figures S23–S29 for a typical force-extension (FX) curve for each 

compound). Both inhibitors and promoters of the FF dimerization were found. Compared 

to RA, 12 compounds showed increased nucleation inhibition. Among these, we found 

that curcumin has a strong inhibition effect on the FF-dimerization, which is consistent 

with the literature,17 further supporting the accuracy of this mechanical screening method. 

We chose a more potent hit compound, daunorubicin, to obtain IC50 by varying the 

ligand concentration as described above. Indeed, we found a much-reduced IC50 (3.5 μM) 

relative to RA (13.1 μM) (Figure 5A; see Table S8 for the relative formation percentage 

and calculated relative percentage inhibition at each concentration), confirming the single-

molecule screening results. Among the promoters, we also observed a concentration-

dependent promotion effect for one of the compounds, ellipticine (Figure 5B; see Table 

S8 for the relative formation percentage and calculated relative percentage promotion at each 

concentration). Since ellipticine is a known DNA intercalator,55 it hints at the possibility 

that the increased dimer formation could result from facilitated hybridization of the 9-bp 

dsDNA template due to the ellipticine intercalation. To rule it out, we evaluated the 

effect of ellipticine on the “dsDNA-25-bond linkers” construct, which showed identical 

dimer percentage formation with and without the compound. Because ellipticine becomes 

insoluble in aqueous buffer beyond 200 μM, the IC50 can only be estimated for this 

compound.

To confirm the efficacy of these two compounds on the FF dimerization, we performed 

a turbidity test (see supplemental experimental procedures section S12 for details). Each 

inhibitor (6.4 mM) and FF (6.4 mM) was mixed in a MeOH-H2O (16:84 volume ratio) 

solution. We found that the inhibitor daunorubicin caused even more reduction in the FF 
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fiber formation compared to the RA with the same concentration (Figure 5C). However, 

the promoter ellipticine (with the maximum soluble concentration of 1.2 mM in the 

methanol-H2O [16:84 volume ratio]) led to increased FF fiber formation (Figure 5D). These 

observations are fully consistent with single-molecule screening results.

Next, we subjected the three active small molecules, RA, daunorubicin, and ellipticine, to 

the thioflavin T (ThT) assay56 to determine whether their inhibiting or promoting effects 

against the Aβ19–20 aggregation could be cast onto the aggregation of the full-length Aβ1–42 

peptide (Figure S30), the main disease-causing culprit for AD. To minimize the possible 

impact on the spontaneous Aβ1–42 aggregation, a relatively low concentration of ThT 

(3.75 μM) was used. This ThT concentration was found to have little influence on the 

kinetic process of Aβ1–42 aggregation when the Aβ1–42 concentration was lower than 50 

μM.40 After 24-h incubation, both daunorubicin and RA showed inhibitory effects, with 

daunorubicin being more potent than RA (Figure 5E), which agreed well with the single-

molecule and the clouding assays against the FF dimerization (vide supra). Surprisingly, 

ellipticine gave opposite effects when different concentrations were used (Figures 5F and 

5G). At the low-concentration range (≤0.5 μM), ellipticine appeared to be a stimulator 

(with respect to the positive control of Aβ1–42+ThT, normalized fluorescent intensity was 

106% for 0.2 μM ellipticine, p < 0.005 and 112% for 0.5 μM, ellipticine p < 0.001; Figure 

5F). After the concentration was increased to >1 μM, inhibition effect was observed for 

ellipticine against Aβ1–42 aggregation. To our knowledge, ellipticine is the first molecule 

that poses opposite effects to interfere with Aβ1–42 aggregation at different concentrations.

Finally, we evaluated the ability of these compounds to protect human microglia cells 

(C20 cell line) against the Aβ1–42 induced toxicity using MTT assays (Figures 5H–5J; 

see the supplemental experimental procedures for details). The treatment of Aβ1–42 (500 

nM) significantly decreased the viability of microglia by 43% after 48 h, suggesting that 

oligomeric Aβ1–42 is toxic to neuronal cells. To assess the effect of RA against Aβ1–42 

induced toxicity, varying concentrations of RA (0.5, 1, and 5 μM) were added to C20 

microglia in the presence of Aβ1–42 (500 nM). The viability of microglia was significantly 

increased by up to 17% with the treatment of RA (67% ± 4% viability for 0.5 μM, 66% 

± 2% for 1 μM, and 69% ± 2% for 5 μM), compared with the Aβ1–42 control group (57% 

± 3% viability). The inhibitor daunorubicin showed a toxicity effect by itself and thus 

cannot be evaluated for its effect on Aβ1–42-induced C20 cell toxicity. Protective effects 

were observed for ellipticine. The viability of Aβ1–42-treated microglia was significantly 

increased by ~14% with the treatment of ellipticine (65% ± 3% viability for 0.05 μM 

and 64% ± 4% for 0.1 μM), compared with the Aβ1–42 control (57% ± 3% viability). 

This echoed well the promoting effect of ellipticine at the low-concentration range (≤0.5 

μM, Figure 5F) in the ThT assay. However, further dose increases of ellipticine did not 

significantly improve cell viability (61% ± 10% viability for 0.5 μM vs. Aβ1–42 control 

group, p > 0.05). It would also be interesting to test the inhibitory effect of ellipticine at the 

high-concentration range (such as 5 μM; Figure 5G); however, the C20 cell viability became 

significantly influenced at such high concentrations of ellipticine (Figure S31). Similar 

results revealed that ellipticine also had protective effects on the neuroblastoma SH-SY5Y 

cells57 treated with 10 μM Aβ1–42 (Figure S32; supplemental experimental procedures, 

section S14). To our knowledge, ellipticine has not been reported to be an anti-amyloid 
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molecule in the literature. We surmise that the protective effect of ellipticine on the C20 

and SH-SY5Y cells can be ascribed to its potent stimulation to facilitate fiber formation, 

which reduced the accumulation of soluble but more toxic oligomers. A similar mechanism 

has been demonstrated for other small-molecule promoters to protect neurons from toxic 

Aβ oligomers.58 The success of identifying ellipticine as a new anti-amyloid compound 

via the mechano-pharmaceutical screening validated our initial hypothesis of using the 

core fragment Aβ19–20, which is critical to promote Aβ1–42 nucleation, to screen a given 

compound library for anti-amyloid evaluation.

In summary, we have innovated a mechanical screening platform to identify molecules 

that can interfere with the Aβ aggregation. We have established that FF-dimer serves 

to nucleate the association of two peptide-oligonucleotide conjugates. Disruption of the 

FF-dimer therefore may disclose the efficacy of small molecules to either inhibit or promote 

Aβ aggregations. By screening on an NIH library, we identified various compounds, either 

inhibitory or stimulatory to Aβ aggregation. Some of these compounds have shown desired 

effects to target full-length Aβ1–42 aggregation by ThT and cell toxicity assays. Among 

them, ellipticine was identified to act as a stimulator to promote Aβ1–42 aggregation at 

the low-concentration range (≤0.5 μM) but became a potent inhibitor to disrupt Aβ1–42 

aggregation at the high-concentration range (>1.0 μM).

The present work aimed to establish a prototypical screening assay for anti-amyloid 

aggregation, a powerful tool to be added to the arsenal of anti-amyloid research. Although 

our single-molecule screening technique succeeded in identifying a line of anti-amyloid 

compounds, caveats need to be lodged when extrapolating current results to the full-length 

Aβ peptides whose behaviors may deviate from the minimalist Aβ19–20 dipeptide platform 

used here. Looking ahead, more specific small-molecule candidates may be identified 

by replacing the Aβ19–20 peptide with longer hydrophobic Aβ-derived fragments like 

Aβ16–21 and Aβ31–42.12,59 The screening against different aggregation-causing hydrophobic 

fragments may eventually bring about the discovery of lead compound(s) for treating AD. 

Mean-while, a technically challenging strategy is to substitute the full-length Aβ peptides 

(e.g., Aβ1–40 or Aβ1–42) for the FF dipeptide at a single-molecule level to screen effective 

compounds and elucidate their anti-amyloid aggregation mechanism (the related results will 

be published in due course). The single-molecule screen method we developed here is not 

only limited to screen compounds against Aβ aggregation in AD. By substituting the Aβ19–

20 with other peptide fragments responsible for abnormal protein aggregations, the method 

can be readily applied to identifying active molecules for the treatment of 35 other types 

of pathological protein misfolding in difficult-to-cure diseases such as Parkinson, type 2 

diabetes, Huntington, and amyotrophic lateral sclerosis.60

Due to the inherent properties of the minimalist DPA template, the following cautions must 

apply to use this mechano-pharmaceutical platform to screen compounds: (1) the peptide 

fragments should not interact with the DNA double helix or the poly-thymine loop more 

strongly than that between peptide fragments; (2) the peptide dimer formation templated 

by the 9-bp DNA duplex must be kinetically faster than the linker dimerization; and (3) 

intermediate states may emerge to convolute the folding/unfolding pattern when longer 

peptides are used. Further optimization is required to address these situations.
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EXPERIMENTAL PROCEDURES

Details regarding the experimental procedures can be found in the supplemental 

experimental procedures.
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Highlights

• A single-molecule mechanical screening platform for anti-amyloid research

• identified 12 inhibitors and 8 stimulators from an NIH compound library

• Anti-amyloid activities of hit compounds confirmed in cell assays

• Screening method is readily extensible to other proteinopathies
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Figure 1. Design of mechano-pharmaceutical screening platform
(A) A schematic diagram for the synthesis of POCs via the microwave-assisted CuAAC 

reactions.

(B) Schematic drawing of the single-molecule platform to investigate the Aβ19–20 (FF) 

dimerization under promoter molecules. The left inset shows the effect of inhibitor 

molecules on the Aβ19–20 dimerization.

(C) Top, representation of FF and its structure. Bottom, typical force-extension (FX) curves 

(loading rate 15 pN/s in 10–30 pN range) with dissociation events for the DNA-peptide 

dimer assembly in 10 mM Tris buffer (pH 7.4) supplemented with 200 mM KCl (bottom).
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Figure 2. Molecular dynamics (MD) simulations of DNA-peptide dimer assembly
(A1) Typical snapshot showing the equilibrium configuration of the DNA-peptide dimer 

assembly with linkers in 1 M KCl solution. To distinguish each part of the assembly, we 

use opaque ribbons and transparent sticks to represent the short duplex DNA and transparent 

spheres to show the linkers. FF peptides are shown in opaque sticks.

(A2) Dissociation force histograms for the DNA-peptide dimer assembly in 1 M KCl 

solution.

(B1 and B2) Corresponding results in 200 mM KCl solution. In all molecular configurations, 

water molecules and ions are not shown for clarity. Color key: red, O; white, H; light blue, 

C; dark blue, N.
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Figure 3. Mechanical stability and percentage formation of various duplex DNA constructs with 
and without Aβ19–20 dimerization
(Left column) Schematic drawing for each construct. (Center column) Typical FX curves 

in 10 mM Tris buffer supplemented with 200 mM KCl (pH 7.4). (Right two columns) 

Dissociation force histograms for force ramping normal experiments (NE) and force jump 

(FJ) experiments, respectively. In both experiments, the loading rate was kept at 15 pN/s, 

while incubation time was set as 0 s to reduce the dimerization of the 25-bond linkers 

between each 9-mer DNA and the FF peptide. N and n represent the number of curves 

and the number of DPA constructs, respectively. The percentage formation of respective 

dimer in each construct is depicted in red. Exact formation percentages vary with different 

optical tweezers instruments. For example, they show a range between 18% and 24% for the 

“dsDNA-25-bond linkers” construct in the FJ mode.
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Figure 4. Mechano-pharmaceuticalscreening of small molecules against FF-dimer association
(A) Formation percentage (percentage inhibition) of dsDNA-FF-dimers in presence of four 

inhibitors at different concentrations. The formation percentage and percentage inhibition 

were calculated by Equations S4 and S5, respectively (see supplemental information for 

details).

(B) Inhibitory curves of four known inhibitors against FF-dimerization. IC50 was calculated 

by the Hill equation (see supplemental information for details). Error bars depict SDs from 

at least three independent measurements of different molecules.

(C) Screening of an NIH library to identify inhibitory (pink) and stimulatory (green) 

compounds for the FF-dimerization. Known inhibitors are shown in purple.
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Figure 5. Characterization of the compounds screened by the mechano-pharmaceutical platform
(A) IC50 inhibition measurement of daunorubicin.

(B) Promotion effect of ellipticine to increase the FF-dimer formation. Error bars depict SDs 

from at least three independent measurements of different molecules. IC50 was calculated by 

the Hill equation in (A) and (B) (see supplemental information for details).

(C and D) Turbidity assays of FF (6.4 mM) with RA (6.4 mM) and daunorubicin (6.4 mM) 

(C) and those of FF (1.2 mM) and ellipticine (1.2 mM) (D).

(E) Real-time clouding assays of Aβ1–42 (6.25 μM) aggregation revealed by fluorogenic ThT 

(3.75 μM) with or without RA (0.5 μM) or daunorubicin (0.5 μM).

(F) A clouding assay of preincubating Aβ1–42 (25 μM) with varied ellipticine concentrations 

(0–10 μM) for 24 h, which was then revealed by fluorogenic ThT (3.75 μM).

(G) Real-time clouding assays of Aβ1–42 (6.25 μM) aggregation revealed by fluorogenic 

ThT (3.75 μM) with ellipticine (0.125 μM and 2.5 μM).
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For (E)–(G), Aβ aggregation was reported to preserve the same kinetic process when ≤50 

μM Aβ1–42 and ≤20 μM ThT were used.40

(H–J) Viability of human microglial cells (C20) under different doses (H) and time of 

incubation at 1 μM (I) of RA and ellipticine compounds (J).

At least three independent experiments were repeated for (H)–(J). In each repeat, 10 

technical replicates were performed. Error bars represent SDs. In (C)–(E) and (G), solid 

curves depict exponential fittings to guide eyes.
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