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S-1 Materials and Reagents 

DNA Apts (Apt1 and Apt2, the sequences in the Table S1) screened by Tsukakoshi 

et al1 and random DNA (random DNA1 and random DNA2) were synthesized by 

Sangon Biotech Co., Ltd (Shanghai, China). Aβ40 and Aβ42 were provided from GL 

Biochem Ltd. (Shanghai, China). 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) was 

bought from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). (3-

Mercaptopropyl) trimethoxysilane (MPTMS) and N-Hydroxysuccinimide-

polyethylenglycol-maleimide (NHS-PEG-MAL) were respectively obtained from 

Sigma (USA) and Nanocs (USA). Chloroauric acid (HAuCl4·4H2O) and trisodium 

citrate dihydrate were provided by Shanghai Reagent Company (Shanghai, China) and 

Biochem Ltd. (Shanghai, China), respectively. 11-Mercapto-1-undecanol (MCU) and 

sodium dodecyl sulfate (SDS) were purchased from Sigma (USA). 

Table S1. Sequences of all nucleic acid probes used. 

 

  

Name        Sequence (5′-3′)

Aptamer1 (Apt1)

Aptamer2 (Apt2)

Random DNA1

Random DNA2

NH2-GCT GCC TGT GGT GTT GGG GCG GGT GCG

SH-(T)5-GCT GCC TGT GGT GTT GGG GCG GGT GCG

NH2-GGT GGC TGG AGG GGG CGC GAA CG

SH-(A)6-GGT GGC TGG AGG GGG CGC GAA CG

CAC CCC ACC TCG CTC CCG TGA CAC TAA TGC TA-SH

SH-TTTTTTTTTTTTTAACTATACAAC

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sodium-dodecyl-sulfate
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S-2 Preparation and characterization of Aβ40 aggregates 

Aβ40 powder was treated according to the previous work.2, 3 Briefly, 400 μM Aβ40 

monomer stock solution was firstly obtained after Aβ40 lyophilized powder completely 

dissolved in 1% ammonium solution. Then, for Aβ40 oligomer, the stock monomer was 

diluted with PBS buffer (50 mM, pH 7.4) and incubated at 37 oC with shaking (300 

rpm) for 2 hours. When the incubation time was 1 day, the Aβ40 fibril could be prepared. 

Here, the concentration of Aβ aggregates was defined using UV-vis spectra,4 and the 

concentration was calculated as equivalent concentrations to Aβ monomer. 

AFM imaging was used to characterize Aβ40 and Aβ42 aggregates. 10 μL diluted 

Aβ sample with final concentration of 1 μM was pipetted on the freshly cleaved mica, 

then it was dried at room temperature. Subsequently, AFM images were obtained using 

SP13800N-SPA400 (Japan) with the PPP-SEIHR probe at dynamic force mode and the 

pixel of 512 × 512. Meanwhile, the analysis of size distribution of Aβ40 aggregates was 

performed by dynamic-light-scattering (DLS) measurements, which was conducted on 

a Malvern Zetasizer Nano ZS system (Malvern Instruments; Worcestershire, UK) at 25 

oC. After analysis using the in-built software of the instrument, the hydrodynamic 

diameters of of Aβ40 aggregates were acquired. 

The morphology of Aβ40 aggregates was visualized using AFM imaging. As 

shown in Figure S1A, when Aβ40 monomer was incubated for 2 h, heterogeneous and 

spherical Aβ40 oligomers were distributed uniformly in mica surface with the average 

height of 8.9-18.3 nm (Figure S1B). After Aβ40 monomer was incubated for 24 h, 

flexible branched Aβ40 fibrils with diameters ranging from 2.2 to 4.7 nm were observed 
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(Figure S1D and Figure S1E). The results on the morphology of Aβ40 aggregates was 

consistent with the previous work.3 Simultaneously, Figure S1C and Figure S1F 

demonstrated that mean hydrodynamic diameter of Aβ40 fibril (532.1 ± 9.4 nm) was 

larger than that of Aβ40 oligomer (27.4 ± 3.5 nm). The DLS results showed the Aβ40 

aggregates were successfully obtained. 

 

Figure S1. AFM images of Aβ40 oligomer (A), Aβ40 fibril (D). (B, E) The cross 

section profile along the black line in (A, D) shows the average height. The bar is 2 μm. 

The mean hydrodynamic diameter distributions of Aβ40 oligomer (C) and Aβ40 fibril 

(F). 
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S-3 Characterization of the immobilization of Aβ40 aggregates on the Au film 

Surface plasmon resonance (SPR) spectrometer was used to characterize the 

immobilization of Aβ40 aggregates on Au film. Take the modification of Aβ40 oligomer 

on the Au substrate for example, when the bare Au film was incubated with 200 nM 

Aβ40 oligomer, the change of resonance angle was 0.0514o (shown in Figure S2). Since 

the resonance angle shift larger than 0.0015o was regarded as signal for the SPR 

instrument, the result indicated that the Aβ40 aggregates could be modified on the Au 

film. 

 

Figure S2. The SPR spectra of (a) the bare Au film and (b) Aβ40 oligomer modified 

Au film. 
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S-4 Preparation and characterization of AuNPs and Apt1 functionalized AuNPs 

AuNPs of 13 nm in diameter were prepared by the classical method of citrate 

reduction of HAuCl4.5 Apt functionalized AuNPs were prepared according to the 

literature with minor modifications.6, 7 

UV-visible absorption spectra were used for optical characterization of bare 

AuNPs and Apt1 functionalized AuNPs in solution. As shown in Figure S3A, the 

absorption spectrum of AuNPs showed one peak at about 518.0 nm, while that of Apt1 

functionalized AuNPs showed one peak at about 524.0 nm, indicating successful 

assembly of Apt1 on AuNPs. In this work, the absorbance (A = 0.54) of the diluted 

solution containing functionalized AuNPs remained unchanged, which indicated the 

concentration of functionalized AuNPs (2 nM) was constant. In addition, as shown in 

Figure S3B, the mean hydrodynamic diameter of AuNPs was 14.3 ± 1.3 nm. The mean 

hydrodynamic diameter of Apt1 functionalized AuNPs was 23.4 ± 1.8 nm, which 

implied successful modification of Apt1 on AuNPs. 

 

Figure S3. (A) UV-vis spectra of bare AuNPs (red; solid), and Apt1 functionalized 

AuNPs (blue; long dash). (B) The mean hydrodynamic diameter distributions of bare 

AuNPs (green column) and Apt1 functionalized AuNPs (red column). 
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S-5 Specificity of the interaction between Apts and Aβ40 aggregates 

A series of blocking experiments and control experiments were performed to 

characterize the specificity of interaction of aptamers (Apts) and Aβ40 aggregates. As 

shown in Figure S4A, the binding probability of Apt1-Aβ40 oligomer was 24.2% (blue, 

pillar I). When the Aβ40 oligomer modified Au film was blocked by Apt1, the binding 

probability of Apt1 modified AFM tip-Apt1 blocked Aβ40 oligomer modified Au film 

decreased clearly to 3.8% (blue, pillar II). When Apt1 modified AFM tip were blocked 

by Aβ40 oligomer, the binding probability decreased to 3.5% (blue column, pillar III). 

Meanwhile, the control experiment results (blue, pillar IV and V) also showed similar 

reduction of the binding probabilities, which were attributed to decrease in binding 

events. The results confirmed that the rupture force of Apt1-Aβ40 oligomer was caused 

by a specific interaction. Moreover, for the interaction of Apt1-Aβ40 fibril, Apt2-Aβ40 

oligomer and Apt2-Aβ40 fibril, the same conclusion could be achieved. Besides, the 

interactions of Apt1-Aβ40 monomer and Apt2-Aβ40 monomer were measured by SMFS. 

The low binding probability of Apt1-Aβ40 monomer (gray column, pillar I in Figure 

S4A) and Apt2-Aβ40 monomer (black column, pillar I in Figure S4A) were similar to 

the result from control experiments, indicating that there was no specific interaction 

between Apts and Aβ40 monomer (Figure S4B and S4C). In brief, the results clearly 

verified the specific interaction of Apts and Aβ40 aggregates. 
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Figure S4. (A) Histogram of binding probabilities of Apt1-Aβ40 oligomer (blue 

column), Apt1-Aβ40 fibril (yellow column), Apt2-Aβ40 oligomer (green column), Apt 

2-Aβ40 fibril (red column), Apt1-Aβ40 monomer (gray column) and Apt2-Aβ40 

monomer (black column) at different conditions: (I) Apt1 (or Apt2) modified AFM tip-

Aβ40 aggregates (or monomer) modified Au film; (II) Apt1 (or Apt2) modified AFM 

tip-Aβ40 aggregates (or monomer) modified Au film, and the Au film blocked with Apt1 

(or Apt2); (III) Apt1 (or Apt2) modified AFM tip-Aβ40 aggregates (or monomer ) 

modified Au film, and the AFM tip blocked with Aβ40 aggregates (or monomer); (IV) 

PEG modified AFM tip-Aβ40 aggregates (or monomer) modified Au film; (V) Apt1 (or 

Apt2) modified AFM tip-bare Au film. (B) Force measurements of Apt1-Aβ40 monomer. 

(C) Force measurements of Apt2-Aβ40 monomer. The loading rate was 3.52 × 104 pN/s. 
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S-6 Binding behaviors of Apts with Aβ40 monomer, oligomer and fibril 

SPR was used to investigate the binding behaviours of Apts with Aβ40 

monomer and Aβ40 aggregates. In brief, 5 μM of thiol-modified Apt was immobilized 

on the cleaned bare Au film. After the modified Au film was blocked with MCU, then 

different concentrations (from 0 μM to 50 μM) of Aβ40 monomer, Aβ40 oligomer, Aβ40 

fibril, Aβ42 monomer, Aβ42 oligomer or Aβ42 fibril were added and incubated for 1 hour. 

The SPR spectra were recorded after the Au film was washed with TBS buffer. As 

shown in Figure S5, there was no shift of SPR resonance angle when the Aβ40 

monomer was added and incubated. However, the observed resonance angle shift 

(Δθ) increased with an increase in concentration of Aβ40 oligomer or Aβ40 fibril. The 

results suggested that Apt1 and Apt2 could not bind Aβ40 monomer, while either of them 

could recognize Aβ40 oligomer and Aβ40 fibril with different recognition capabilities. 

Moreover, the SPR signal caused by the interaction between Apt1 and Aβ40 

aggregates was different from that between Apt2 and Aβ40 aggregates. 

 

Figure S5. Investigation of the interactions of Apts with Aβ40 monomer, oligomer and 

fibril using SPR. The dash line represented that Apt1 was modified on the Au film, and 

the solid line represented that Apt2 was modified on the Au film.  
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S-7 Feasibility of dual Apts-based SPR sensor for detecting Aβ40 fibril 

The feasibility of dual Apts-based SPR sensor for detecting Aβ40 fibril was 

investigated. As shown in Figure S6A, when the mixed solution of 5 μM Aβ40 fibril and 

random DNA2 functionalized AuNPs was incubated with the Apt2 coated Au film for 

30 minutes, SPR spectrum shifted from curve 1 to curve 2 and almost no SPR response 

was observed. However, when the mixed solution of 5μM Aβ40 fibril and Apt1 

functionalized AuNPs was incubated with Apt2 coated Au film for 30 minutes, the 

obvious resonance angle shift (0.1290o) was observed (from curve 2 to curve 3). It 

suggested that the Aβ40 fibril and Apt1 functionalized AuNPs were captured through 

specific recognition. When 0.1% SDS/10 mM NaOH was introduced for 10 minutes, 

SPR spectrum shifted from curve 3 to curve 4. The resonance angle of curve 4 was 

basically consistent with that of curve 1, implying that the sensor chip could be 

regenerated. In addition, as shown in Figure S6B, the SPR signal kept unchanged when 

the mixed solution of Aβ40 fibril and Apt1 functionalized AuNPs was added and 

incubated with random DNA1 modified Au film. It indicated that the Apt2 rather than 

random DNA1 could capture Aβ40 fibril and induce the change of SPR signal. The 

results showed the admirable specificity of established biosensor and the proposed dual 

Apts-based SPR sensor was feasible. 
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Figure S6. (A) SPR spectra of (1) Apt2 modified Au film; (2) reaction with the mixed 

solution of Aβ40 fibril and random DNA2 functionalized AuNPs; (3) reaction with the 

mixed solution of Aβ40 fibril and Apt1 functionalized AuNPs; (4) regeneration. (B) SPR 

spectra of (1) random DNA2 modified Au film; (2) reaction with the mixed solution of 

Aβ40 fibril and Apt1 functionalized AuNPs; (3) regeneration. 
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S-8 Binding behaviors of Apts with Aβ42 oligomers using SPR 

Take Aβ42 oligomer for an example, the binding behaviors of Apts with Aβ42 aggregates 

were also investigated using SPR. In brief, 5 μM of thiol-modified Apt1 (or Apt2) was 

immobilized on the cleaned bare Au film. After the modified Au film was blocked with 

6-mercapto-1-hexanol (MCH), different concentrations (from 0 μM to 100 μM) of Aβ42 

oligomer was added and incubated for 1 hour. The SPR spectrum were recorded after 

the Au film was washed with TBS buffer. As shown in Figure S7A, the observed 

resonance angle shift (Δθ) increased with an increase in concentration of Aβ42 oligomer, 

suggesting that Apt1 and Apt2 could respectively bind Aβ42 oligomer. In addition, after 

Apt2 modified Au film was blocked with MCH (from curve 1 to curve 2), the pre-

incubated reaction solution of 10 μM Aβ42 oligomer and 10 μM Apt1 was added and 

incubated for 1 hour As shown in Figure S7B, SPR resonance angle almost kept 

unchanged (from curve 2 to curve 3), indicating that the simultaneous binding of Apt1 

and Apt2 in the presence of Aβ42 oligomer not happen. 

 

Figure S7. (A) The changes of resonance angle caused by Aβ42 oligomers. (B) The 

SPR spectra of (1) the Apt2 modified Au film; (2) the MCH blocked Apt2-modified Au 

film; (3) reaction with the pre-incubated reaction solution of Aβ42 oligomer and Apt1.  
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S-9 Detection of Aβ40 fibril by dual Apts-based SPR sensor 

Dual Apts-based SPR sensor was used for detecting different concentrations of 

Aβ40 fibril in TBS buffer. Figure S8A showed the resonance angle gradually increased 

as the Aβ40 fibril concentration increased from 0 to 10 pM. Figure S8B demonstrated 

the relation between Δθ and the concentration of Aβ40 fibril in two methods (direct 

measurement and dual Apts-based SPR). It was estimated that the detection limit of 

dual Apts-based SPR sensor for Aβ40 fibril was 0.05 pM (curve a of Figure S8B). 

Moreover, a comparison between the present work and previously reported studies was 

performed (shown in Table S2), and the sensitivity of this sensor was comparable to or 

better than that of those previous works. The result from Figure 6C clearly showed the 

specificity of the dual Apts-based SPR sensor. Take 5 pM sample as example, Δθ was 

0.1246o
 for Aβ40 oligomer, which was twenty-four times larger than that of Aβ42 

oligomer and sixteen times larger than that of Aβ42 fibril. The results demonstrated that 

this biosensor had sequence specificity to distinguish among Aβ species. As shown in 

Figure S8C, the reproducibility of the sensor chip was also estimated. When the dual 

Apts-based SPR sensor was used to detect 1 pM Aβ40 fibril, no significant signal 

degradation was observed during the 6 cycles, implying that the dual Apts-based SPR 

sensor exhibited good reproducibility. 
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Figure S8. (A) SPR spectra of different concentrations of Aβ40 fibrils. (B) Sensitivity 

investigation of the biosensor. (a) dual Apts-based SPR, (b) direct measurement. (C) 

Reproducibility investigation of dual Apts-based SPR sensor. 
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S-10 A brief introduction for detection of Aβ aggregates 

An overview on methods for determination of Aβ aggregates was presented in 

Table S2. According to the comparison result, the sensitivity of dual Apts-based SPR 

sensor was comparable to or better than that of those previous works. 

Table S2 Comparison of reported biosensors for Aβ aggregates detection 

 

  

Methods Analytes Limit of detection Ref.

Surface-based fluorescence intensity 

distribution analysis

Enzyme-linked immunoassay

Differential pulse voltammetry

Upconversion fluorescent sensor

Light-up nonthiolated aptasensor

Visual and fluorescent assays

Time resolved luminescence

resonance energy transfer 

Förster resonance energy transfer

Immuno-infrared-sensor

Dual Apts-based SPR sensor

Aβ oligomers

Aβ oligomer 

Aβ oligomers 

Aβ oligomers 

Aβ oligomers 

Aβ oligomers 

Aβ oligomers, fibrils
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this work
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