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Nanostructural Differentiation 
and Toxicity of Amyloid-β25-35 
Aggregates Ensue from Distinct 
Secondary Conformation
Yongxiu Song1,3, Ping Li2, Lei Liu1, Christian Bortolini3 & Mingdong Dong  3

Amyloid nanostructures are originated from protein misfolding and aberrant aggregation, which is 
associated with the pathogenesis of many types of degenerative diseases, such as Alzheimer’s disease 
(AD), Parkinson’s disease (PD) and Huntington’s disease. The secondary conformation of peptides is 
of a fundamental importance for aggregation and toxicity of amyloid peptides. In this work, Aβ25-35, 
a fragment of amyloid β(1-42) (Aβ42), was selected to investigate the correlation between secondary 
structures and toxicity of amyloid fibrils. Furthermore, each aggregation assemblies show different 
cell membrane disruption and cytotoxicity. The structural analysis of amyloid aggregates originated 
from different secondary structure motifs is helpful to understand the mechanism of peptides/cell 
interactions in the pathogenesis of amyloid diseases.

The aggregation of amyloid peptides is closely related to the pathogenesis of many kinds of degenerative dis-
eases1–3. A viable route to study the pathogenesis of these amyloid diseases is to investigate cell impairment orig-
inated from amyloid peptide aggregates4–8. The secondary structure of peptides determines the morphology of 
amyloid aggregates, which implies that amyloid aggregates play an important role on cell interruption9. In the 
abnormal assemblies of peptides, the change of physicochemical properties of aggregations is strongly related to 
secondary structure of misfolded proteins or even the conformation rearrangement, resulting in amyloid-related 
diseases9,10. For instance, the cross β-structure of prion proteins in infectious aggregates induces the conformation 
conversion from α-helical to cross β-structure, which does facilitate the amyloid-like fibril formation resulting 
cytotoxic9. The secondary structures of the amyloid aggregates have been extensively explored by a diversity of 
diffraction techniques such as X-ray scattering and electron diffraction11 and solid-state NMR spectroscopy12,13. 
However, these methods can only supply average structural information. Recently, scanning tunneling micros-
copy (STM) has been utilized to explore the molecular assembled structure of amyloid peptides, which can reveal 
the mechanistic insight of peptide assembly at submolecular level14,15. Although STM is a powerful tool, amyloid 
aggregates at nanoscale are still needed to reveal cellular level membrane interruption. On the other hand, Atomic 
force microscopy (AFM) is feasible methods to reveal the self-assembly process, and provide the dynamics infor-
mation of amyloid assembly16–21, which can reveal the mechanism of aggregation. In this work, we focus on 
determination and analysis of peptide secondary structural effect on morphology and cytotoxicity of amyloid 
aggregates by high resolution AFM combined with circular dichroism (CD) spectra and cell assay. Aβ25-35 is 
chosen as the model of Aβ42 since it is generally considered as the biologically active region of Aβ, it also repre-
sents the shortest fragment able to exhibit large β-sheet aggregated structures and is considered as the most toxic 
peptide fragment derived from APP22,23. We found that the aggregation of Aβ25-35 is strongly affected by ions in 
solution. The kinetics of amyloid fibrillization and the structural transition were examined by thioflavin T (ThT) 
fluorescence and CD, respectively. In water solution, the secondary structure different from β-sheet secondary 
structure leads to flat fibrils. Amyloid peptides convert into twisted β-sheet secondary structure when employing 
a phosphate buffer solution instead of Milli-Q water. These two amyloid aggregates present different adhesion 
force map based on AFM measurement, which could be ascribed to distinct packing of secondary structures. 
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Furthermore, based on our cytotoxicity study of Aβ25-35, twisted β-sheet fibril structure was observed to be more 
toxic compared with the flat fibrils. The cell membrane interruption and the cell affinity of twisted β-sheet fibrils 
are much stronger in comparison with the flat fibrils. Two kinds of amyloid aggregates originated from different 
secondary structures are linked to cytotoxicity during the interaction with the cell membrane, which is in general 
related to the pathogenesis of amyloid disease.

Results and Discussion
The structure and the secondary structure detection of Aβ25-35. Aβ25-35 originates from resi-
due 1–42 of amyloid β peptide24,25. This segment consists of 11 amino acids (Fig. 1(a)). Lysine (K) has a positive 
charge26, as shown in the light yellow oval of Fig. 1(a). The secondary structure of the peptide was determined 
by circular dichroism (CD)(Fig. 1(b)). CD spectra of Aβ25-35 in Milli-Q water displays a negative minimum at 
197 nm and a smaller positive maximum at 218 nm (seeing Fig S1). Interestingly, the CD spectra of Aβ25-35 in 
PB solution (2.5 μM, 5 μM, 10 μM) was different compared to the one in water, which exhibited a negative peak 
at 218 nm and a positive peak at 197 nm suggesting the presence of β-sheet structures27. In addition, the intensity 
at 218 nm (or 197 nm) was found to be directly proportional to the concentration of PB, which suggests that the 
phosphate ion can affect the conformation of β-sheet structure. In order to thoroughly identify the secondary 
structure of Aβ25-35 in diverse solutions, ATR-FTIR experiments were performed, as shown in Fig. 1(c). Aβ25-35 
in PB solution exhibited two main absorbance peaks at 1626 cm−1 and 1666 cm−1, indicating the typical second-
ary conformation of β-sheet structure28. However, Aβ25-35 in Milli-Q water presented two absorbance peaks at 
1616 cm−1 and 1666 cm−1 based on ATR-FTIR, which present the regions of amide I band29. Besides, Dichroweb 
CD analysis30–32(Table 1) showed that the amount of unordered structure decreased by adding the phosphate ions 
into Milli-Q water gradually. To further detect amyloid peptide secondary structure, ThioflavinT(ThT) fluores-
cence has been widely used to monitor amyloid peptide fibrillation kinetic profiles by displaying fluorescence as 
an effect of the binding to β-sheet domains on amyloid aggregates33. As shown in Fig. 1(d), the curves represent 
the peptide fibrillation process. We can observe that Aβ25-35 in PB solution has a very strong fluorescence in this 
assay and the aggregation of Aβ25-35 reached the plateau phase of fibrillation fast when the concentration of PB 

Figure 1. (a) Molecular model of Aβ25-35 (the light yellow oval indicates Lysine). (b) Circular dichroism 
spectra of Aβ25-35 (100 μM) after 12 h incubation at 37 °C at 0, 2.5, 5 and 10 mM of PB. (c) ATR-FTIR spectrum 
of Aβ25–35 (100 μM) in Milli-Q water and PB solution. (d) Aggregation of Aβ25-35 as followed by ThT assay.

MQ-water-Aβ25-35 2.5 mM PB-Aβ25-35 5 mM PB-Aβ25-35 10 mM PB-Aβ25-35

alpha-helices 9 15 27 29

beta-sheets 32 34 29 36

unordered 36 30 27 21

turns 23 21 17 14

Table 1. Secondary structural components of Aβ25-35 fibrils, obtained visa CD data.
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solution was 10 mM, indicating that the phosphate ion promoted the formation of β-sheet structure of Aβ25-35 
and altered the aggregation of Aβ25-35. Additionally, the aggregation of Aβ25-35 in Milli-Q water showed little 
fluorescence signal further indicating that the secondary structure of Aβ25-35 in Milli-Q water was not a β-sheet 
structure33. By combining our findings with CD and ATR-FTIR measurements. We can conclude that the phos-
phate ions strongly influence the secondary structure of Aβ25-35.

Fibrillation of Aβ25-35. The formation of β-sheet structures promoted by phosphate ions probably lead 
to different aggregations of Aβ25-35 from that in Milli-Q water. The morphology of the nanostructures can be 
assessed by using Atomic Force Microscopy (AFM). AFM images taken during aggregations of Aβ25-35 in PB 
solution or Milli-Q water are shown in Fig. 2(a–f). At 0.5 h, only some oligomeric species were found with the 
height of 3.6 ± 0.6 nm (Fig. 2(a)) and 3.5 ± 0.4 nm (Fig. 2(d)), respectively. Morphological changes were observed 
after 3 h incubation and proto-fibers were obtained 4.8 ± 1.2 nm and 6.6 ± 1.1 nm tall (Fig. 2(g), histogram) in 
Milli-Q water and PB solution, respectively. The proto-fibers in Milli-Q water are shaped like bamboo leaves 
while the short linear fibrillar structures were present in PB solution. These peculiar morphological changes 
became more evident after incubation for 6 h, thin flat film with the diameters of 4.9 ± 2.2 nm were observed in 
Milli-Q water. At the same time, a high density of long mature fibrils with diameters of 14.3 ± 5.8 nm appeared in 
PB solution. Finally, mature fibers were formed after incubation for 12 h (Fig. 3(a) and (b)). Furthermore, AFM 

Figure 2. AFM images of Aβ25-35 in water at (a) 0.5 h (b) 3 h (c) 6 h; AFM images of Aβ25-35 in PB at (d) 0.5 h 
(e) 3 h (f) 6 h. (g) The histogram with Gaussian fitting of the height of Aβ25-35 aggregates. (h) The histogram of 
the height of the bearing area of Aβ25-35.
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images of Aβ25-35 on SiO2 and glass substrates, the size distribution and turbidity of Aβ25-35 confirmed the fiber 
formed in bulk Milli-Q water (shown in Fig S2). The bearing area of the height of Aβ25-35 aggregates at different 
time points was shown in Fig. 2(h). Together with the height distribution at different time points and the corre-
sponding morphology, a coherent picture of the self-assembly process emerges.

From the fibrillation process of Aβ25-35 amyloid peptide in Milli-Q water and PB buffer solution, the height of 
mature fibrils increased after the end of plateau phase of fibrillation (ThT assay in Fig. 1(d)), which were identified 
in Fig. 2(b,c,e,f). Then, we systematically analyzed the detailed structure information of mature fibrils in Milli-Q 
water and in PB buffer solution by using high-resolution AFM. The two different types of nanostructures assem-
bled from Aβ25-35 were observed, namely the flat film and the twisted fibrils (Fig. 3(a) and (b)). The height value 
of flat film and fibril in Milli-Q water was similar and approximately 5.0 ± 1.0 nm (line profile of aa’ in Fig. 3(c)), 
indicating that the film is composed of fibrils. Combining the morphology analysis of Aβ25-35 aggregates with 
the incubation of 6 h and 12 h in Milli-Q water (Fig. 2(c) and Fig. 3(a)), we proposed that the fibrils continue to 
grow on the surface of the film. In case of twisted fibrils formed in PB buffer solution, the height of a single fibril 
was approximately 11.0 ± 1.1 nm. There are two twisted structures in PB buffer solution (Fig. 3(b)). The heights 
of fibrils were about 7 nm (Fig. 3(d)) and 13.5 nm (Fig. 3(e)). The periodicity of these two twisted structures was 
estimated to be about 30.5 nm (Fig. 3(d)), and 78.1 nm in Fig. 3(e). Our hypothesis is that the twisted nanostruc-
ture in Fig. 3(e) was formed by fibers in Fig. 3(d). The height distribution of the twisted structure may be formed 

Figure 3. AFM morphology images of Aβ25-35 in Milli-Q water (a) or PB (b) at 12 h; AFM morphology 
images of Aβ25-35 nanostructure in Milli-Q water (c) or PB (d,e). Height of line profiles of Aβ25-35 fibrils are 
indicated by aa’ in (f), bb’ and cc’ in (g) and (h), respectively.
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by two fibers (line profile of cc’ in Fig. 3(e)) twisted. Furthermore, the adhesion force maps of amyloid aggregates 
were obtained (Fig. 4). The flat fibril film assembled from amyloid peptide displayed the relative “homogeneous” 
adhesion force on the surface, compared to the twisted fibril structure of amyloid peptide in PB solution. The fluc-
tuation of adhesion force is approximately 2 nN in the case of the flat film (Fig. 4(a)), while it reached to 8 nN in 
the twisted fibril structure (Fig. 4(b)), which can be attributed to the different molecular packing in the assembled 
structure. The distinct secondary conformations result in various assembled structures in which the residues of 
peptides may expose on the fibers’ surface different functional groups of their side-chains. Charged residue such 
as Lysine might be more exposed in the case of twisted fibril than it does in the flat film. The surface adhesion 
properties can be identified by adhesion force map, which is also an important factor for the affinity with the cell 
membrane.

Detection of the cytotoxicity and cell membrane disruption of amyloid aggregates. To explore 
the cytotoxicity of Aβ25-35 with different secondary structure motifs in different solutions, SH-SY5Y cells were 
used to assess the cell viability. Figure 5(a) and (b) show the in vitro viability of cell after 24 h and 48 h incubation 
with Aβ25-35 amyloid peptide at a concentration ranging from 0 to 50 μM. Cytotoxicity of Aβ25-35 in PBS solu-
tion increased with increasing concentration of amyloid peptide and the incubation time. When the cells were 
incubated with 50 μM Aβ25-35 in PBS buffer for 24 h and 48 h, there were only 72.8 ± 3.7% and 59.4 ± 1.0% cells 
alive, respectively. As opposed to the case of PBS incubation, there were little cells apoptosis caused by Aβ25-35 
amyloid peptide in Milli-Q water with increasing exhibited cracking features, and cells were covered by Aβ25-35 
amyloid peptide with micrometer size (shown in Fig S5). These results are clear indication of a higher cytotoxic 
effect of Aβ25-35 in PBS solution with β-sheet conformation rather than Aβ25-35 in Milli-Q water with distinct 
secondary structure conformation for SH-SY5Y cells after treatment. To further investigate the cytotoxicity of 
Aβ25-35 related to its the secondary structure, we proposed the membrane disruption possibly induce to impair-
ing the cell. The hemolysis experiment is aiming to explore the membrane disruption of Aβ25-35 aggregates in 
the cell-like system (shown in Fig S6), and the dye-release assay in liposome which is a typical approach to inves-
tigating the ability of membrane disruption of nanomaterials was also performed (shown in Fig. 5(c)). Aβ25-35 

Figure 4. Adhesion map of Aβ25-35 amyloid aggregates. (a) Adhesion map of flat assembled nanostructure of 
Aβ25-35 in Milli-Q water. (b) Adhesion map of twisted fibril of Aβ25-35 in PB solution. (c) Adhesion force line 
profiles of Aβ25-35 assembled nanostructure are indicated by aa’ in (a) and bb’ in (b), respectively.

Figure 5. Cytotoxic effects of Aβ25-35 in Milli-Q water or PBS buffer. In vitro viability of SH-SY5Y treated 
with Aβ25-35 at 5, 10, 20, 30, 40 or 50 μM for 24 h (a) and 48 h (b) incubation, respectively (n = 6). Cell viability 
was determined using the CCK-8 Kits and the absorbance was detected at 450 nm. (c) Dye leakage from DOPC 
vesicles induced by Aβ25-35 aggregates in different condition.
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aggregates in PBS solution induced more membrane disruption than the one in water. We could verify the mem-
brane disruption of Aβ25-35 peptide aggregates, which is consistent with the results we obtained by hemolysis 
experiment. Consistent with the cell viability assay, Aβ25-35 in PBS buffer was found to be more toxic than that in 
Milli-Q water. We then assessed the interaction between SH-SY5Y cells and Aβ25-35 amyloid peptide aggregates 
by fluorescence microscopy. Figure 6 displays the fluorescent images of SH-SY5Y cells with Aβ25-35 amyloid 
peptide in PBS buffer and Milli-Q water. Cell structure and cell core can be identified by bright field (BF) mode 
and fluorescence mode with 4′, 6′-diamidino-2-phenylindole (DAPI). The interaction between the cell and amy-
loid aggregates was observed by Merge mode. We observed that amyloid aggregates in Milli-Q water rarely inter-
act with the cell membrane, while aggregates in PBS buffer solution can attach on the cell membrane. Fluorescent 
peptides (FITC labeling of Aβ25-35 do not change the secondary structure of the peptide, shown in Fig S6) can 
assemble into micro size aggregate and bind to the surface of cell membrane, but not enter into the cells, which 
gives the mechanistic insight of amyloid aggregates interrupting the neuron cell and also provide us with further 
insights on the peptide secondary structural effect of amyloid aggregates on the cytotoxicity.

In this work, we investigated the peptide secondary structural effect of amyloid aggregates on assembled 
nanostructure and cytotoxicity systematically. This study demonstrated that amyloid aggregates based on β-sheet 
secondary conformations prefer to bind to SH-SY5Y cell membrane in case of Aβ25-35 amyloid peptide. In the 
adhesion map of amyloid twisted structure, a big fluctuation of adhesion force on the surface of nanostructure 
was observed. The different interaction between amyloid aggregates and cell membrane is closely linked to the 
cytotoxicity.

Conclusions
In summary, the self-assembly of amyloid peptide Aβ25-35 in different conditions were characterized by high 
resolution AFM, adhesion force mapping, CD spectra and ATR-FTIR. The cell assay was used to analyze the 
secondary structural effect of amyloid aggregates on assembled nanostructural cytotoxicity. The results showed 
that β-sheet secondary structure of Aβ25-35 peptide resulted in the assembled twisted fibril, while the one with 
different secondary structure assembled as a flat film. Distinct secondary conformation induced a big fluctuation 
of adhesion force on the surface of nanostructure and different cytotoxicity to SH-SY5Y cells. We assume this dis-
tinct secondary conformation may be attributed to the positive charge (Lysine) of peptides exposed on aggregates’ 
surface, which facilitates the interaction between the peptide aggregates and the cell membrane with negative 
charge34,35. Our work can open an approach towards analyzing and exploring the mechanistic insight of amyloid 
peptide assembled structure and finding a way to link to the functionality. Our study provided insights into the 
secondary structural effect of amyloid aggregates on morphology and cytotoxicity, which could be beneficial for 
understanding the pathogenesis of amyloid diseases.

Figure 6. Interaction between SH-SY5Y cells and amyloid peptide labeled with FITC in PBS buffer and 
Milli-Q water. Cells were incubated with fluorescent dyeAβ25-35 at the same concentration of 40 μM for 24 h 
at 37 °C and then observed by confocal microscopy. The excitation/emission wavelengths were 488/530 nm for 
fluorescent Aβ25-35 amyloid peptide and 358/461 nm for DAPI.
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Methods
Preparation of Amyloid Fibrils. 1 mg Aβ25-35 (amino acid sequence: NH2-GSALGAIIGLM-COOH; 
American Peptide Company, USA) was dissolved in 1 mL 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Tokyo 
Chemical Industry, Japan), and subsequently sonicated for 5 seconds and vortexed 3 times for 5 seconds. Then the 
solution was kept in a thermo-shaker (PHMT, Grant Instruments, England) for 24 h at 350 rpm min−1 at 25 °C. 
After that, the solution was stored in the freezer at −20 °C before use. 35 μL of Aβ25-35 HFIP solution were trans-
ferred into a 1.5 mL centrifuge tube, and the solvent was removed by storing it in a vacuum drying oven (Jinghong 
Co., Ltd., China) for 1 hour at 25 °C. Afterwards, the peptide film in the tube was dissolved in Milli-Q water or 
phosphate buffer solution to the final concentration of 100 μM. Finally, the peptide solution was incubated on the 
thermo-shaker for 12 hours at 350 rpm min−1 and 37 °C.

Atomic Force Microscopy. 20 μL of incubated peptide solution were deposited onto the freshly cleaved 
mica surface and air-dried for 10 min, then the residues was removed. The sample was rinsed once with Milli-Q 
water and dried in ambient condition before measurement. All AFM height images were recorded under ambient 
condition with a commercial AFM MultiMode VIII (Bruker, Santa Barbara, USA) in a PeakForce-tapping mode 
with an ultrasharp silicon probe with the spring constant of 26 Nm−1. Adhesion map images were recorded in a 
PeakForce QNM mode with an ultrasharp probe with the spring constant of 200 Nm−1. The AFM images were 
taken on 10 different places.

Circular Dichroism (CD) spectroscopy. CD spectra measurements were performed on a spectropolarim-
eter (JASCO, Hachioji City, Japan) with a model No. PTC-348W1 (JASCO) with Aβ25-35 peptide solution both 
in Milli-Q water and phosphate buffer (pH = 7.15) solution at the concentration of 100 μM. All experiments were 
performed at 25 °C and a 0.1 cm quartz cuvette was used with a spectral region of 190–250 nm and a scan speed 
of 50 nm min−1. Besides, the slit-width was set at 1 nm. For all samples, the signal of Milli-Q water and phosphate 
buffer solution (pH = 7.15) were subtracted as the baseline. The sample volume for each CD measurement was 
300 μL. The HT voltage was no more than 400 V for all samples test. Each experiment was performed in triplicate.

Fourier Transform Infrared Spectra (ATR-FTIR). The secondary structure of Aβ25-35 was analyzed on 
a Nicolet iS5 FT-IR Spectrometer (Thermo Scientific, Marietta, GA, USA) using a smart multi-Bounce ARK 
accessory (Thermo Nicolet) equipped with a calcium fluoride crystal. Aβ25-35 peptide solution (incubated after 
12 h in tube) was transferred onto the crystal for analysis. A background spectrum was subtracted from all the 
samples’ spectra. Spectra were acquired in the 4,000 cm−1 to 400 cm−1 with a spectral resolution of 4 cm−1 over 64 
scan. The experiment was performed in triplicate.

ThT Fluorescence Assay. The Hitachi F-4500 fluorescence spectrometer was used to study on the dynamics 
of amyloid peptide aggregation by ThT assay. A total of sample solution (incubated peptide solution (25 μL), ThT 
fluorescence solution (25 μL) and solvents (150 μL)) was added to a 0.1 cm quartz cells. ThT fluorescence spectra 
(excitation at 450 nm, emission at 485 nm) were measured at the following time intervals: 0, 20, 40, 60, 120, 180, 
360 and 720 min. The measurement was repeated three times. For the fluorescence, the intensity was the average 
value of every sample at each time point. The volume ratio of polypeptide solution and ThT (1 mM) was 25:25.

Size distribution. The size distribution of Aβ25-35 peptide in water was acquired using a laser diffrac-
tion size analyzer (MS3000, Malvern). A total of sample solution (incubated peptide solution (200 μL), water 
(3800 μL)) was added to a 1 cm quartz cells. The measurements were performed at room temperature and all data 
were obtained with the software provided by Malvern Instruments. The turbidity of Aβ25-35 peptide in water was 
measured by using Hitachi F-4500 fluorescence spectrometer at room temperature (Em = Ex = 400 nm). A total 
of sample solution (incubated peptide solution (25 μL), water (175 μL)) was added to a 0.1 cm quartz cells. All the 
experiment were performed in triplicate.

Cytotoxicity assay. Human neuroblastoma SH-SY5Y cells were cultured in Dulbecco’s modified eagle 
medium (DMEM) supplemented with 10% fetal calf serum at 37 °C in a humidified (5% CO2, 95% air) atmos-
phere. The cells were planted in a 96-well microplate at a density of 8000 cells per well for CCK-8 assays. After 
being cultured for 24 h (the structure of Aβ25-35 peptide incubated in PB and PBS solution was same, seen in 
Fig S3), the cells were exposed to the different concentration peptide incubated at 37 °C for 24 h and 48 h, and 
cytotoxicity was assayed using CCK-8 kits (Dojindo Molecular Technologies, Tokyo, Japan). Absorbance was 
detected at 450 nm with a Tecan Infinite M200 microplate reader (Tecan, Durham, USA). Each experiment was 
performed in triplicate.

Hemolytic activity of peptides. Hemolytic activities of the peptides were determined using healthy 
human erythrocytes. Erythrocytes were prepared by centrifuging 1 mL of fresh blood (1000 × g, 10 min), 
re-suspending the pelletted cells in 1 mL sterile PBS (pH = 7.4). The cells were washed with PBS three times; in 
the final wash the cells were re-suspended in 0.75 mL PBS. From this, a 2% erythrocyte suspension was prepared 
for the assay. Aliquots of sterile water (positive control), peptide, and PBS (negative control) were used in a 24 well 
plate. 40 μM PBS-Aβ25-35 and Milli-Q water-Aβ25-35 were tested. The assay was then incubated (24 h, 37 °C). 
After centrifugation (1000 × g, 10 min), aliquots of supernatant were carefully transferred to a 96 well plate and 
the absorbance was obtained for each well. Percent hemolysis was calculated as previously described36.

Dye Leakage Experiment. The Aβ25-35 aggregates solution are prepared as the described for ATR-FTIR 
experiments. For each data point, the baseline fluorescence of the empty and dye-encapsulated DOPC vesicles 
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was measured for 30 s. The Aβ25-35 aggregates solution incubated for 12 h was then added into dye-encapsulated 
DOPC vesicles and they were together incubated for 24 h on the thermo-shaker at 37 °C. After that, the fluores-
cence was recorded at 30 s. The increase of fluorescence induced by total disruption of the lipid vesicles was meas-
ured by the addition of Triton X-100 to a final concentration of 0.05%. The measurement of fluorescence of part 
disruption of the lipid vesicles was induced by adding peptide aggregates solution. The dye leakage is reported 
according to the following equation37:

=
−

−
×

FPercentage of dye leakage peptide Fbaseline
Ftriton Fbaseline

100

All dye leakage experiments were conducted at room temperature(approximately 25 °C) in 10 mM sodium 
phosphate buffer, pH 7.4. Each experiment was repeated three times for Aβ25-35 aggregates solution.

Fluorescence experiment. SH-SY5Y cells were seeded on glass coverslips of 14 mm 2 in culture dishes 
(Nunc, USA) at a density of 1 × 105 cells per well at 37 °C for 24 hours. Before imaging experiments, the growth 
media was replaced with 2 mL fresh medium containing 40 μM PBS-Aβ25-35 and Milli-Q water-Aβ25-35 labeled 
by FITC. After incubation at 37 °C for 24 hours, cells were washed three times with PBS solution and were fixed 
with 4% paraformaldehyde for 10 min. The cells were washed three times with PBS solution. Then the cells were 
dyed with 1 μg/ml 4′, 6′-diamidino-2-phenylindole (DAPI, Sigma) for 10 min and then the cells were washed 
three times with PBS solution. The cells were observed with a LSM 710 laser scanning confocal microscope 
(LSCM, Carl Zeiss LSM710, USA) at 60× magnification. The excitation/emission wavelengths were 488/530 nm 
for fluorescent peptide and 358/461 nm for DAPI.

Statistical analysis. The ThT data, CD data, Size distribution data, AFM image data and Cell data were 
analyzed with OriginPro 8.0 software, JASCO software, Malvern software and NanoScope Aanlysis (1.8) software.

References
 1. Goedert, M. & Spillantini, M. G. A century of Alzheimer’s disease. Science. 314, 777–781 (2006).
 2. Goedert, M. Alzheimer’s and Parkinson’s diseases:The prion concept in relation to assembled Aβ, tau, and a-synuclein. Science. 349, 

1255555 (2015).
 3. Glabe, C. G. & Kayed, R. Common structure and toxic function of amyloid oligomers implies a common mechanism of pathogenesis. 

Neurology. 66, S74–S78 (2006).
 4. Lambert, M. P. et al. Diffusible, nonfibrillar ligands derived from A beta (1–42) are potent central nervous system neurotoxins. Proc. 

Natl.Acad. Sci. USA. 95, 6448–6453 (1998).
 5. Klein, W. L. A beta toxicity in Alzheimer’s disease: globular oligomers (ADDLs) as new vaccine and drug targets. Neuroche. Inter. 41, 

345–352 (2002).
 6. Lashuel, H. A., Hartley, D., Petre, B. M., Walz, T. & Lansbury, P. T. Neurodegenerative disease: Amyloid pores from pathogenic 

mutations. Nature. 418, 291–291 (2002).
 7. Fandrich, M., Fletcher, M. A. & Dobson, C. M. Amyloid fibrils from muscle myoglobin-Even an ordinary globular protein can 

assume a rogue guise if conditions are right. Nature. 410, 165–166 (2001).
 8. Dobson, C. M. & Philos, T. The structural basis of protein folding and its links with human disease. Philos T R Soc B. 356, 133–145 

(2001).
 9. Tanaka, M., Chien, P., Naber, N., Cooke, R. & Weissman, J. S. Conformational variations in an infectious protein determine prion 

strain differences. Nature. 428, 323–328 (2004).
 10. King, C. Y. R. & Avalos, D. Protein-only transmission of three yeast prion strains. Nature. 428, 319–323 (2004).
 11. Nilsson, M. R. Techniques to study amyloid fibril formation in vitro. Methods. 34, 151–160 (2004).
 12. Petkova, A. T. et al. A structural model for Alzheimer’s β-amyloid fibrils based on experimental constraints from solid state NMR. 

Proc. Natl. Acad. Sci. USA. 99, 16742–16747 (2002).
 13. Wasmer, C. et al. Amyloid fibrils of the HET-s (218–289) prion form a beta solenoid with a triangular hydrophobic core. Science. 

319, 1523–1526 (2008).
 14. Liu, L. et al. Chaperon-mediated single molecular approach toward modulating Aβ peptide aggregation. Nano Lett. 9, 4066–4072 

(2009).
 15. Liu, L. et al. Observation of reduced cytotoxicity of aggregated amyloidogenic peptides with chaperone-like molecules. Acs Nano. 5, 

6001–6007 (2011).
 16. Liu, P. et al. Co-assembly of human islet amyloid polypeptide (hIAPP)/insulin. Chem Commun. 48, 191–193 (2012).
 17. Adamcik, J. et al. Understanding amyloid aggregation by statistical analysis of atomic force microscopy images. Nat Nanotechnol. 5, 

423–428 (2010).
 18. Dong, M. D., Hovgaard, M. B., Xu, S. L., Otzen, D. E. & Besenbacher, F. AFM study of glucagon fibrillation via oligomeric structures 

resulting in interwoven fibrils. Nanotechnology. 17, 4003–4009 (2006).
 19. Yu, Y. P. et al. 2D amyloid aggregation of human islet amyloid polypeptide at the solid-liquid interface. Soft Matter. 8, 1616–1622 

(2012).
 20. Quist, A. et al. Amyloid ion channels: a common structural link for protein-misfolding disease. Proc. Natl. Acad. Sci. USA. 102, 

10427–10432 (2005).
 21. Adamcik, J., Castelletto, V., Bolisetty, S., Hamley, I. W. & Mezzenga, R. Direct Observation of Time-Resolved Polymorphic States in 

the Self-Assembly of End-Capped Heptapeptides. Angew. Chem. Int. Ed. 50, 5495–5498 (2011).
 22. Millucci, L., Ghezzi, L., Bernardini, G. & Santucci, A. Conformations and biological activities of amyloid beta peptide 25–35. Curr. 

Protein. Pept. Sc. 11, 54–67 (2010).
 23. Pike, C. J. et al. Structure-activity analyses of beta-amyloid peptides: contributions of the beta 25–35 region to aggregation and 

neurotoxicity. J. Neurochem. 64, 253–265 (1995).
 24. Selkoe, D. J. The molecular pathology of Alzheimer’s disease. Neuron. 6, 487–498 (1991).
 25. Selkoe, D. J. Alzheimer’s disease: a central role for amyloid. J. Neuropathol. Exp. Neurol. 53, 438–447 (1994).
 26. Suzuki, M. & Hanabusaa, K. J. L-Lysine-based low-molecular-weight gelators. Chem. Soc. Rev. 38, 967–975 (2009).
 27. Wang, J., Cao, Y. P., Li, Q., Liu, L. & Dong, M. D. Size Effect of Graphene Oxide on Modulating Amyloid Peptide Assembly. Chem. 

Eur J. 21, 9632–9637 (2015).
 28. Shanmugam, G. & Polavarapu, P. L. Structure of Aβ (25–35) Peptide in Different Environments. Biophys. J. 87, 622–630 (2004).
 29. Shivu, B. et al. Distinct β-sheet structure in protein aggregates determined by ATR-FTIR spectroscopy. Biochemistry 52, 5176–5183 

(2013).



www.nature.com/scientificreports/

9SCIeNtIfIC RepoRTS |  (2018) 8:765  | DOI:10.1038/s41598-017-19106-y

 30. Sreerama, N. & Woody, R. W. Estimation of protein secondary structure from circular dichroism spectra: comparison of CONTIN, 
SELCON, and CDSSTR methods with an expanded reference set. Anal Biochem. 287, 252–260 (2000).

 31. Whitmore, L. & Wallace, B. A. Protein secondary structure analyses from circular dichroism spectroscopy: methods and reference 
databases. Biopolymers. 89, 392–400 (2008).

 32. Whitmore, L. & Wallace, B. A. DICHROWEB, an online server for protein secondary structure analyses from circular dichroism 
spectroscopic data. Nucleic Acids Res. 32(suppl_2), W668–W673 (2004).

 33. Levine, H. Thioflavine T interaction with synthetic Alzheimer’s disease β-amyloid peptides: Detection of amyloid aggregation in 
solution. Protein. Sci. 2, 404–410 (1993).

 34. Polyakov, P. et al. Automated force volume image processing for biological samples. PLoS ONE. 6, e18887 (2011).
 35. Lin, A. J. et al. Three-Dimensional Imaging of Lipid Gene-Carriers: Membrane Charge Density Controls Universal Transfection 

Behavior in Lamellar Cationic Liposome-DNA Complexes. Biophys. J. 84, 3307–3316 (2003).
 36. Latour, F. A. D., Amer, L. S., Papanstasiou, E. A., Bishop, B. M. & Hoek, M. L. V. Antimicrobial activity of the Naja atra cathelicidin 

and related small peptides. Biochem. Bioph. Res. Co. 396, 825–830 (2010).
 37. Brender, J. R. et al. Amyloid fiber formation and membrane disruption are separate processes localized in two distinct regions of 

IAPP, the type-2-diabetes-related peptide. J. Am Chem. Soc. 130, 6424–6429 (2008).

Acknowledgements
The authors acknowledge the National Nature Science Foundation of China (Grant no. 21573097, 51503087), 
the Foundation of Jiangsu Province (BK20140528, BK20140013), Innovation Project for Graduate Student 
Research of Jiangsu Province (Grant no. KYLX16_0886), China Scholarship Council, Danish National Research 
Foundation, Aarhus Universitets Forskningsfond, EU H2020 RISE 2016-MNR4S Cell 734174 and Lundbeck 
Foundation.

Author Contributions
L.L. and M.D. conceived the idea of this work, and Y.X. and P.L. implemented experiments. All of authors 
contributed to the data analysis and writing the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-19106-y.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-017-19106-y
http://creativecommons.org/licenses/by/4.0/

	Nanostructural Differentiation and Toxicity of Amyloid-β25-35 Aggregates Ensue from Distinct Secondary Conformation
	Results and Discussion
	The structure and the secondary structure detection of Aβ25-35. 
	Fibrillation of Aβ25-35. 
	Detection of the cytotoxicity and cell membrane disruption of amyloid aggregates. 

	Conclusions
	Methods
	Preparation of Amyloid Fibrils. 
	Atomic Force Microscopy. 
	Circular Dichroism (CD) spectroscopy. 
	Fourier Transform Infrared Spectra (ATR-FTIR). 
	ThT Fluorescence Assay. 
	Size distribution. 
	Cytotoxicity assay. 
	Hemolytic activity of peptides. 
	Dye Leakage Experiment. 
	Fluorescence experiment. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 (a) Molecular model of Aβ25-35 (the light yellow oval indicates Lysine).
	Figure 2 AFM images of Aβ25-35 in water at (a) 0.
	Figure 3 AFM morphology images of Aβ25-35 in Milli-Q water (a) or PB (b) at 12 h AFM morphology images of Aβ25-35 nanostructure in Milli-Q water (c) or PB (d,e).
	Figure 4 Adhesion map of Aβ25-35 amyloid aggregates.
	Figure 5 Cytotoxic effects of Aβ25-35 in Milli-Q water or PBS buffer.
	Figure 6 Interaction between SH-SY5Y cells and amyloid peptide labeled with FITC in PBS buffer and Milli-Q water.
	Table 1 Secondary structural components of Aβ25-35 fibrils, obtained visa CD data.




