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The aggregation of β -amyloid (Aβ ) protein into toxic intermediates and mature fibrils is considered to be one of
the main causes of Alzheimer’s disease (AD). Small molecules as one of blockers are expected to be the potential drug
treatment for the disease. However, the nucleation process in molecular assembly is less informative in the literatures. In
this work, the formation of Aβ (16-22) peptides was investigated with the presence of small molecule of fast green (FG) at
the initial aggregation stage. The results exhibited the tunable inhibitory ability of FG molecules on Aβ (16-22) peptides.
Atomic force microscopy (AFM) demonstrated that the inhibitory effect would be dependent on the dose of FG molecules,
which could delay the lag time (nucleation) and form single layer conjugates. Spectral measurements further showed that
the β -sheet secondary structure of Aβ (16-22) reduced dramatically after the presence of FG molecules. Instead, nonβ -sheet nanosheets were formed when the FG/Aβ (16-22) ratio reached 1:1. In addition, the cytotoxicity of aggregates
reduced greatly with the presence of FG molecules compared with the Aβ (16-22) fibrils. Overall, this study provided a
method for suppressing the toxic amyloid aggregates by FG molecules efficiently, and also showed a strategy for fabrication
of two-dimensional materials by small molecules.
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1. Introduction
Alzheimer’s disease (AD) is one of the commonest types
of dementia related with the neurodegenerative diseases. [1–3]
The main clinical manifestation of AD is the formation of
brain plaques due to protein misfolding. AD’s pathological
features are usually considered to be the accumulation of β amyloid protein in the cerebral cortex/hippocampus and the
intracellular hyperphosphorylated tau protein neurofibrillary
tangled deposits. [4–6] Specifically, β -amyloid is composed
of amyloid precursor protein (APP) that hydrolyzed by two
secretases, β - and γ-, with a total length of 39–42 amino
acid. [7,8] Additionally, most of the researches show that Aβ
from non-toxi monomers undergo conformational changes and
self-assembled into toxic intermediates. [9,10] As a result, how
to prevent the formation and dissociation of the toxic aggregates is becoming increasingly significant for the therapy of
related diseases.
Aβ (16-22) is a short peptide chain composed of seven
amino acid residues, Lys-Leu-Val-Phe-Phe-Ala-Glu (KLVFFAE, Fig. 1(a)). This fragment, as one of the shortest chains
forming amyloid fibrils, contains key central hydrophobic
cluster, which is of importance for the aggregation of β peptides into amyloid fibrils. [11,12] As a result, Aβ (16-22) peptides were investigated extensively by experiments and simulations as the typical amyloid research model. Solid-state

nuclear magnetic resonance (NMR) found that Aβ (16-22)
would form antiparallel β -sheet strcture under the action of
hydrophobic residue. [13] In addition, accumulation and interaction of side chain between peptides, play an important role
in determining the fibrils structure. [14] On the other hand, amyloid formed by proteins has a uniform “cross-β ” structure
stacking repetitively into long fibrils with favorable chemical and mechanical properties. They exhibit favorable features including thermal stability and high bending rigidty, tunable self-assembly, homogenous fabricating and integration of
functionality, and high-yield rate by bio-synthesis. These excellent properties promote the extensive exploitation of amyloid fibrosis as a kind of potential bio-nanomaterial. For instance, previous studies found that Italian mutation of Aβ (1622) (KLVFFAK) could self-assemble into 2D nanosheet with
a width of ∼ 200 nm, far larger than typical fibrils peptides (3–
10 nm). [15] The peptides (YSATFTY) incubated with freshly
cleaved MoS2 substrates can assemble into elongated islands
aligned along three equivalent directions on MoS2 (0001). [16]
To inhibit or accelerate the aggregation of β -amyloid and
reduce the cytotoxicity, carbon nanomaterials (nanotube, [17,18]
fullerene, [19] dots, [20,21] etc.)
and small molecules
[22]
[23]
(EGCG,
heparin,
8-bis (2,4-dihydroxyphenyl)-7hydroxyphenoxazin-3-one, [24,25] etc.) were investigated extensively and exhibited good functions. Triarylmethane dyes,
such as acid fuchsin sulfonated triphenyl methane derivative
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acid fuchsin, have an inhibitory effect on human islet amyloid
peptides (hIAPP). [26] There are also some edible pigments
that have the same inhibitory effect, such as Curcumin, [27]
Methylene blue, [28] Congo red, [29] and so on. Self-assembly
is described by the concepts named nucleated conformational
conversion mechanism with the oligomers serving as a precursor of amyloid nucleation and converting to amyloid nuclei
under certain concentration and interpeptide interactions. As
a result, the state of nucleation has a fatal influence to the selfassembly process. Based on the previous studies, we found
the small molecule named fast green (FG, Fig. 1(b)) exhibited
better manipulation ability for the aggregation of Aβ (16-22)
fragments. FG is a biocompatible triarylmethane food dye,
with the molecular formula of C37 H34 N2 O10 S3 Na2 . Previ-

ous studies have shown that FG molecules could suppress the
generation of lysozyme fibrils in a concentration-dependent
manner, as well as disaggregating activity against the preformed lysozyme fibrils. [30] Furthermore, FG molecules act
as a positive inhibitor of hIAPP fibril that binds to the 2+ and
3+ monomeric charge states of hIAPP. [31] Recently, studies
showed that FG molecules could inhibit Aβ fibrillogenesis,
disintegrate mature fibrils, reduce the cytotoxicity, and attenuate Aβ -induced cognitive impairment in mice. [32] Their AFM
and ThT fluorescence results demonstrated the great suppression effects by FG molecules. However, the interaction between peptides and FG molecules remains to be explored,
especially for the details of nucleation at the initial stage.
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Fig. 1. (a) Aβ (16-22) peptide; (b) FG molecule; (c)–(k) ex situ. AFM topography of Aβ (16-22), Aβ (16-22)-FG after incubating at 37 ◦ C for
three time points: (c), (f), (i) freshly prepared (30 min); (d), (g), (j) 5 h; (e), (h), (k) 24 h. AFM images of (c)–(e) represent Aβ (16-22) without
FG molecules, (f)–(h) represent Aβ (16-22):FG=2:1, while AFM images of (i)–(k) have concentration ratio of 1:1. Scale size: 5.0 × 5.0 µm2 .
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In this work, the inhibitory effect of the FG on amyloid
was explored by atomic force microscopy (AFM) and spectral methodology, combined with molecular dynamic simulation (MD). AFM morphology and force measurements were
applied to investigate the strong inhibitory ability to the aggregation of Aβ (16-22) fragments by FG molecules with different concentrations. The morphology transformation in the
lag phase time was explored in detail. Moreover, Fourier
transform infrared spectroscopy (FTIR) and circular dichroism spectra (CD) were measured to explore the β -sheet secondary structure of Aβ (16-22) with different concentration of
FG molecules. Furthermore, molecular dynamics simulation
was also performed to investigate the molecular interaction between Aβ (16-22) peptides and FG molecules.

2. Results and discussion
2.1. FG molecules prevent the formation of amyloid fibrils
with a concentration dependent manner
To examine the inhibitory effect of FG molecules on the
Aβ (16-22) peptides, the kinetics and morphological changes
of Aβ (16-22) peptides in the presence and absence of FG
molecules were measured by AFM at different co-incubation
periods. As shown in Figs. 1(c)–1(e), similarly with our previous results, [33] flake aggregates were found immediately after the co-incubation of Aβ (16-22) peptides (40 µM, 30 min).
The results keep in line with a variety of studies that the
KLVFF (residue 16-20) segment is the most amyloid-prone
portion of Aβ peptides, and responsible for initial aggregation
and nucleation. [34] As shown in Fig. 1(d), fibrils were quickly
formed in 5 h, while abundant mature fibrils self-assembled
after 24 h (Fig. 1(e)). Then the fibrils kept in irreversible
formation for a long time (month level). Interestingly, the
number of flakes reduced (∼ 68% decrement, Fig. S1) when
the FG molecules (20 µM) were presented in Aβ (16-22) peptides (Fig. 1(f)). Similar results were found in 5 h (Fig. 1(g))
and 24 h (Fig. 1(h)) checking points. Only few fibrils were
formed compared with Aβ (16-22) peptides that without FG
molecules. In addition, the flakes kept steady even in 24 h. We
owned this phenomenon to the delaying of lag time by FG
molecules which could strengthen the intermolecular stacking between Aβ (16-22) peptides. Surprisingly, full of large
area flakes were found on the mica substrate when the ratio
of the concentration reached to 1:1 (40 µM of Aβ (16-22) and
40 µM of FG molecules), without any fibrils being formed
in the whole aggregation process. The results indicated that
the FG molecules totally inhibited the amyloidogenesis in the
peptide/FG ratio of 1:1 (Figs. 1(i)–1(k)).
Further analysis was made to investigate the topologically
changes after the presence of FG molecules. Figures 2(a),
2(d), an 2(g) are the AFM images when the ratio of concentration of peptides/FG is 1:0, 2:1, and 1:1, respectively. Figures 2(b), 2(e), and 2(h)) are the height profiles corresponding to the AFM images, respectively (three white dash lines
in different positions of the substrates). Figures 2(c), 2(f),

and 2(i) show the height distributions (with Gauss fit) from
5 different AFM images in the initial state (30 min). Flat and
homogeneous small flakes were found in Aβ (16-22) solution
which had no FG molecules in the beginning. All of the thin
flakes with a height of approximately 2.4 nm could be clearly
measured in Fig. 2(a). In addition, flakes with a thickness of
5 nm were also found in the same sample, which indicated
that the double layer flakes would be one of the intermediates in the aggregation process (Fig. 2(b)). According to the
previous studies, 2.4 nm scale was considered to be orderly
assembled from a seven residues peptide in its longitudinal
direction. [35,36] As a result, we speculated that the flakes with
2.4 nm thickness were in single peptide layer. Height distribution observed from 5 different AFM images confirmed that
most of the flakes were in single and double layers, or even
in triple layers (Fig. 2(c)). However, the majority of morphology changed when the FG molecules were co-incubated with
the concentration ratio of 2:1. Except with the single and double layer flakes, large scale aggregates were formed with the
height varying from ∼ 3 nm to 19 nm (Figs. 2(d)–2(f)), indicating the binding of FG molecules. When the concentration
ratio increased to 1:1, a new type of flakes was formed, with
an extremely small height of < 1 nm (Figs. 2(g)–2(i)). Furthermore, the new flakes grew large with the incubation time
going on (Figs. 2(g)–2(i)). However, there was no large increase in the thickness of the flakes. All of the flakes kept at
∼ 0.9 nm from beginning to 24 h (Fig. S2). Those thin layers
were firstly measured when the Aβ (16-22) peptides were coincubated with FG molecules at the ratio of 1:1. To exclude
the possibility that those flakes were not FG molecules aggregates, pristine FG molecules solution (4, 40, and 400 µM)
were measured by AFM (Fig. S3). The result revealed that
only two types of tiny particles were formed, which were totally different from the morphology of flakes.
The mechanical properties of those special aggregates
were explored by AFM. Here, adhesion forces were obtained
by measuring the degree of distortion in a cantilever on the
surface of the sample. [37,38] In nitrogen gas condition, the adhesion force typically consists of van der Waals force and electrostatic force. In Fig. 3, the flakes from Aβ (16-22) peptides
and nanosheets from mixed solution (the concentration ratio
of peptides/FG molecules was 1:1) were selected. The adhesion force of mica surface from the two samples was controlled at ∼ 17.5 nN. It can be seen that the nanosheets have
a lower adhesion force than that of the flakes (∼ 14.7 nN and
∼ 15.6 nN on average, respectively). The difference of adhesion force gave strong evidence that those nanosheets were not
constructed by pure peptides but Aβ (16-22) and FG molecules
conjugates. In addition, the high adhesion force of flakes further indicated that the charged residues were inclined to exposed on the surface, [39] which gave evidence of the assembly
of flakes in longitudinal direction. Besides, it also revealed
that FG molecules potentially prevent a direct peptide/peptide
interaction, and promote a strong peptide/FG molecule interaction.
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Fig. 2. Zoom in AFM images and their height profiles form initial state (30 min). (a), (d), (g) AFM images of different peptides/FG concentration ratio (1:0, 2:1, 1:1, respectively). (b), (e), (h) Height profiles corresponding to AFM images, respectively (three white dash lines in
different positions of substrates). (c), (f), (i) Height distribution (with Gauss fit) from 5 AFM images in initial state (30 min), respectively.
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Fig. 3. Measurements of adhesion force by AFM. (a) AFM topological image of Aβ (16-22) flakes. (b) AFM topological image of nanosheets
of Aβ (16-22)/FG concentration ratio of 1:1. (c), (d) AFM adhesion map of Aβ (16-22) flakes and nanosheets, respectively.
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2.2. FG molecules reduce the β -sheet secondary dramatically
In order to explore the structural transformation with the
presence of FG molecules, spectra methods were applied. Vibrational spectroscopy (FTIR) technique is one of the mature
and well established experimental techniques for the analysis
of secondary structure of proteins and polypeptides, which is
convenient, label free, and can be used under a wide variety of
conditions. [40,41] Here, the peptides/FG molecules concentration ratios of 0:1, 4:1, 2:1 and 1:1 were prepared and measured
by FTIR, as shown in Fig. 4(a). The most sensitive spectral
region to the protein secondary structural components is the
amide I band (1700–1600 cm−1 ), which is due to the C=O

Intensity
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Another problem could be focused on the cytotoxicity of
those peptide/FG conjugates. FG molecules were believed to
bind with the monomers and early formed oligomers. The
conjugates inhibit the further fibrillation, and are expected
to promote the transformation of toxic intermediates to “offpathway” nontoxic oligomeric isoforms. Due to the biocompatible property of FG molecules, the results (Fig. 4(c))
demonstrated that those flakes had low cytotoxicity compared
with pure Aβ (16-22) fibrils, which obtained a cell viability of
∼ 72.3% (1:0, fibrils were already formed in 24 h). Additionally, the high ratio of FG molecules reduced more toxic aggregates, leading to a better cell viability when the concentration
ratio reached to 1:1. As a result, the cell viability results confirmed that FG, a type of food dye, could be nontoxic for the
related drug design.
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stretch vibrations of peptides. [41] The pure Aβ (16-22) peptides can easily aggregate into fibrils, occupying the largest intensity at ∼ 1625 cm−1 . [40] With the FG molecules gradually
presented into solution at different ratios, it can be found that
the peak located at ∼ 1625 cm−1 decreased accordingly. When
the ratio reached 1:1, only tiny peak could be found, indicating
the significant decrease of β -sheet structures. In addition, the
spectrum of FG molecules was also measured (Fig. 4(a), purple curve). Typical band at ∼ 1550 cm−1 represents the CN
stretching and NH bending of molecule.
CD spectra further proved our results by measuring three
typical concentration ratios of 1:0, 2:1 and 1:1. As shown in
Fig. 4(b), the typical β -sheet secondary structure of Aβ (1622) peptides was clearly observed in CD spectra (positive peak
at ∼ 198 nm and negative peak at ∼ 220 nm). [42] It was noteworthy that the intensity of CD signal representing β -sheet
secondary structure decreased with the ratio of FG molecules
increasing from 0 to 40 µM. As a result, the FTIR and CD
results suggested that less amyloid peptides assembly with β sheet secondary structures formed upon interference with FG
molecules. These results were also in accordance with our
AFM observation well.
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Fig. 4. (a) FTIR spectra of ratio dependence, Aβ (16-22)/FG concentration
ratios are 1:0, 4:1, 2:1, 1:1, 0:1, respectively. (b) CD spectra, Aβ (16-22)/FG
concentration ratios are 1:0, 2:1, 1:1, respectively. (c) Cell viability of FG
molecules, Aβ (16-22) peptides, Aβ (16-22) peptides with FG molecules incubated for 24 hours, respectively. The values were normalized by control
sample each time. From left to right: control, Aβ (16-22)/FG concentration
ratios of 1:0, 4:1, 2:1, 1:1, 0:1, respectively.

Finally, a brief MD simulation was performed to explore the inhibitory effect by FG molecules. As shown in
Figs. 5(a)–5(d), Aβ (16-22) peptides in the absence/presence
of FG molecules were investigated. Six random Aβ (16-22)
monomer were designed at the initial state. The β -sheet
structures were well established after a 600 ns simulation of
Aβ (16-22) peptides, which is well in line with the previous
results. [19] When the FG molecules were presented in the sys-
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tem (the concentration ratio: 2:1), strong suppression ability could be found that only one pair of β -sheet structure
was formed, as they have no contact with FG molecules in
600 ns (Figs. 5(c)–5(e)). The snapshots of interaction process at 50 ns, 100 ns, 200 ns, and 400 ns were also shown in
Fig. S4. The strong binding of FG molecule to peptides was
observed at early 50 ns simulation, preventing the formation
of β -sheet structures. To explore the interaction details, minimum distance was further calculated as shown in Fig. 5(f). [43]
Residues of PHE, LYS, and LEU have a tight interaction with
FG molecules. The electrostatic interaction and π–π interaction between aromatic ring and F20 strengthen the stability of
peptides/FG conjugates, keeping them separately in the solution to avoid the fibrillogenesis. Furthermore, compared with
our AFM observation, we believed that the large thin flakes
would be the rearrangement of peptides/FG conjugates driven
by the flat mica surface. The crystal orientation of mica promotes the peptides and FG molecules lying on the surface. [16]
(a)

(b)
600 ns

(d)

(c)

600 ns

3. Conclusions
The inhibitory effect and fabrication of two-dimensional
material by FG (a type of food dye) were systemically investigated by experiments and MD simulations. AFM, CD, and
FTIR measurements revealed the dose dependent manner of
suppression effect by FG molecules. The results demonstrated
that FG molecules could delay the nucleation of oligomers and
make structural transformation of single layer of flakes. The
inhibitory ability reached the largest when the ratio of concentration of peptide/FG increased to 1:1, together with ordered and stable nanosheets being formed. In addition, both
FTIR and CD spectra exhibited dramatic decrease of β -sheet
structures. The adhesion force measurements further exhibited that the nanosheets were conjugates with low adhesion
force. Based on our MD simulation, inhibitory phenomenon
(strong interaction with PHE, LYS, and LEU) was also clearly
observed in a 600 ns simulation at 310 K. Finally, cell viability results revealed that the biocompatible FG molecules have
less toxicity in any peptide/FG ratio, which can be potentially
developed as a potential anti-AD drug. With the control of
peptide/FG ration, the formation of thin layer of flakes and
nanosheets on mica substrate may also be a cheap strategy to
build bio-functional materials.

4. Material and methods
4.1. Materials
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Synthetic Aβ (16-22) was purchased from GL biochem
Ltd. (Shanghai, China). [44] The final purity reaches about
98%. Fast green (FG, purity ≥ 98.0%), cytotoxicity assay kit (WST-1), PBS powder, and dulbecco modified eagle medium (DMEM) were purchased from Sigma-Aldrich
(Shanghai) Ltd. The FG was added in Aβ (16-22) solution
directly with the set values, assisted by gentle ultrasonic apparatus. SH-SY5Y cells were purchased from Fudan IBS Cell
Center. All of the deionized water used in this study was made
by a Millipore purification system with a minimum resistivity
of 18.2 MΩ·cm.
Aβ (16-22) solution was prepared by adding 14.654 mL
of deionized water to 1 mg of Aβ (16-22) dry powder (the storage condition of the dry powder is −20 ◦ C). Then the dry powder was diluted to 80 µM, and shook for 30 s. The spare centrifuge tubes were used to store 200 µL of Aβ (16-22) solution
and sook with a oscillator for 30 s. The final concentrations of
Aβ (16-22) in the four centrifuge tubes were 40 µM, 20 µM,
10 µM, and 0 µM, respectively.
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Fig. 5. MD simulation of aggregation process by free Aβ (16-22) peptides
and Aβ (16-22) peptides with FG molecules (ratio of 2:1). (a) Six random
structure Aβ (16-22) peptides at initial state. (b) Aβ (16-22) fibrils after
600 ns simulation. (c) Aβ (16-22) peptides with FG molecules (ratio:2:1)
at initial state. (d) Aβ (16-22) peptides with FG molecules (ratio of 2:1) conjugates after 600 ns simulation, together with its secondary structure map (e).
(f) Distribution of minimum distance of each residue as a function of time
(0–600 ns).

4.2. Atomic force microscopy
The experimental solution was prepared with the concentration ratio of 1:0, 1:1, 2:1, 4:1, and 0:1 respectively. Clean
and flat mica pieces with a cut size of 8 mm × 8 mm were
pasted on the round iron pieces with a diameter of about
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12 mm by double-sided adhesive tape. Then the upper mica
pieces were stripped to obtain a clean mica layer before use.
After shaking the freshly prepared solution for 30 s, 5 µL of
the freshly solution of various concentrations were dropped
on the mica slice, dried naturally at room temperature, and
then placed in AFM (Multimode VIII, Bruker Nano Surface,
USA)) to observe the morphology. The remaining solution in
the centrifuge tube was placed in a metal bath with a constant
temperature of 37 ◦ C. Tapping mode was applied in the air,
with the resonant frequency of 1.0 Hz. The obtained AFM
images were processed by NanoScope Analysis.
4.3. Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR, Cary660,
Agilent) was applied to study the secondary structure of peptides and proteins. 5 µL of the freshly prepared solution of
various concentrations were dropped on the platform and dried
quickly with nitrogen gas. The infrared spectrum was tested
under the mode and parameters set by the software. Before
scanning the sample signal, it is necessary to scan the background signal of the empty optical path. After subtracting the
background, the computer performed Fourier transform to obtain the infrared spectrum of the sample.
4.4. Cell viability experiment
WST-1 assay was used to perform cell viability
experiments. [45] Before experimenting, SH-SY5Y cells were
placed in DMEM medium (10% fetal bovine serum (FBS),
100 units/mL penicillin (1%), 100 µg/mL streptomycin
(10%)) in a humid environment at 37 ◦ C (95% air, 5% CO2 ).
During the experiment, the DMEM supplemented with 10%
FBS was replaced with a medium containing 1% FBS. Subsequently, the cell culture medium was transferred to a 96microwell plate. A volume of 100 mL was dropped into each
well, and incubated for 24 h. Finally, 10 µL WST-1 solution
(5 mg/mL) was added into samples for another incubation of
2 h. All of the samples were measured at 450 nm and calculated by comparing the optical densities (O.D) value from each
well with that of untreated SH-SY5Y cells in the same condition. All results were exhibited with the mean ± SE standard
error from 5 wells in each group.
4.5. MD simulation
The initial structure of FG molecule was obtained from
the Pubchem library (https://pubchem.ncbi.nlm.nih.gov). The
parameters for van der Waals and bonded interactions were
obtained from the Amber force field, and the parameters for
electrostatic interactions were obtained by fitting quantum mechanical calculated potentials. All of the MD simulations were
performed by using the GROMACS-2018 software package
with AMBER99SB-ILDN force field. [46] The high temperature (500 K) treated Aβ (16-22) were placed at the center of

a 9 × 9 × 9 nm3 box that randomly filled with TIP3P water
molecules. The box was neutralized by adding Na+ counterions if required. The total atom number was 71523 to 74022.
The bond lengths of peptides and water molecules were constrained, respectively by the LINCS [47] and SETTLE [48] algorithms, allowing an integration time step of 2 fs. Non-bonded
pair lists were updated by every 5 steps. The temperature of
all MDs was 310 K. The pressure was kept at 1 bar using the
Parrinello–Rahman method [49] with a coupling time constant
of 1.0 ps. A cutoff of 1.4 nm was used for van der Waals interactions. The particle mesh Ewald (PME) method [50] with a
real space cutoff of 1.0 nm was used for electrostatic interactions. The coordinates were saved every 2 ps. The simulation
time in each MD was 600 ns.
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[8] Damante C A, Ösz K, Nagy Z, Grasso G, Pappalardo G, Rizzarelli E
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