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Abstract
In the past years the self-assembly of amyloid-like peptides has attracted increasing
attentions, because it is highly related to neurodegenerative diseases and has a potential for
serving as nanomaterial to fabricate novel and useful nanostructures. In this paper, we focused
on the role of interfacial conditions in the self-assembly of an amyloid-like peptide, termed
Pep11. It was found that, when dissolved in bulk solutions, Pep11 formed into b-sheet structures
and assembled into long filaments in several hours, as revealed by Thioflavin T fluorescence and
transmission electron microscopy (TEM) morphology characterization, respectively. When the
peptide solution was added onto a mica/HOPG substrate, peptide filaments with three preferred
orientations with an angle of 60 to each other were formed immediately, as imaged in situ by
atomic force microscopy (AFM). However, the kinetics in filament formation and the morphologies of the formed beta sheet either on HOPG and mica or in bulk solutions were quite different.
These results indicate that the interfacial properties dramatically affect the peptide selfassembly process. Microsc. Res. Tech. 78:375–381, 2015. V 2015 Wiley Periodicals, Inc.
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INTRODUCTION
Recently, amyloid fibrils of peptides and proteins
have attracted considerable research attentions
because these structures are not only highly related to
a number of progressive neurodegenerative diseases
(Butterfield and Lashuel, 2010; Chiti and Dobson,
2006; Murphy, 2007), but also have shown great potential in serving as nanomaterials for applications in de
novo nanodevice design and fabrication (Bittner, 2005;
Cherny and Gazit, 2008; Knowles and Buehler, 2011;
Lashuel et al., 2000; Reches and Gazit, 2003; Ryadnov
et al., 2003; Vauthey et al., 2002; Wagner et al., 2005),
scaffolds of tissue (Ellis-Behnke et al., 2006; Yokoi
et al., 2005), drug delivery (Lim et al., 2007), biosensors (Yang et al., 2009; Yemini et al., 2005), retroviral
gene transfer (Yolamanova et al., 2013), carbon dioxide
capture (Li et al., 2014), and catalysis (Rufo et al.,
2014).
Surface assisted self-assembly of amyloid-like peptides is particularly interesting since the supporting
substrate often plays the most important role in controlling both the morphologies and kinetics of the
adsorbed assembly (Brown et al., 2002; Ha and Park,
2005; Hoyer et al., 2004; Kowalewski and Holtzman,
1999; Mao et al., 2011; Zhu et al., 2002). For example,
we have reported the substrate assisted self-assembly
of an amyloid-related hydrophobic peptide, GAV-9
(NH2-VGGAVVAGV-CONH2), a conserved sequence of
some neurodegenerative-disease-related proteins (Du
et al., 2003). The in situ atomic force microscopy
(AFM) as well as all-atom molecular dynamics (MD)
(Kang et al., 2013) simulations showed epitaxial
C
V
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growth of GAV-9 on both hydrophilic mica and hydrophobic highly oriented pyrolytic graphite (HOPG),
however, with different morphologies and molecular
arrangements. Studies carried out by other groups
also indicated that the Alzheimer’s disease-related
amyloid-b peptide formed oligomeric protofibrilar
aggregates on the mica but elongated assembly on the
HOPG (Kellermayer et al., 2008; Kowalewski and
Holtzman, 1999), while the Parkinson’s diseaserelated protein, a-synuclein, only formed sheet-like
morphology on the mica, but not on the HOPG (Hoyer
et al., 2004). These examples point out that the
substrate-peptide interaction is critical but case sensitive in peptide assembly. Therefore, to summarize a
general rule for elucidating how the substrate affects
the peptide assembly structure and dynamics, sufficient data including the assembly of peptides with
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Fig. 2. A typical TEM image showing bundles of Pep11 filaments.

Fig. 1. The ThT fluorescence analysis during the assembly of
Pep11. (a) ThT fluorescence shows maximum emission at
480490 nm in Pep11 solutions. The fluorescence of the Pep 11 solutions with a concentration of 0.8 mg/mL in 10 mM PBS buffer mixed
with ThT (final concentration of 10 lM) was measured after incubation at 37 C for 5 h. (b–c) ThT fluorescence emission indicates the
assembly kinetics of Pep11. Peptide concentration was 0.8 mg/mL (b),
1.2 mg/mL and 0.4 mg/mL (c), respectively, in 10 mM PBS buffer
mixed with 10 lM ThT. The fluorescence in the Pep11 solutions was
monitored during incubation at 37 C with constant agitation
(900 rpm). The excitation wavelength was 440 nm. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

rationally designed sequences on model substrates
should be collected.
In this article, we studied the interfacial effects on
the self-assembly of an 11-residue model peptide. The
peptide is originated from DN1 (or P1122, depending
on different literatures), CH3CO–Gln–Gln–Arg–Phe–
Gln–Trp–Gln–Phe–Glu–Gln–Gln–NH2, which was
designed and first explored by Aggeli and co-workers
(Aggeli et al., 1997). The DN1 peptide consists of two
hydrophilic amino acid residuals (Arg and Glu), which
can be oppositely charged and provide strong electrostatic interaction during peptide assembly. In addition,
the aromatic amino acid residuals (Phe and Trp) in the
sequence produce intermolecular recognition through
p–p stacking. These designs in the sequence endow the
DN1 peptide a favorite antiparallel alignment of the
strands. Previous study showed that the DN1 peptide
adopts a b-strand conformation in water and selfassembles into tape-like structures (Aggeli et al.,
1997). Systematically studies indicated that the peptide and its relatives can hierarchically self-assemble
into b-sheet tapes, ribbons, and fibers in bulk solutions
(Aggeli et al., 2001, 2003). Although the DN1 serves a
good model molecule for studying peptide selfassembly, very few reports (Whitehouse et al., 2005)
regarding its self-assembly on solid substrates were
available.
Previous studies showed that hydrophilic and hydrophobic substrates have quite different effects on the
formation of peptide nanofilaments (Giacomelli and
Norde, 2005; Kowalewski and Holtzman, 1999;
Lashuel et al., 2000; Sherratt et al., 2004; Zhang et al.,
2006). In this study we use mica and HOPG as model
substrates to study the surface effects on the selfassembly behaviors of the N-terminal-deacetylated
DN1, termed Pep 11 (NH2–Gln–Gln–Arg–Phe–Gln–
Trp–Gln–Phe–Glu–Gln–Gln–NH2), and compared
with its self-assembly behaviors in bulk solutions. It
was found that Pep11 peptide assembled into amyloidlike filaments in bulk water solutions as revealed by
Microscopy Research and Technique
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Fig. 3. (a–f) In situ AFM observation of Pep11 filaments growing on
mica. The peptide concentration was 0.4 mg/mL in 10 mM PBS buffer.
The time interval, from sample injecting into the liquid cell to successfully collecting AFM image, was labeled in each image. Inset in
(f) shows the Fourier transform of the image. The Z scale bar shown
in (a) and X–Y scale bar in (d) apply to images (a–f). (g) A zoom-in

AFM image (1 lm 3 1 lm) of Pep11 filaments formed on the mica substrate. (h) Section analysis of the line marked in g) indicating a
height of 1.5 nm for the peptide filament. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]

Thioflavin T (ThT) fluorescence analysis and transmission electron microscopy (TEM) morphology study. On
the mica substrate, AFM in situ observation indicated
that Pep11 assembled into one-dimensional filaments
with a thickness of 1.5 nm. On HOPG, AFM study
revealed that the peptide always assembled into welldefined ordered filaments with a thickness of 1 nm.
These results emphasize the effects of substrates on
modulating the assembled peptide features.

under liquid. Silicon nitride cantilevers with a
nominal spring constant of 0.35 N/m (SNL-10,
Bruker) were used. All the images were taken at a
resolution of 512 3 512 pixels. Muscovite mica
[KAl2(Si3Al)O10(OH)2, Sichuan Meifeng, China] and
HOPG (ZYB grade, NT-MDT, Moscow) were used as
the inorganic substrates, which were freshly cleaved
by adhesive tape before each experiment. After the
as-prepared peptide solution was filled in the liquid
cell, AFM imaging started immediately to study the
dynamics of peptide assembly. AFM images were
processed with Flatten function to remove any tilts
during imaging and analyzed with the Offline software (NanoScope Analysis Version 1.40) that was
supplied by the AFM manufacture.

MATERIALS AND METHODS
Chemicals
The peptide Pep11 (NH2-QQEFQWQFRQQ-CONH2)
was custom-synthesized from China Peptides. The
sample had a purity of 98.3%, which was verified by
high performance liquid chromatography (HPLC), and
was further characterized with mass spectrum. The
lyophilized powder was stored at 220 C. Before used,
the peptide powder was dissolved in 10 mM PBS buffer
(Phosphate 10 mM, NaCl 10 mM, pH 7.2) to a certain
peptide concentration. Then the solutions were centrifuged with a rate of 10,000 rpm for 10 min to get rid of
the possible aggregates, and the supernatant was
immediately used or distributed in aliquots to different
PE tubes and kept in the freezer (220 C). Other chemicals were purchased from Sigma and used without
further purification.
Atomic Force Microscopy (AFM)
All AFM images were obtained with a commercial
AFM instrument (Nanoscope V, Veeco/Digital Instruments) equipped with a 100-lm scanner and a liquid
cell. Experiments were performed in tapping mode
Microscopy Research and Technique

ThT Fluorescence Analysis
The fibrosis of Pep11 was studied by monitoring the
ThT fluorescence with an ELISA instrument (Gene
Company Limited) or a Thermo Scientific Fluoroskan
Ascent (ThermoFisherScientific, USA) at 37 C with a
constant agitation (900 rpm). The concentrations of
the peptide were 0.4, 0.8, and 1.2 mg/mL, respectively,
in 10 mM PBS buffer.
Transmission Electron Microscopy (TEM)
Pep11 with a concentration of 0.8 mg/mL in 10 mM
PBS buffer was incubated at 37 C with constant agitation (900 rpm) for 7 days. Then the samples were
deposited on 400-mesh carbon TEM grids and stained
with 0.75% uranyl formate. TEM images were
obtained by using Tecnai G2 Spirit TEM operated at
an accelerating voltage of 120 kV.
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Fig. 4. AFM images showing Pep11 filaments after assembling for
50 min on mica with different peptide concentrations in 10 mM PBS
buffer. (a) 0.6 mg/mL; (b) 0.8 mg/mL; (c, d) 1.2 mg/mL. Fourier transforms of the images (a) and (b) (see insets) indicated the filaments
aligned with a hexagonal symmetry, while the Fourier transform of

the image c (see inset) indicated the filaments were disordered. The Z
scale bar shown in (a) applies to all images. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]

RESULTS AND DISCUSSION
It is well known that fluorescent molecule ThT specifically binds to amyloid fibrils having b-sheet structures, generating an emission around 482 nm
(Bruinsma et al., 2011; Knowles and Buehler, 2011;
LeVine, 1993). Therefore, it has been widely applied in
studying the kinetics of amyloid fibril formation. Figure 1a is a typical ThT fluorescent emission spectrum,
which shows an increasing fluorescence signal with a
peak around 480–490 nm, indicating Pep11 formed
amyloid-like b-sheet structures in the solutions. To
study the kinetics of the peptide assembly, ThT fluorescence (emission wavelength of 480 nm) was monitored
during incubation. As expected, the intensity of ThT
fluorescence signals from Pep11 solutions remarkably
enhanced with the increase of incubation time (Fig.
1b), though the signal was not very stable at the first
20 min. The fluorescent spectrum in Figure 1b can be
roughly divided into three parts. During the first 120min incubation, the fluorescence intensity increases in
a slow rate, most possibly it was resulted from growth
of the nucleation seeds of filaments in this stage. Then,
a fast increasing of the fluorescence intensity was
observed in the next 100-min incubation, indicating

quick growth of the Pep11 amyloid-like filament structures. After that, the fluorescent intensity tends to stationary, and sustains tens of hours, suggesting that
Pep11 in PBS can assemble into stable b-sheet structures. ThT fluorescence analysis was also conducted
for the Pep11 peptide with concentrations of 1.2 and
0.4 mg/mL (in 10 mM PBS buffer mixed with 10 lM
ThT), respectively. Results indicated that a longer
incubating time was required for the peptide solution
with a low concentration to reach the maximum fluorescent emittance (Fig. 1c).
TEM studies were carried out to visualize the Pep11
amyloid-like structures. Figure 2 shows a bundle of
Pep11 filaments formed by incubating the Pep11 solutions (0.8 mg/mL peptide in 10 mM PBS buffer) at
37 C for 7 days with a constant agitation (900 rpm).
The filament structures have a typical width of 10–
20 nm, and can be as long as tens of micro. These
results prove that Pep11 assembled into well-defined
nanostructures in buck aqueous solutions.
The assembly properties of the Pep11 on mica substrate were investigated by using AFM in situ observation. After the peptide solution was injected into the
liquid cell, AFM imaging was carried out immediately.
It was found that the Pep11 self-assembled into
Microscopy Research and Technique
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Fig. 5. (a–f) In situ AFM observation of Pep11 filaments growing on
HOPG. The peptide concentration was 0.01 mg/mL in 10 mM PBS
solutions. The time interval, from sample injecting into the liquid cell
to successfully collecting AFM image, was labeled in each image.

Inset in (f) is the Fourier transform of the image. The Z scale bar
shown in (a) and X–Y scale bar in (f) apply to all images. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

nanofilaments on mica substrate when its concentration reaches 0.4 mg/mL or higher. A series of images
shown in Figure 3 are typical examples indicating the
dynamic details of the peptide assembly. Normally, the
filaments can grow bidirectionally and extend on the
substrate to a length of several micrometers. The filaments never overlapped with each other and would
stop growing when they encounter together. From the
Fast Fourier Transform image (inset in Figure 3f), the
growth of filaments showed three preferred orientations with an angle of 60 to each other, a direct sign of
epitaxial growth process that is similar to those previously reported (Bittner, 2005; Brown et al., 2002; Ha
and Park, 2005; Hoyer et al., 2004; Yang et al., 2002).
The one-dimensional epitaxial growth manner on
mica substrate of the Pep11 is consistent with that of
P1122. (Whitehouse et al., 2005) However, differences
are also evident. First, Pep11 assembled under PBS
buffer, while P1122 was unable to form assemblies on
mica under aqueous solutions and had to use a 2propanol–water (9:1) mixture as the solvent. The difference was attributed to the free NH2- group in Nterminal of Pep11, which makes the molecule more
hydrophilic. In addition, it can be positively charged
under a neutral pH, which provides extra affinity to
the mica substrate through the electrostatic interaction with the K1 cavity of the substrate (Dai et al.,
2013; Kang et al., 2013). Second, the Pep11 filament on
mica has a height of 1.5 nm, according to AFM
measurement. In contrast, the height of tape-like

structures formed by P1122 on mica is 0.8 nm (Whitehouse et al., 2005), with which it is believed that the
molecule is oriented flat on the substrate. We speculate
that, under PBS buffer, water molecules may fill in the
space between peptide and hydrophilic mica substrate.
The hydrophilic amino acid residuals in the peptide
may also stretch their side chains so that the positively
charged Arg oriented close to substrate while the negatively charged Glu did oppositely. Both effects result in
an elevated flat peptide assembly. However, it is also
possible that the molecule partly take an “upright”
conformation (Kang et al., 2013; Kang et al., 2012), or
tilted upright orientation on the substrate so that the
filament would be higher than the hydrodynamic
diameter of a single molecule. Currently we are unable
to precisely illustrate how the Pep11 molecules
arrange in the filament on mica.
It was found that the assembly properties of Pep11
on mica are highly dependent on the peptide concentration. When the peptide concentration is less than
0.4 mg/ml, very little filaments could be found on the
substrate. Peptide assembled on mica at an increasing
rate along with the increase of the peptide concentration, as evidenced by the higher filament coverages on
the substrates at higher concentrations in a same
assembling time (Fig. 4). Another interesting phenomenon is the presence of randomly oriented filaments
under higher peptide concentrations. In an extreme
case, the filaments formed at a peptide concentration
of 1.2 mg/mL were totally disordered and all in a
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curved morphology (Figs. 4c and 4d). This result indicates that the assembly of Pep11 on mica is dominated
with different rules under different peptide concentrations. In low peptide concentrations, it is a thermodynamically dependent process, so that the peptide
filaments are aligned with the hexagonal symmetry of
the underlying mica lattice to a lowest energy state.
On the other hand, in high peptide concentrations (e.g.
>1 mg/mL), the peptide assembles very quickly into filaments, and the assembly process is less influenced by
the mica substrate.
The assembly of Pep11 was also conducted on the
nonpolar HOPG substrate under PBS solutions. It is
generally accepted that the hydrophobic interaction
between substrate surface and the side chain of peptide is a primary driving force for the peptide assembly
on HOPG (Kang et al., 2013; Kellermayer et al., 2008;
Kowalewski and Holtzman, 1999). We think this is
also the case for pep11 assembly on HOPG. It was
found that, though several hydrophilic amino acid
residuals presented in the sequence, the Pep11
assembled on HOPG very fast. To investigate the
assembly process with in situ AFM imaging, peptide
solutions has to be diluted. Figure 5 shows a typical
process of formation and bidirectional extending of filaments with a peptide concentration of 0.01mg/mL in
10 mM PBS buffer, almost two magnitudes of order
lower than that used in the assembly on mica. The filaments are all oriented in a well-defined manner, with
an angle of 60 to each other, indicating it grew epitaxially and formed two-dimensional network that reflects
the hexagonal symmetry of the underneath substrate.
The filaments are normally shorter than several micrometers, since a filament with such a length would most
likely encounter other ones and stop extending. All the
filaments have a uniform height about 1 nm, indicating the molecules adopt “lying down” orientation on
the substrate (Whitehouse et al., 2005; Zhang et al.,
2006). These results suggest the Pep11 assembled with
a different manner on HOPG than that on the mica
substrate.
CONCLUSIONS
In summary, we have investigated the self-assembly
of amyloid-like Pep11 both at water–solid interfaces
and in bulk solutions. TEM imaging proved that Pep11
formed into filaments in bulk PBS solutions. The characteristic ThT fluorescent peak confirmed that the peptide was in b-sheet conformation in the solutions. AFM
in situ observation showed that orderly arranged peptide filaments with three preferred orientations were
formed immediately when the peptide solutions was
added onto a mica / HOPG substrate. However, the
ordered orientation of the peptide filament on mica
only happened in low peptide concentrations, while
the Pep11 filaments on HOPG were all oriented in a
well-defined manner at any peptide concentrations. In
addition, the kinetics in filament formation and the
morphologies of the formed filaments either on HOPG
and mica or in bulk solutions were quite different, indicating a highly dependence on the interfacial properties. Our study provides a full scenario of a model
peptide assembling at interfaces, and should be helpful
for understanding the assembly mechanism of
amyloid-like peptides.
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