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Abstract
To gain insight into the hierarchical self-assembly of peptides and the surface effect on assembly
formation, an aromatic peptide of diphenylalanine (FF) was used in this study as the model
peptide. We found that the diphenylalanine peptide could self-assemble into a core-branched
nanostructure through non-covalent interactions in aqueous solution. The pre-assemblies further
assembled into nanofibers and microvesicles on the glass surface and microporous membrane,
respectively, showing a significant dependence on surface characteristics. The structural and
morphological differences between nanofibers and microvesicles were investigated directly
using several spectroscopy and microscopy techniques. Our results revealed a hierarchical and
interface-induced assembly behavior of diphenylalanine peptide. The novel strategy based on
the surface effect allows one to controllably fabricate various peptide-based nanostructures.

S Online supplementary data available from stacks.iop.org/Nano/22/245609/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Highly functional and complex structures in biology, created
by spontaneous association of molecular units, have motivated
our great interest in self-assembly of synthetic systems [1–3].
A wide variety of artificial self-assembling systems have
been developed, such as peptides, proteins, carbohydrates,
nucleic acids and their derivatives [4–9]. In this respect,
the self-assembled peptide nanostructures have been the
focus of considerable research in recent years. A number
of peptide-based building blocks, including hydrophobic
dipeptides [10–14], surfactant-like peptides [15], amyloid
peptide fragments [16, 17], peptide-amphiphile [18] and
cyclic peptides [19], have been designed and developed for
the construction of organized supramolecular nanostructures.
Due to their good biocompatibility and extensive functional
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diversity, nanomaterials are extremely attractive for various
applications [2, 18]. Despite the increasing scientific
knowledge about the peptide-based architectures and their
potential applications, the assembly mechanism of peptides
is still unclear in many cases, especially the process of
hierarchical self-assembly [20], which is initiated by the
assembly of molecular-scale building units into clusters and
then further organized to form more complicated assembling
structures, like nanotubes, nanofibers and nanovesicles.

There exists many hierarchical self-assembly processes
leading to the functional structures in biology as well as
in synthetic systems, which involve the molecule–molecule,
molecule–solvent and molecule–substrate interactions [20].
A large part of this research is towards the interactions of
molecules and the effects of solution conditions such as
solvent, temperature, pH and ionic strength. However, many
aspects of the molecule–substrate interactions still remain
obscure due to the difficulties in nanoscale in situ examination
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of the assemblies. The results obtained by SEM and TEM
techniques do not always exhibit the real morphologies of
peptide assemblies in solution, because the samples are
commonly dried on the substrate before detection. Recent
reports have shown that the surface plays an important role
in the formation of peptide assemblies, for instance, amyloid-
β (Aβ) peptide and EAK16-II [21, 22], which indicates that
the surface effect on peptide self-assembly is critical to the
nanostructure formation. Multilevel molecular self-assembly
on surfaces/interfaces have been applied to the construction
of ordered nanostructures, but it is a challenge to profoundly
understand the principles and accurately control the growth of
higher level assemblies from elemental building blocks [20].

Gazit and co-workers have developed the self-assembling
diphenylalanine (FF) system that created functional peptide
nanotubes [11, 23]. Subsequently, some studies reported that
diphenylalanine could be organized into nanowires/nanofibers
and microcrystals according to its growth conditions [24–26].
In the self-assembling diphenylalanine system, the incorpora-
tion of non-covalent interactions, including hydrogen bonds,
π–π stacking, steric interactions and hydrophobic forces,
render the assembly process extremely complex. So far,
there is still a notable lack of understanding how to construct
diphenylalanine assemblies with morphological diversity. The
effect of surfaces/interfaces (solution–solid or gas–solid) on
nanostructures growth has also not been studied sufficiently.
In this study, we investigated the hierarchical self-assembly
behaviors of diphenylalanine peptide, as well as the surface
effect on assembly formation.

2. Experimental methods

2.1. Materials

The lyophilized diphenylalanine (NH2–Phe-Phe–COOH, FF)
peptide was purchased from Bachem (Bubendorf, Switzer-
land). 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was pur-
chased from Sigma-Aldrich. Microscopic glass coverslips
and microporous mixed cellulose ester membranes (cellulose
nitrate/cellulose acetate = 4; pore size 0.22 μm) were obtained
from commercial sources.

2.2. Preparation of peptide nanofibers and microvesicles

The diphenylalanine stock solution was freshly prepared
by dissolving the peptides in HFIP at a concentration of
100 mg ml−1 (prepared just before use). The FF peptide stock
solution was then diluted to a final concentration of 0.02, 0.2,
0.5 and 2 mg ml−1 in ddH2O, respectively. The resulting
solutions were shaken for several seconds, and then aged at
room temperature for one day without disturbance.

A 30 μl aliquot of FF solutions with different
concentrations were dripped onto microscopic glass coverslips
and microporous membranes. After overnight drying at
ambient temperature, peptide assemblies were formed and then
observed by scanning electron microscopy (SEM).

To observe the real morphology of peptide assemblies in
solution, a 5 μl drop of 0.5 mg ml−1 FF solution was placed
on a freshly cleaved mica surface and then covered carefully

with an another freshly cleaved mica. The resulting thin layer
of FF solution together with the mica slip was frozen quickly
by immersion in liquid nitrogen for 2 min. Subsequently, the
frozen FF solution was dried by a freeze drier (Christ Alpha1-
2, Osterode, Germany) under vacuum conditions (0.33 mbar).

2.3. Morphology characterization

2.3.1. Scanning electron microscopy. All the samples were
sputter-coated with platinum using an E1045 Pt-coater (Hitachi
High-technologies Co., Japan), and then imaged by a S-4800
field emission scanning electron microscope (Hitachi High-
technologies Co., Japan) at the acceleration voltage of 5 kV.

2.3.2. Transmission electron microscopy. A 10 μl aliquot
of FF solution (2 mg ml−1) was placed onto a carbon-coated
copper grid, air-dried for approximately one hour, and then
examined in a JEOL 100CX-II (80 kV, JEOL Ltd, Japan)
without staining.

2.3.3. Atomic force microscope. The samples for
atomic force microscope (AFM) measurement were prepared
according to the method of quick-freeze/vacuum drying. The
AFM images were obtained by using a CSPM 5000 (Ben Yuan
Ltd, China) in tapping mode.

2.3.4. Laser scanning confocal microscope. A 100 μl aliquot
of 2 mg ml−1 FF solution (aged for one day) was diluted
to a final concentration of 0.5 mg ml−1 with ddH2O. A
30 μl aliquot of FF solution (2 mg ml−1 without dilution
or 0.5 mg ml−1 after dilution) was placed on a slide glass
and then covered with a cover glass. The samples were
scanned immediately on a laser scanning confocal microscope
(FV1000, Olympus, Japan). A laser at 370 nm was used to
excite the FF molecules.

2.4. Size distribution measurement

The size distribution and volume-weighted mean diameter (d)
of FF assemblies in solution were determined by using a
Zetasizer Nano (0.6 nm–6 μm, Malvern Instruments, UK)
and a Mastersizer S (4–3500 μm, Malvern Instruments, UK)
particle size analyzer, respectively.

2.5. CD spectroscopy

Circular dichroism (CD) spectra of FF solutions were
measured on a JASCO J-810 CD spectropolarimeter at room
temperature over a wavelength range of 185–260 nm. A quartz
cell with 10 mm, 1 mm, 0.1 mm and 0.1 mm path length were
used for CD measurements of 0.02, 0.2, 0.5 and 2 mg ml−1 FF
solutions, respectively.

2.6. Fourier transform infrared spectroscopy

The aged FF solution (2 mg ml−1) was air-dried on a KBr plate
and then transferred to a desiccator before measurement. The
FTIR spectra of FF assemblies were recorded on a Nicolet-
560E.S.P FTIR spectrometer with 20 scans and a resolution of
4 cm−1.
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Scheme 1. Proposed hierarchical self-assembly mechanism for the formation of peptide assemblies. (a) The constitutional formula of
diphenylalanine peptide (FF); (b) self-assembly of FF into pre-assemblies in aqueous solution; (c) an SEM image of nanofibers formed on the
glass surface (0.5 mg ml−1) and (d) an SEM image of microvesicles formed on the surface of microporous cellulose ester (0.5 mg ml−1).

3. Results and discussion

The proposed hierarchical assembly mechanism of dipheny-
lalanine is illustrated in scheme 1. In a typical experiment,
the lyophilized diphenylalanine was dissolved in HFIP and
then diluted into aqueous solution at a final concentration of
0.5 mg ml−1. The resulting solution was shaken for several
seconds, forming a transparent solution. Then aliquots of
FF solutions were dripped onto glass coverslips and micro-
porous cellulose ester membranes. After overnight drying
at ambient temperature, peptide nanofibers and microvesicles
were formed and deposited on the surfaces of glass coverslips
and microporous membranes, respectively. On the basis of
our findings, we assume that the formation of nanofibers
and microvesicles is an interface-induced assembly process
where surface characteristics play an important role in the
construction of different FF assemblies.

We used scanning electron microscopy (SEM) to study
the morphologies of FF nanofibers and microvesicles formed
on the different surfaces. The solid-cored FF nanofibers with
different end shapes were observed on the glass surface in
our study (figures 1(a), (b) and S1 available at stacks.iop.org/
Nano/22/245609/mmedia). SEM images showed that the FF
nanofibers were 50 nm to 1 μm in diameter and at least
100 μm in length. The structure of nanofibers was significantly
different from the results by Han [25] and Ryu [24] in
which short nanowires were formed under different conditions.
Han et al [25] proposed that the interface–solvent interaction
between the assembled structure and surrounding nonpolar
CS2 results in nanowire morphology. Another study by Ryu
et al [24] reported that the amine group in aniline, which can
act as a hydrogen-bond donor, may influence the formation of
hydrogen bonds and thus lead to the formation of crystalline
FF nanowires. In this study, FF was assembled in water and
then deposited on glass surface, leading to the formation of FF
nanofibers. The formation of peptide nanofibers occurred when

the initial concentration of FF was higher than 0.5 mg ml−1.
If the FF concentration decreased to 0.2 mg ml−1, random
aggregate structures were observed (figure S1(d) available
at stacks.iop.org/Nano/22/245609/mmedia). Transmission
electron microscopy (TEM) was also used to characterize the
FF assemblies (figure 2). The TEM results (without staining)
further confirmed the fibrillar structure formed on the surface
of a carbon-coated copper grid.

Interestingly, when the aged FF solutions were dripped
onto microporous membranes and subsequently air-dried,
microvesicles with diameters ranging from 1–3 μm were
obtained on the film surface (figures 1(c), (d) and S2 available
at stacks.iop.org/Nano/22/245609/mmedia). Likewise, the
morphology of FF microvesicles found in our study was
remarkably different from that reported previously, such as
nanotubes, nanowires/nanofibers and microcrystal structures
formed under different solvent conditions [11, 24–26].
Our results revealed a new pathway for diphenylalanine
self-assembly that led to the formation of organized FF
microvesicles. At different FF concentrations (0.02–
2 mg ml−1), microvesicles could be observed on the
surface of microporous cellulose ester membranes. In
particular, macrofibers were also found on the surface
when the FF concentration reached 2 mg ml−1 (figure S2(a)
available at stacks.iop.org/Nano/22/245609/mmedia). To
determine whether the macrofibers were formed on the
surface or in aqueous solution, SEM and laser scanning
confocal microscopy (LSCM) was employed for imaging
the morphology of FF aggregates in high concentration
solution (figure S3 available at stacks.iop.org/Nano/22/
245609/mmedia). The results showed that the macrofibers
were formed via FF self-assembly in aqueous solution
with high concentration, which were consistent with the
experimental phenomena that visual formation of assemblies
occurred at 2 mg ml−1 FF concentration within several
seconds. According to our results, we proposed that a part
of FF monomers were aggregated to macrofibers when the
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Figure 1. SEM micrographs of FF assemblies formed on the surfaces of glass coverslips ((a), (b)) and microporous cellulose ester membranes
((c), (d)). The solid-cored FF nanofibers (b) and the hollow microvesicles (d) were found in the SEM images. The peptide nanofibers and
microvesicles were formed at the starting concentrations of 0.5 mg ml−1 and 0.2 mg ml−1, respectively.

 

Figure 2. TEM micrographs of FF nanofibers formed on the surface of a carbon-coated copper grid at the starting concentration of
2 mg ml−1.

FF concentration reached a critical value, while the residual
molecules were assembled into intermediate nanostructures
(pre-assemblies) in aqueous solution and further organized into
nanofibers or microvesicles on different surfaces.

To obtain the real morphology of pre-assemblies in
aqueous solution, the samples were prepared by quick
freezing with liquid nitrogen and then drying under vacuum.
Surprisingly, we observed the core-branched structure of pre-
assemblies in both SEM and AFM images (figures 3(a), (b),
and S4 available at stacks.iop.org/Nano/22/245609/mmedia).
The similar structures were also found in other self-assembly
systems such as guanosine [27]. However, the formation

mechanism of branched nanostructures is still unclear. When
an aliquot of FF solution was placed on a glass surface, frozen
at −40 ◦C and then dried under vacuum, the intermediate states
in FF peptide assembly from pre-assemblies to nanofibers
can be observed directly (figures 3(c) and (d)). The images
showed that the size of the central core was approximately 100
nm–1 μm and the average length of the branches linked to
the core was about 1 μm. A laser diffraction size analyzer
was employed to further determine the size distribution of
FF pre-assemblies at different concentrations (figure 4(a)),
showing that the FF pre-assemblies had a relative broad size
distribution, which resulted in the formation of nanofibers

4

www.sp
m.co

m.cn

http://stacks.iop.org/Nano/22/245609/mmedia


Nanotechnology 22 (2011) 245609 R Huang et al

Figure 3. Microscopic analysis of FF pre-assemblies in solution. (a) SEM image and (b) AFM image of the dried pre-assemblies
(0.5 mg ml−1) prepared by using a quick-freeze/vacuum drying method and ((c), (d)) SEM images of the FF assemblies on the glass surface;
the samples were frozen at −40 ◦C and then dried under vacuum.

Figure 4. (a) Size distribution of FF pre-assemblies in solution; (b) change in size distribution of FF assemblies during the dilution process
(2 mg ml−1 FF solution was diluted to a final concentration of 0.2 mg ml−1 with ddH2O); (c) CD spectra of FF pre-assemblies in solution.
Quartz cells with 10 mm, 1 mm, 0.1 mm and 0.1 mm path length were used for CD measurements of 0.02, 0.2, 0.5 and 2 mg ml−1 FF
solution, respectively, and (d) FTIR spectrum (amide I region) of the FF assemblies.
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or microvesicles with a wide range of size distributions. In
addition, we found that the macrofibers formed at 2 mg ml−1

could be disaggregated into pre-assemblies under dilution in
aqueous solution (figure 4(b)).

The secondary structures of FF peptides in self-assembly
process were investigated by using circular dichroism (CD)
and Fourier transform infrared spectra (FTIR). The CD spectra
of FF pre-assemblies in aqueous solution showed a negative
peak at 190 nm, and two positive peaks at 200 nm and
217 nm corresponding to the π–π∗ transition and n–π∗
transition, respectively [28] (figure 4(c)). The shape of the
CD curves was similar to that of β-turn peptides, which was
characterized by a negative peak at 180–190 nm and two
positive peaks at 200–205 nm and 220–230 nm [29]. When
the FF nanofibers formed on the glass surface were dispersed
in the aqueous solution, the CD results showed that the
secondary structure of nanofibers remained unchanged (figure
S5 available at stacks.iop.org/Nano/22/245609/mmedia). The
FTIR spectrum showed a sharp amide I absorption band
at 1685 cm−1 (figure 4(d)), which was also contributed by
the turns’ secondary structure [28, 30]. Therefore, CD and
FTIR results altogether indicated that the FF monomers may
be stacked in a β-turn arrangement with hydrogen bonding
between the peptides.

Although we lack a clear picture of how the diphenylala-
nine peptide assembled into pre-assemblies in aqueous solution
and further organized into nanofibers or microvesicles on
different surfaces, we can analyze the key factor determining
the morphologies of peptide assemblies and gain some insights
into how to govern the assembly process. In the FF self-
assembly system, liquid crystalline nanowires and organogels
can be obtained in CS2 and toluene solvents, respec-
tively [25, 28], indicating that solvent plays an important role
in directing FF self-assembly into supramolecular structures.
Recently, Heredia et al [31] reported a temperature-driven
phase transformation in self-assembled FF nanotubes, in which
the inter-tube condensation energy is determined at the level of
Econ = 2.5–4.4 kcal mol−1 and as a result it could be easily
rearranged from one to another polymorphic transformation
along with the temperature increase, occurring due to a
very wide variation of peptide bond torsion angle [31, 32].
Except for the solvent and temperature-dependent structural
transition, in this study, interface–surface interactions could
also result in the different structure of FF assemblies under
differences of interactions between FF and substrates. In
the process of nanofiber or microvesicle formation, surface
characteristics, including surface tension (or surface energy),
hydrophilicity/hydrophobicity, porosity or roughness, are a
key factor that has direct impact on the morphologies of FF
assemblies. We used another four substrates, Si, regenerated
cellulose, polyethersulfone and porous alumina, to examine
the influence of surface characteristics on FF self-assembly.
The SEM images of FF assemblies were shown in figure S6
(available at stacks.iop.org/Nano/22/245609/mmedia). It can
be seen that FF nanofibers can also been formed on the surface
of Si and regenerated cellulose, while random aggregation
and flake structure formed on polyethersulfone and porous
alumina, respectively. Among these flat substrates (glass,

Si, cellulose and polyethersulfone), polyethersulfone has the
highest surface tension (50 dynes cm−1 [33]). Therefore,
low surface tension could help the self-assembly of FF pre-
assemblies into nanofibers, while high surface tension may
lead to their random aggregation. The role of surface tension
on molecular self-assembly had also been demonstrated in
many previous studies [34, 35]. However, the relationship
between surface tension and FF assembly is not actually settled
and needs further studies and confirmation. In addition, the
different FF assemblies formed on the microporous cellulose
and alumina membranes suggested that porosity alone is not
the dominant role in the formation of microvesicles. Multi-
interactions between FF peptide and substrates with various
surface characteristics render the assembly process extremely
complex, and further detailed study is still needed to better
understand the mechanisms involved in this process.

4. Conclusions

In this study, we demonstrated a hierarchical assembly
of diphenylalanine peptide which formed nanofibers and
microvesicles on different surfaces from the pre-assemblies
organized via non-covalent interactions in aqueous solution.
The morphological difference between nanofibers and mi-
crovesicles was closely related to the surface characteristics.
The real morphology of pre-assemblies in solution was firstly
observed as core-branched nanostructures using a quick-
freeze/vacuum drying method. Furthermore, we studied
the secondary structure of FF pre-assemblies and nanofibrils
by CD and FTIR spectroscopies, indicating the hydrogen
bonding interaction between the peptide FF monomers which
may be stacked in β-turn arrangement. In summary, our
results revealed a hierarchical and interface-induced assembly
behavior of FF, which allowed us to fabricate nanofibers and
microvesicles based on the different surface characteristics,
and thus a novel strategy concerning the surface effect was
proposed for the peptide-based nanofabrication.
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