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Abstract
Molecular self-assembly offers new routes for the fabrication of novel materials at the
nano-scale. Peptide-based nanostructures represent nano-objects of particular interest, as they
are biocompatible, can be easily synthesized in large amounts, can be decorated with
functional elements and can be used in various biological and non-biological applications. We
had previously revealed the formation of highly ordered tubular structures by the
diphenylalanine peptide, the core recognition motif of Alzheimer’s β-amyloid polypeptide,
due to specific aromatic interactions. We further confirmed this model and demonstrated that a
non-charged peptide analogue, Ac–Phe–Phe–NH2, self-assembled into similar tubular
structures. We later explored other amine and carboxyl modified diphenylalanine peptide
analogues and revealed that these dipeptides can form ordered tubular structures at the
nanometric scale. Moreover, a very similar peptide, the diphenylglycine, self-assembled into
ordered nano-spherical assemblies. Here we extend our research and explore the self-assembly
of other homo-aromatic dipeptides in which their phenyl side-chains are modified with
halogen atoms (di-para-fluoro-Phe, di-pentafluoro-Phe, di-para-iodo-Phe), additional phenyl
groups (di-4-phenyl-Phe), or with nitro substitutions (di-para-nitro-Phe). We also probed the
effect of the alteration of the phenyl groups with naphtyl groups (di-D-1-Nal and di-D-2-Nal).
In all cases, well-ordered nanostructures were obtained and studied by scanning electron
microscopy, transmission electron microscopy and vibrational spectroscopy. Taken together,
the current work and previous ones define the homo-aromatic dipeptide as a central motif for
the formation of ordered self-assembled tubular, spherical and two-dimensional structures at
the nano-scale.

Abbreviations

BioMEMS, biomolecular nanoelectromechanical systems;
DMSO, dimethyl sulfoxide; FT-IR, Fourier transform infrared
spectroscopy; HFP, 1,1,1,3,3,3-hexafluoro-2-propanol; SEM,
scanning electron microscopy; TEM, transmission electron
microscopy.

Introduction

Various routes are being explored and developed in
order to exploit the molecular self-assembly properties of

nucleic acids, amino acids and phospholipids for bio-
nanotechnology applications that include biomolecular nano-
electromechanical systems (bioMEMS), biosensors and tissue
engineering. The key challenge in this field is to control
the self-assembly processes, as occur in nature, in order to
design a desirable structure at the nanometric scale in the
correct orientation and configuration (Zhang 2003, Sarikaya
et al 2003, Seeman 2003, Seeman and Belcher 2002,
Whitesides et al 1991, Schuster et al 2005).

Among natural building blocks, amino acids offer an
extraordinary material for the design of complex architecture
at the nanometer and macroscopic scale as their combinations
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in short peptides, polypeptides and large proteins represent an
exorbitant chemical diversity (Rajagopal and Schneider 2004,
Zhang 2003). Moreover, the main advantage of the biological
assemblies results from the ability to chemically modify
the self-assembled structures and to introduce biological
functionality such as biotin molecules, antibodies, enzymes
or DNA aptamer (Guler et al 2005, Hartgerink et al 2001,
Yu et al 2004a, Banerjee et al 2003). The use of biological
structures in the nano-scale is not limited to biological-related
applications as biomolecular assemblies were demonstrated
as a template for the formation of nano-scale objects that
could be used in future molecular electronics applications
(Braun et al 1998, Patolsky et al 2004, Reches and Gazit
2003, Song et al 2004, Scheibel et al 2003). In addition,
biological structures were demonstrated as a tool in molecular
lithography (Keren et al 2003, Sleytr and Beveridge 1999)
that could be of high importance in the fabrication of inorganic
nano-ordered structures such as silicone devices. Furthermore,
biological molecules and assemblies can serve as a template
for the formation of ordered macroscopic calcium and silica
structures in biomineralization processes.

The mentioned use of biological structures for molecular
electronic was initially demonstrated with DNA molecules.
However, more recent studies had pointed out protein
and peptide structures as an important template for such
applications. One example is the use of the natural intracellular
self-assembled nanometeric actin filaments as a template for
the fabrication of conductive gold nanowires (Patolsky et al
2004). Conductive metallic nanowires were also built
by selective metal deposition on naturally-occurring self-
assembled fibrillar amyloid nanostructures (Scheibel et al
2003). These amyloid fibrils are related to various diseases
such as Alzheimer’s disease, Creutzfeldt–Jakob disease and
type II diabetes (Dobson 1999). In all these diseases, specific
proteins undergo spontaneous self-assembly and accumulate
in an organ as one-dimensional crystalline fibrils (Jarrett and
Lansbury 1993). This process can also be initiated in vitro and
the self-assembled fibrils are very attractive for the fabrication
of new composite nanomaterials (Hamada et al 2004). This
direction is especially attractive as amyloid fibrils, with the
same molecular properties as the natural ones, can be formed
by peptide fragments as short as tetrapeptides (Reches et al
2002, Tjernberg et al 2002).

Peptides-based assemblies have attracted a considerable
amount of attention as they are biocompatible, easy to
produce in large amounts and consist of diverse structural and
functional properties. Several approaches were explored in
order to design peptide-based nanostructures such as fibers,
tapes, tubes and spheres (Madhavaiah and Verma 2004,
Matsumura et al 2004, Zhao and Zhang 2004, Wagner et al
2005, Holmes et al 2000, Aggeli et al 1997, Matsuura et al
2005). One approach taken by Ghadiri and co-workers
(Ghadiri et al 1993) is the use of cyclic peptides designed
with an altering even number of D- and L-amino acids that
interact with each other to form nanotubes array. Amphiphilic
peptides are also being used to form nano-assemblies. One
example is the use of self-complementary ionic peptides
which adopt β-sheet conformation and self-assembled into

nano-fibers (Hartgerink et al 2002). Another example is
surfactant-like peptides which are characterized by well-
defined hydrophilic and hydrophobic residues which self-
assembled into nanotubes and nanovesicles (Vauthey et al
2002). In addition, amphiphile peptides could be conjugated
to cell adhesion motifs (Silva et al 2004) and were shown to
assemble into fibers or hydrogel (Yokoi et al 2005).

Peptide-based nanostructures are also being used for the
fabrication of composite materials by controlled nucleation
and growth of inorganic crystals. In that manner electronic
and magnetic nanowires can be fabricated by the nucleation
of nickel or copper onto peptide fibrils or peptide nanotubes
(Banerjee et al 2003, Yu et al 2004b, Djalali et al 2003).
Another field of research in which this concept is being used
is tissue regeneration. One example is the nucleation of
hydroxyapatite crystal onto peptide nanofibers that was used
to mimic the lowest level of the hierarchy in bone tissue
organization, the collagen fibrils (Hartgerink et al 2001).

In our studies, we explored short peptides as a model
system in order to get a better understanding on the molecular
mechanism that leads to the formation of amyloid fibrils
(Azriel and Gazit 2001, Reches et al 2002, Mazor et al 2002,
Reches and Gazit 2004a). On the basis of theoretical and
experimental data, we hypothesized that aromatic interactions
have a key role in amyloid fibrils formation and therefore
explored aromatic short peptides (Gazit 2002). In the course
of this study, we discovered that the core recognition element
in the β-amyloid polypeptide which forms amyloid fibrils in
Alzheimer’s disease, the diphenylalanine peptide, can self-
assemble into well-ordered nanotubes (Reches and Gazit
2003). These peptide nanotubes self-assembled into individual
entities with high aspect ratio and unique mechanical strength
(Kol et al 2005). They are formed under mild conditions in
aqueous solution with a very high yield. They were shown to
serve in various applications such as casting mold for metal
nanowires (Reches and Gazit 2003), template for the synthesis
of peptide-nanotube platinum-nanoparticle composites (Song
et al 2004) and in biosensing platforms (Yemini et al 2005a,
2005b).

We recently discovered that tubular structures with a
similar morphology were also formed by the non-charged
peptide, Ac—Phe—Phe–NH2. This provided further evidence
for the key role of aromatic interactions in this process.
We further explored other amine and carboxyl-modified
diphenylalanine peptides and discovered that when the N-
terminus is modified with aromatic groups such as Fmoc
and CbZ the self-assembled structures are more similar to
amyloid fibrils in their morphology (Reches and Gazit 2005).

We also discovered that another very similar aromatic
dipeptide, the diphenylglycine, self-assembles into well-
ordered closed-caged nano-spheres (Reches and Gazit 2004b).
These nano-spheres can be used for encapsulation of both
organic and inorganic materials and can be employed in various
applications. One example is the use of peptide assemblies as
agents for control drug release and drug targeting.

All the previous results had demonstrated the ability of
versatile forms of aromatic homo-dipeptides to form well-
ordered structures in the nano-scale. Here, we extend
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Scheme 1. Schematic representation of the molecular structures of the studied homo-dipeptides. These dipeptides were designed on the
basis of our previous report on the formation of highly ordered tubular structures by the diphenylalanine peptide.

our research and study the ability of other homo-aromatic
dipeptide to self-assemble into ordered structures. Taken
together our studies clearly defined the aromatic homo-
dipeptide motif as a key building block element for the
formation of nano-scale objects.

Materials and methods

Materials

The diphenylalanine peptide analogues were synthesized by
Peptron, Inc. (Taejeon, Korea). The correct identity of the
peptides was confirmed by ion spray mass spectrometry, and
the purity of the peptides was confirmed by reverse phase
high pressure liquid chromatography. Fresh stock solutions of
the peptides were prepared by dissolving lyophilized form
of the peptides in 1,1,1,3,3,3-hexafluoro-2-propanol (HFP,
Sigma) at a concentration of 100 mg ml−1. To avoid any

pre-aggregation, fresh stock solutions were prepared for each
experiment. The di-para-iodo-Phe and the dipentafluoro-
Phe peptides were dissolved in DMSO to a concentration of
100 mg ml−1. The peptides stock solutions were diluted into a
final concentration of 2 mg ml−1 in ddH2O. The di-para-nitro-
Phe peptide was diluted into a final concentration of 5 mg ml−1

in ddH2O. All the analyses were preformed immediately after
the peptides dilution.

Transmission electron microscopy (TEM)

Samples were placed on 200 mesh copper grid, covered by
carbon stabilized Formvar film. After 1 min, excess fluid was
removed and the grid was then negatively stained with 2%
uranyl acetate in water. After 2 min, excess fluid was removed
from the grid. Samples were viewed in JEOL 1200EX electron
microscope operating at 80 kV.
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(a) (b)
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Figure 1. Transmission electron microscopy (TEM) micrographs of
the studied homo-dipeptides (scale bar represents 100 nm): (a) the
di-D-1-Nal peptide assembled into thin fibril structures, (b) tubular
structures with a wider diameter arranged in bundles formed by the
di-D-2-Nal, (c) addition of fluoro group in the context of the
diphenylalanine peptide resulted in tubular assemblies formed by
the di-para-fluoro-Phe peptide, (d) addition of five fluoro groups
resulted in the formation of wide tubular structures with various
widths and lengths by the di-pentafluoro-Phe peptide, (e) the
di-para-iodo-Phe peptide self-assembled into tubular structures,
(f ) spherical structures together with nanometric fibrillar structures
were formed by the di-para-nitro-Phe peptide, (g) thin plate-like
structures assembled by the di-4-phenyl-Phe.

Scanning electron microscopy (SEM)

Immediately after dilution in ddH2O, peptide solution was
allowed to dry at room temperature over glass cover slip and
coated with gold. Scanning electron microscopy images were
made using a JSM JEOL 6300 SEM operating at 5 kV.

Fourier transform infrared spectroscopy

Infrared spectra were recorded using a Nicolet Nexus 470 FT-
IR spectrometer with a deuterated triglycine sulfate (DTGS)
detector. Peptide solution taken from SEM assay was
deposited on a CaF2 plate and dried by vacuum. The peptide
deposits were resuspended with D2O and subsequently dried
to form thin films. The resuspension procedure was repeated
twice to ensure maximal hydrogen to deuterium exchange.
The measurements were taken using a 4 cm−1 resolution and
averaging of 2000 scans. Absorbance spectra were displayed
by the OMNIC analysis program (Nicolet).

The obtained absorption spectra were smooth by applying
the Savitzky–Golay function to eliminate noise and operating
the second derivative transformation on the spectra using the
Peakfit software version 4.12 (SYSTAT Software Inc.,
Richmond, CA, USA).

Results and discussion

The change of the phenyl side-chain into naphtyl

Self-assembled aromatic peptide structures can be served as a
template for various applications. One of the most intriguing
ones is molecular electronics. Many organic conducting
materials are based on aromatic stacking and charge transfer
through π–π interactions. It was suggested that a crystal
structure of a polypeptide composed of the unnatural aromatic
amino acid naphthylalanine, in which the aromatic groups are
arranged regularly along the crystal axis, could function as a
promising molecular conductor (Sisido et al 1983, Horne et al
2005).

On the basis of this suggestion and the resemblance
to the diphenylalanine peptide in their molecular structure
(Reches and Gazit 2003), we went to explore the self-assembly
properties of the di-D-1-Nal and di-D-2-Nal dipeptides
(scheme 1).

Both dipeptides were dissolved in 1,1,1,3,3,3-hexafluoro-
2-propanol and diluted in double distilled water. These
conditions are identical to those that were employed for
the formation of tubular structures by the diphenylalanine
peptide. Immediately after their dilution in water, the peptide
solutions were placed on TEM grids and analyzed by TEM.
Thin fibrillar nanostructures of about 10 nm in diameter
rapidly formed as individual entities by the di-D-1-Nal peptide
(figure 1(a)). These fibrils are different in their morphology
from the diphenylalanine-based nanotubes. Their diameter is
narrower and they appear to be less rigid. Their diameter is
about 10 nm, similar to the dimension of amyloid fibrils but
they differ from amyloid fibrils as they are not arranged in
bundles or appear as a fibrillar network. The di-D-2-Nal pep-
tide assembled into wider tubular structures with a diameter of
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Figure 2. Scanning electron micrographs of the studied peptides: (a) di-D-1-Nal, (b) di-D-2-Nal, (c) di-para-fluoro-Phe, (d) di-pentafluoro-
Phe, (e) di-para-iodo-Phe, (f ) di-para-nitro-Phe, (g) di-4-phenyl-Phe.

about 50 nm, they appeared to be more bundled then the fibrils
assembled by the di-D-1-Nal peptide (figure 1(b)). Moreover,
these naphthylalanine-based peptide structures appeared to be
single or low-numbered walled as compared to multi-walled
structures of the diphenylalanine tubes.

Scanning electron microscope (SEM) was further used
to get insight to the 3D conformation of the assemblies’
structures. In the case of the di-D-1-Nal peptide, the
thin fibrillar nanostructures were too narrow to detect with
the SEM and appeared as a sheet with embedded fibrils
(figure 2(a)). SEM analysis of the di-D-2-Nal peptide
correlated with TEM results and confirmed fibrillar structures
formation (figure 2(b)).

In order to get information regarding the secondary
structures of the self-assembled nanostructures, Fourier

transform infrared (FT-IR) was used. Absorbance spectrum
of the amide I band of the di-D-1-Nal indicated a dominant
α-helical contribution; however, after deconvolution and
subsequent band fitting of the spectrum, three significant
bands were detected with absorption maxima at 1631 cm−1

and 1678 cm−1 which correlates with anti parallel β-sheet
conformation and 1656 cm−1 which is consistent with
an α-helix conformation (figure 3(a), Haris and Chapman
1995). The fibrillar structures formed by the di-D-2-Nal
peptide also differ from the di-D-1-Nal assemblies in their
secondary structures as their spectrum indicates on five bands
(1620 cm−1, 1629 cm−1, 1640 cm−1, 1677 cm−1 and
1690 cm−1) that can be assigned together to an anti-parallel
β-sheet conformation (figure 3(b)) without the presence of
α-helix structural motifs.
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Figure 3. FT-IR analysis: the secondary structure of the studied dipeptides was analyzed from the second derivative of the infrared
absorption spectra curve-fitting in the amide I region: (a) FT-IR spectra of the di-D-1-Nal assemblies indicated an anti-parallel β-sheet
conformation along with α-helix motifs, (b) spectrum of the di-D-2-Nal tubular structures revealed an anti-parallel β-sheet conformation,
(c) anti-parallel β-sheet conformation observed for the di-para-fluoro-Phe based tubular structures, (d) the wide tubular structures formed by
the di-pentafluoro-Phe have a β-turns conformation, (e) anti-parallel β-sheet conformation observed for the di-para-iodo-Phe, (f ) the
spectrum for the di-para-nitro-Phe peptide indicated on random structures or β-turns, (g) one small band correlated with an α-helix
conformation and another significant band indicated on turns or β-strands was observed for the plate-like structures formed by the
di-4-phenyl-Phe peptide.

The finding on the formation of tubular structures by the
di-naphthylalanine peptides is a significant observation as it
broadens the concept of homo-aromatic dipeptides and reveals
a new promising material for the fabrication of conductive
nanostructures.

Modification of the phenyl side-chain with halogen atoms

In our next step, we went further to explore the self-assembly
of diphenylalanine peptide analogues modified with halogen
atoms. These atom additions may alter the morphology
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Figure 4. Schematic model for the formation of the various structures by the aromatic homo-dipeptides. Varying structures could be formed
by alternative organization of the ordered layers. The specific organization of the layers could lead to tubular (single-walled or multi-
walled), spherical, or fibrillar structures. Due to the geometrically-restricted interactions of the aromatic moieties and their complex
hydrophobic and electrostatic nature, various changes in the electronic environment of the aromatic system in the context of very small
peptide, can significantly affect the organization of the assembled formed.

of the self-assembled structures along with their chemical
nature.

We had chosen to introduce the fluorine atom in the
context of the diphenylalanine peptide. Two fluorinated
diphenylalanine peptides were studied, the di-para-fluoro-Phe
and the di-pentafluoro-Phe peptides (scheme 1). The di-
pentafluoro-Phe is a highly hydrophobic peptide and could not
be dissolved in HFP, instead it was dissolved in another organic
solvent, dimethyl sulfoxide (DMSO). When observed by TEM
both di-para-fluoro-Phe peptide and the di-pentafluoro-Phe
formed tubular structures but with different diameter and
length (figures 1(c) and (d), respectively). The di-para-fluoro-
Phe assembled into narrower and longer tubular structures
while the di-pentafluoro-Phe formed tubular assemblies with a
diameter that range between hundred nanometers and several
hundreds nanometers.

SEM analysis further confirmed formation of tubular
structures by the fluorinated dipeptides, and clearly correlated
with the TEM results as longer assemblies were detected for
the di-para-fluoro-Phe in comparison with the di-pentafluoro-
Phe tubular structures (figures 2(c) and (d) respectively).

The fibrillar structures not only differ from each other
by length and width but also in their secondary structure
conformation. While an anti-parallel β-sheet conformation
was shown by FT-IR for the tubular assemblies formed by
the di-para-fluoro-Phe peptide, the di-pentafluoro-Phe peptide-
based assemblies spectrum indicated a maximum of 1664 cm−1

which correlates with β-turns structures (Haris and Chapman
1995) (figures 3(c) and (d), respectively).

The addition of fluorine atoms in the context of the
diphenylalanine peptide is interested due to the fact that
fluorinated materials are used to create a Teflon-like material.
The highly ordered nanometric assemblies can contribute to
the molecular arrangement of the fluorine atoms and can form
a novel Teflon-like material.

The addition of another halogen element, the Iodine,
was also explored in the context of the di-para-iodo-Phe

peptide (scheme 1). This peptide was also dissolved in
DMSO because of its low solubility in HFP. TEM analysis
of the assembled structures revealed the formation of highly
ordered tubular structures with a similar morphology as the
diphenylalanine nanotubes (figure 1(e)). When observed by
SEM, tubular structures with various lengths and diameters
were detected (figure 2(e)). These tubular structures have
an anti-parallel β-sheet conformation as analyzed by FT-IR
(figure 3(e)).

Modification of the phenyl side-chain with nitro and
phenyl groups

Further study demonstrated the self-assembly of modified
diphenylalanine peptide with nitro and phenyl group. The
di-para-nitro-Phe peptide was dissolved and assayed in the
same manner as the other studied peptides; however, at
this examined concentration ordered assemblies could not be
detected by TEM analysis. Only when dissolved in higher
concentration of 5 mg ml−1 spherical nanostructures with
various diameters embedded in fibrillar nanostructure were
assembled, these two morphologies could be observed by both
TEM and SEM (figures 1(f ) and 2(f ), respectively). When
dissolved at even higher concentration of 10 mg ml−1 only
spherical structures were observed (data not shown). Second
derivatives of the peptides’ IR spectra indicated on two bands
for the di-p-nitro-Phe, one at 1666 cm−1, which correlates
with α-helix conformation and another one at 1682 cm−1 which
relates to random structures or β-turns (figure 3(f )).

Interestingly, when the phenyl group in the diphenylala-
nine peptide was modified with another one in the di-4-phenyl-
Phe homo-dipeptide (scheme 1) this peptide self-assembled
into square plates with various dimensions (figure 1(g)). These
square plates appear to be very thin and symmetrical with clear
borders. Since the square structures are slender, their borders
were not prominent when analyzed by SEM (figure 2(g)).

An FT-IR analysis to these square plates indicated on
one small band at 1645 cm−1 correlated with an α-helix
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Table 1. Summary of the molecular structures and morphologies of the assemblies formed by homo-dipeptides studied in the current study
as well as previous ones.

Homo-aromatic dipeptide Molecular structure Assemblies morphology
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conformation and a significant one at 1683 cm−1 which
correlates with turns or β-strands (figure 3(g)).

Conclusions and outlook

The formation of self-assembled structures in the nano-
scale is central for future nano-technological applications.

Biomolecular assemblies and especially peptide ones are
of special interest for the nano-science and nanotechnology
community. Our previous work had demonstrated the
importance of the diphenylalanine and diphenylglycine motifs
as very simple but yet key building blocks for the assemblies
of nano-scale objects with a remarkable order. Furthermore,
these structures, especially the tubular ones, were shown to
have remarkable chemical and mechanical properties, and
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their applications in functional platforms were already clearly
demonstrated.

In the current work, we further explored the concept of
aromatic homo-dipeptides as a molecular paradigm of building
blocks for the design of nano-scale assemblies. We had
reveled that the aromatic phenyl side-chain could be modified
into a larger naphtyl one and that the phenyl moiety could
be substituted with various chemical groups including iodo,
fluoro and nitro. In all cases, ordered nano-scale structures
could be observed. These nanostructures differ in their
molecular arrangements and most likely in their chemical
and physical properties. Yet, they all present well-organized
structures at the nano-scale. By using FT-IR spectroscopy,
we have shown that the difference in the morphology of the
assemblies as demonstrated by electron microscopy is also
reflected by their secondary structures. Higher resolution
spectroscopy techniques such as Raman spectroscopy can
be applied in order to obtain more detailed information on
the influence of the chemical modification in the level of
molecular conformation. Based on the data, reported here, we
suggest that the geometrically restricted interactions between
the various aromatic moieties taken together with the stacking
of the planar peptide bonds facilitate the formation of this large
number of molecular assemblies. If this paradigm is correct,
much larger family of building blocks could be designed. This
includes larger and non-complex aromatic moieties as well
as many other substitutions of the phenyl group. In a quite
straightforward manner hundreds if not thousands of homo-
aromatic dipeptides could be synthesized and probed for their
biomolecular assembly properties.

The assemblies that are presented here and in our previous
studies are summarized in table 1. These assemblies, as well
as the large amount yet to be explored should have ample
nanotechnological applications. The homo-aromatic dipeptide
motif should allow the formation of tubular, spherical, fibrillar
structures in the nano-scale. A proposed model for the
various assemblies formed by the aromatic homo-dipeptides
is illustrated in figure 4. Furthermore, some of the peptides
can form nano-crystals and two-dimensional nano-plates. All
of these are made by very small peptides that could be
synthesized in large amount and relatively in an easy way.
These nanostructures represent a novel class of materials that
can be chemically designed to provide various physical and
chemical properties as the phenylalanine residue can be easily
modified.

To summarize, we had defined a new paradigm for
the fabrication of ordered nanostructures by very simple
building blocks. Some applications of these nano-assemblies
were already demonstrated but many more are yet to be
explored.
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Glossary

Amyloid fibrils. Biological fibers that are being formed by
molecular self-assembly of proteins that undergoes a
transition from their soluble state to aggregative misfolding
state. Amyloid fibrils are formed by various proteins and
polypeptides and are associated with various human diseases.
Although formed by different proteins with no sequence
homology all amyloid fibrils share similar ultra-structural and
biophysical properties. These include a fibrillar diameter of
7–10 nm, predominant β-sheet conformation, Congo red
birefringence and a typical x-ray fiber diffraction pattern.

Aromatic interactions. Association between aromatic
moieties through non-covalent interaction between π

electron systems. This interaction is very common in
biological systems and has a major role in the core-packing
of folded proteins, many receptor–ligand systems, and also in
the stabilization of the double helical structure of DNA due to
base stacking. The geometry of the aromatic rings is mainly
restricted to four geometries: parallel displaced, T-shaped,
parallel staggered or Herringbone.

Homo-dipeptides. Peptides composed of two identical
amino acids.

Nanotubes. Hollow cylindrical structures with nanometric
diameter formed by organic or inorganic materials. Carbon
nanotubes are the most studied nanotubular structures for
nanotechnology applications. Other inorganic and organic
tubes are currently being explored.

Nanospheres. Closed-caged structures with a diameter at
the nanometer scale. One example of nanospheres is the
carobon fullerene buckyballs, a spherical form of carbon
which is related to the class of the carbon nanotubes.
Nanospheres can also be formed by inorganic material and
the self-assembly of lipids, peptides or protein such as
coating protein of viruses.

Self-assembly. A spontaneous process in which molecules
are aggregated through a process of molecular recognition
into well-ordered structures. This process can be exploited in
order to fabricate nano-object made of organic and inorganic
materials.
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