
Self-assembled peptide nanostructures: the design of molecular building
blocks and their technological utilization

Ehud Gazit*

Received 5th December 2006

First published as an Advance Article on the web 2nd May 2007

DOI: 10.1039/b605536m

In this tutorial review the process and applications of peptide self-assembly into nanotubes,

nanospheres, nanofibrils, nanotapes, and other ordered structures at the nano-scale are discussed.

The formation of well-ordered nanostructures by a process of self-association represents the

essence of modern nanotechnology. Such self-assembled structures can be formed by a variety of

building blocks, both organic and inorganic. Of the organic building blocks, peptides are among

the most useful ones. Peptides possess the biocompatibility and chemical diversity that are found

in proteins, yet they are much more stable and robust and can be readily synthesized on a large

scale. Short peptides can spontaneously associate to form nanotubes, nanospheres, nanofibrils,

nanotapes, and other ordered structures at the nano-scale. Peptides can also form macroscopic

assemblies such as hydrogels with nano-scale order. The application of peptide building blocks in

biosensors, tissue engineering, and the development of antibacterial agents has already been

demonstrated.

Self-assembly and supramolecular chemistry

The spontaneous formation of ordered structures at the nano-

scale or macroscopic objects with nano-scale order is a key

issue in nanotechnology.1–3 In a ‘‘bottom-up’’ process, simple

building blocks interact with each other in a coordinated way

to form large and more complex supramolecular assemblies

(Fig. 1).4,5 Processes of molecular recognition and self-

assembly direct the way in which relatively simple building

blocks recognize each other, associate, and form ordered

one-dimensional, two-dimensional, and three-dimensional

nanostructures and macroscopic objects with nano-scale order.

The organization of the building blocks into ordered struc-

tures is based on specific recognition that is facilitated by a

combination of many different non-covalent interactions.

These include electrostatic interactions, hydrogen bonds,

hydrophobic interactions, and aromatic stacking interactions.

The overall coordinated combination of the various molecular
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Ehud Gazit Fig. 1 The process of ‘‘top-down’’ as compared to ‘‘bottom-up’’ self-

assembly. The top-down process as developed to superb efficiency by

the microelectronics industry is based on the patterning of assemblies

by lithographic definition. The ‘‘bottom-up’’ approach is based on the

interaction of simple building blocks to form a well-ordered assembly

by means of molecular recognition and self-assembly.
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forces, which are quite weak individually, results in the process

of self-organization from simple blocks into elaborate and

ordered structures.

Nanotechnology in its ‘‘bottom-up’’ and self-assembly facets

stems directly from earlier studies on self-association and

self-organization (Fig. 1). The concept of ‘‘supramolecular

chemistry’’, the chemistry of complex non-covalent structures

at the nano-scale, began with the study of various organic

polymers and sophisticated host–guest chemistry that was

based on advanced organic chemistry. The pioneering work

of Jean-Marie Lehn, who coined the term supramolecular

chemistry, was directed towards the engineering of molecular

cryptand cages with a desired shape whereby only a certain

type of molecule was allowed to be lodged in the cage.4,5 Lehn

shared the 1987 Nobel Prize in Chemistry with Donald Cram

and Charles Pedersen, two other eminent chemists who

pioneered the development of crown ethers that are able to

recognize and selectively bind ions of certain metal elements.

The citation of their award reads: ‘‘For their development

and use of molecules with structure-specific interactions of

high selectivity’’. What these very talented chemists achieved

synthetically is done in each living cell mainly by proteins.

Building blocks for nanotechnology vary considerably and

include both organic and inorganic species. Classical nano-

technology emerged with the use of pure carbon structures of

the buckminsterfullerene and carbon nanotubes, or modified

analogs of these carbon structures.6,7 This was later followed

by the study of inorganic nanostructures, such as silicone

nanowires8,9 and inorganic nanotubes and fullerene-like struc-

tures from layered materials such as WS2, MoS2, and NbS2.10

Other efforts in nanotechnology were directed towards the

development of organic nanostructures. Organic chemistry

offers very diverse chemical tools and elaborate molecular

properties. A great deal of modern materials science is based

on organic chemistry. Many of the materials that we use in

everyday life are of course composed of organic polymers.

These include plastics such as polyvinyl chloride, polypropyl-

ene, nylon (polyamide), Teflon1 (polytetrafluoroethylene),

and many other polymers (Fig. 2). As will be described below,

peptides and proteins have much in common with polymeric

organic materials, yet they offer many advantages.

Self-assembly by proteins and peptides

Proteins and peptides serve as the major molecular scaffold

material of the biological world at the nano-scale, micro-scale,

and macro-scale. This starts from nano-scale elements such as

the self-assembled actin cytoskeleton, the molecular structures

that give the cell its physical rigidity, and the self-assembled

microtubules that serve as nanoscopic protein railways that

allow the transport of ‘‘cargo’’ within the micro-scale cell using

nano-scale protein motors. Proteins also serve as the building

blocks for macroscopic structural elements such as the

collagen proteins in the skin and the keratin proteins in nails

and hair. In addition, proteins serve as the building blocks for

elaborate structures possessing unique physical properties such

as silk, whose ratio of tensile strength to density is about five

times higher than steel. Formation of inorganic biological

structures such as bones and teeth and marine animal shells is

directed by protein templates via the specific interaction of

proteins and peptides with calcium or silicon.11

Proteins and peptides also facilitate biological recognition.

The specific binding to various molecules is mediated by

protein antibodies and receptors, whereas messages in the

body are carried by polypeptide hormones such as insulin,

vasopressin, and luteinizing hormone. In addition, almost all

the enzymatic activities in every biological system are carried

out by protein enzymes, ranging from simple reaction enzymes

to multicomponent molecular synthesizers. Also, the mechani-

cal components in biological systems, such as molecular

motors at the nano-scale and muscles at the macro-scale, are

composed of proteins. Thus, taken together, proteins serve

both as the building scaffold as well as the functional entities in

the biological world. Thus, many researchers view proteins and

their peptide fragments as potential sources of engineered

‘‘smart function material’’.

As previously mentioned, most of the molecular recognition

reactions in the biological world are facilitated by proteins

and peptides. Proteins also have a direct connection to the

polymeric material world, as described above (Fig. 3). They

are basically polyamides: long polymers composed of tens,

hundreds, or even thousands of amino acids, connected by

amide bonds. This architecture resembles many of the organic

materials around us. Polyamides include fibers such as the

everyday nylon as well as the ultra-strong Kevlar1 and

Nomex1 aromatic polyamides (aramids). Yet proteins offer a

great advantage over organic polymers, namely their diversity

(Fig. 4). Whereas synthetic polymers are usually formed by

the polymerization of a single building block, proteins are

composed of 20 different amino acids. The specific features of

the protein stem from the composition of the amino acids, but

also from their sequence. The number of combinations for a

simple protein of 100 amino acids is 20100, a number that is just

impossible to grasp. It is possible to also make synthetically

mixed polymers, known as co-polymers. However, in this case

the co-polymer is a random mixture of polymers with the same

composition, but not with the same sequence. In the case of

Fig. 2 Commercially available polymers. Some of the most useful

polymers, such as Teflon1, PVC, and polyethylene, are formed from

very simple molecular building blocks. Protein and peptide building

blocks offer much more advanced and diverse molecular decoration to

form ‘‘smart functional materials’’.
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proteins, the very precise order of building blocks is very easy

to direct. The synthesis of such a complex polymer is simply

mediated by bacterial over-expression using genetically

engineered DNA vectors. Figs. 3 and 4 depict the similarities

and differences between proteins, peptide polymers, and

typical organic polymers.

As will be described in this review, the application of

aromatic interactions as the driving force for the formation of

self-assembled nanometric materials resulted in the assembly

of the most rigid organic nanotubes, with a Young’s modulus

of about 20 GPa. Other concepts from the polymeric

world can be used for further exploration of other protein

and peptide nanostructures. One direction could involve the

use of fluorinated building blocks to achieve properties similar

to those of polytetrafluoroethylene (Teflon1), namely very low

friction coefficients.

Although proteins offer many advantages owing to their

self-assembly and molecular recognition processes, they are

limited for technological applications such as consumer goods

due to their instability and inability to be synthesized on a

large scale. Peptides, which could be composed of 2–30 amino

acids, offer an interesting alternative to proteins. Importantly,

they can be synthesized on a large scale by conventional

chemical techniques. Furthermore, when synthetic peptides are

used, there is a greater tendency to use the 20 natural amino

acids and therefore many more building blocks can be used.

While the cost of peptide synthesis is still an issue, especially

with large peptides, it may be reduced with large-scale solution

phase methods. An optimized method for the synthesis of

the aspartyl-phenylalanine-methyl ester (the Aspartame1

sweetener) resulted in a cost of synthesis of a few cents per

gram for ton-scale production.

There are of course endless variations for non-natural amino

acids, with hundreds that are available as protected building

blocks for chemical synthesis. If we go back to the simple

‘‘back-of-the-envelope’’ calculations, the number of combina-

tions for pentapeptides with 100 amino acids is 1005 = 1010.

Peptides also offer excellent chemical and thermal stability

because most peptide building blocks are stable at high

temperatures, in the presence of organic solvents, and in

extreme pHs. Although the current review is concerned with

peptides, it should be noted that proteins from extermophiles

can also be very stable and these bacteria, especially

hypothermophiles, may still have various applications in

nanotechnology. Extermophiles may actually serve as the

equivalents of a rain-forest reservoir for new building blocks,

ideas, and concepts for modern nanotechnology.

Tubular peptide nanostructures

The first engineered structures at the nano-scale were the cyclic

peptide nanotubes, which were developed by M. Reza Ghadiri

and coworkers.12–14 In very elegant work, concepts from

natural peptides were translated into technological applica-

tions. Ghadiri used the concept of alternating D- and L-amino

acids in the context of a cyclic peptide to form a planar ring

that could be self-assembled, one on top of the other, to form

tubular structures of a desired diameter (Fig. 5).

Application of these nanotubes in diverse fields such as

antibacterial agents and molecular electronics has already been

demonstrated. Since the identity of the side-chains could be

modulated, various residues including non-natural ones could

be incorporated. A recent example from the group revealed the

Fig. 3 Proteins and peptides as polyamide polymers. A. Polymerization

of proteins and peptides. Proteins and peptides are formed by the

interaction of amino-acid building blocks to form long linear

polymers. The amino-acids differ one from another by the chemical

identity of the R groups. The length of the polymer indicates whether it

is a peptide or a protein. B. Common synthetic polymers are polyamides.

Homo-polymers like nylon-6 are composed of aliphatic building

blocks that are connected by amide bonds. This is the same planar

bond of unique chemical properties that connects amino-acids in

peptides and proteins.

Fig. 4 The process of polymerization and the difference in the

sequential organization of proteins or peptides and polymers. A. The

process of polymerization. The polymerization of simple building

blocks (monomers) into elongated linear chains occurs through the

process of addition or condensation to form polymer (from the Greek

roots: polys meaning many, and meros meaning parts). B. Peptides and

proteins as sequential polymers. While most synthetic polymers are

homo-polymers that are built from a single type of building block from

each polymer, proteins and peptides are composed of a variety of

building blocks in a specific order. The schematic peptide 1 and

peptide 2 have the same amino-acid composition but in a different

order and in real life probably have completely different properties.
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ability to substitute the side-chains for 1,4,5,8-naphthalenete-

tracarboxylic acid diimide14 to allow a charge transfer along

the tubular system (Fig. 5). Other directions, which will be

described next, include the design of novel antibacterial agents

that are based on the interaction of the peptide nanostructures

with bacterial membranes.

Another cyclic peptide that was shown to self-assemble

into tubular structures is the Lanreotide growth hormone

inhibitor.15 Here, a naturally occurring cyclic peptide rather

than a designed one self-assembles into well-ordered structures

at the nano-scale by hydrophobic and aromatic interactions,

which will be described in the aromatic nanostructures section.

Charge-complementary peptide nanostructures

Another very interesting approach to engineered peptide

nanostructures originated from the concept of charge self-

complementarity (Fig. 6). Peptides were designed in such a way

that they will self-assemble due to the electrostatic interactions

between positively charged and negatively charged moieties

within the peptides.

The formation of charged peptide building blocks was

demonstrated by Shuguang Zhang and coworkers in 1993.16

The designed linear building blocks are composed of more

than 50% charged peptides and include negatively charged

glutamic acid and aspartic acids and positively charged

lysines and arginines.17 These peptides readily assemble in

aqueous solution to form ordered fibrillar structures.

Furthermore, by the process of extrusion the peptide can

form macroscopic hydrogels. Application of these gels for

tissue engineering and regeneration applications was demon-

strated. For example, these gels allowed the growth of neural

cells in an integrated network that showed synaptic activity.18

In this case the charged properties of the peptide nanostruc-

tures served not only for their self-assembly but also for

guidance of the cells, most likely by mimicking the RGD

(arginine–glycine–aspartate) tripeptide motif that is found on

the surface of various cells.

Surfactant-like and other hydrophobic

nanostructures

One of the most important driving forces for biological self-

organization is based on hydrophobic interactions. The

formation of phospholipid membranes is specifically based

on the organization of amphiphatic structures in aqueous

solution (Fig. 7). These structures include both a hydrophobic

tail and a hydrophilic head organized in the aqueous solution,

where they form well-ordered structures.

Fig. 5 The first peptide nanotubes. The first peptide nanotubes were

developed in the 1990s by M. Reza Ghadiri and coworkers. These

tubes are based on the precise assembly of alternating D- and L-amino-

acid cyclic peptide to form elongated and hollow nanotubes.

Decoration of the external parts of the nanotubes with functional

moieties makes it possible to engineer them into functional nano-

assemblies. For example, decoration with aromatic moieties that allow

charge transfer is envisioned for molecular electronics applications.

Fig. 6 Self-assembly as facilitated by charge complementarity. The

design of peptide building blocks with opposing charges allows the

efficient self-assembly of peptide monomers into well-ordered struc-

tures at the nano-scale. These peptide structures could be further

fabricated to form macroscopic hydrogels that have nano-scale order.

Fig. 7 The architecture of amphiphatic peptide building blocks. A.

Detergents and phospholipids. The self-assembly of detergents and

phospholipids is based on the architecture of a polar headgroup (in

many cases inorganic) and a hydrophobic tail (mostly aliphatic). B.

Peptide-based amphiphiles. Various peptide building blocks that are

based on the formation of separated hydrophobic and hydrophilic

domains were designed. The hydrophilic part is usually peptidic. Yet

the hydrophobic part may be aliphatic. These peptide building blocks

self-assemble into ordered nanostructures by a process that is similar

to the molecular driving forces that allow formation of ordered

phospholipid membranes.
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Many peptide structures are based on similar principles

of amphiphatic structure for their efficient molecular self-

assembly. Whereas the surfactant-like peptides are basically

a molecular mimicry of membrane phospholipids and deter-

gents,18,19 other organization schemes also exist. These

building blocks include the bolaamphiphile peptides,20,21

the peptide-conjugated amphiphiles,22,23 and the conjugated

peptides.24 Fig. 7 depicts the relative organization of the

various building blocks. As shown in the figure, the various

amphiphatic building blocks utilize different geometries for the

self-assembly process. This is a vivid demonstration of the

way in which peptides and peptide-derived structures can be

modulated to form various structures at the nano-scale.

In the case of the peptide-conjugated amphiphile building

blocks, peptidic recognition motifs, such as the neurite-

promoting laminin epitope IKVAV, have been integrated into

the peptide head to mediate cell attachment and guidance

for tissue engineering applications.23 In a previous study,

the building blocks were designed to direct mineralization of

hydroxyapatite to form a composite material in which the

crystallographic axes of hydroxyapatite are aligned with the

long axes of the formed nanostructures.22

Amyloid fibrils as nano-materials

Amyloid fibrils are naturally occurring nano-fibrils that are

associated with a large number of human diseases. Such

disorders include Alzheimer’s disease, Parkinson’s disease,

Type II diabetes and many others.25,26 There are about 20

different human diseases that are associated with the forma-

tion of these 7–10-nm amyloid fibrils. These fibrils show

remarkable order, as indicated by 4.6–4.8 Å X-ray fiber

diffraction on the meridian. They also exhibit a typical b-sheet

conformation and strong gold–green birefringence upon

staining with the Congo red dye.

Amyloid fibrils may actually represent a much more

fundamental structural state of protein, since some disease-

unrelated proteins could form typical amyloid fibrils under

various conditions. Furthermore, typical amyloid fibrils could

be found in bacterial biofilm and other bacterial structural

proteins.27–29 Upon examination, amyloid fibrils were found to

have very strong physical rigidity30 and amyloid fibrils and silk

were compared.31 This suggests that indeed amyloid may

represent a fundamental scaffold that supports physical

structures with a nano-scale order. As will be further discussed,

amyloid-derived peptides serve as major elements in peptide

nanotechnology.

The use of yeast amyloid fibrils for nanotechnological

applications has already been demonstrated.32 The fibrils

were genetically engineered to contain a cysteine residue that

served as a nucleation site for the deposition of metal on the

protein. The metal-coated fibrils were found to be conductive

and may have applications in future nano-electronics and

nano-wiring.32

Amyloid fibrils are usually formed by polypeptides of 30–40

amino acids, but they can also be formed by larger proteins.

Yet recent studies have demonstrated the ability of much

shorter peptides, namely tetra- to hexapeptides, to form typical

amyloid fibrils that exhibit all the typical biophysical and

ultrastructural properties of amyloid fibrils.33,34 The change

from larger polypeptides or proteins into short amyloid

fragments now enables the large-scale synthesis of fibrils and

their application in various nanotechnological settings.

Aromatic nanostructures

Another class of peptide nanostructures is based on the use of

short aromatic peptides to form well-ordered nanostructures.

The driving force for the discovery of the peptide was the study

of very short amyloid-forming peptides. It was discovered that

the core recognition motif of the b-amyloid polypeptide,

the diphenylalanine polypeptide, forms discrete and hollow

nanotubes in solution (Fig. 8).35 These discrete nanotubes

are extremely rigid36 and form spontaneously and efficiently

upon their dilution from organic solvents into aqueous

solution or by heating and cooling of an aqueous solution of

the peptides.37

A simpler analogue, the diphenylglycine peptide, forms

nanospherical structures in aqueous solution (Fig. 8).38 Other

end-termini analogs such as the Fmoc-diphenylalanine form

macroscopic hydrogels with nano-scale order,39 whereas the

Fmoc-diphenylalanine forms fibrils that are very similar to

amyloid fibrils.40 It was recently demonstrated that the

dipeptide nanostructures could form vertical arrays in the

form of a ‘‘nano-forest’’ of tubes or could be aligned

horizontally upon modification with magnetic nanoparticles

and the application of an external magnetic field.41

The peptide nanotubes were shown to be stable under

extreme physical and chemical conditions including boiling,

autoclave treatment, and exposure to various organic sol-

vents.42 This clearly demonstrates the robustness and stability

of peptide structures that are not different from various

organic polymers that were mentioned in the introduction

(Fig. 9). An example of the modulation of the biological

Fig. 8 Formation of ordered nanostructures by simple aromatic

dipeptide. The diphenylalanine core motif of the Alzheimer’s disease

b-amyloid self-assembles into discrete peptide nanotubes of remarkable

rigidity and chemical stability. The similar diphenylglycine peptide

forms closed-caged nano-spheres that share common molecular

characteristics with the peptide nanotubes. The alternative formation

of tubular and spherical nanostructures resembles the tubular and

spherical carbon and inorganic structures at the nano-scale.
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stability of the peptide nanostructures was achieved by

synthesizing the building block with either L- or D-amino

acid isomers. While the L-isomers are recognized by natural

enzymes and the structures are susceptible to degradation,

the peptide building blocks that are composed of the non-

natural D-amino acids are stable to proteolytic degradation.

The molecular basis for the formation of the dipeptide

nanostructures by such short molecular building blocks most

likely stems from the geometrically restricted interactions

between the aromatic moieties in such a way that allows an

order by such small molecular building blocks. Aromatic

interactions were used in the past to design peptide-based

materials that form macroscopic hydrogels with nano-scale

order.43 Indeed, also in the case of the peptide nanotubes,

recent studies have begun to reveal the molecular organization

of the peptide nanotubes using X-ray and electron diffrac-

tion.41,44 It is likely that a striking three-dimensional aromatic

stacking arrangement that serves as glue between the hydro-

gen-bonded cylinders as interpreted in the X-ray analysis of

the peptide tubes44 is the molecular basis for the remarkable

rigidity of the peptide nanostructures similarly to the aromatic

polyamides (Fig. 9).

Application of peptide nanostructures

Applications of peptide nanostructures are very diverse: they

can include such unrelated fields as tissue engineering, on the

one hand, and nanoelectronics on the other. One of the earlier

applications of peptide nanotubes was the development of

novel antibacterial agents.13 The concept underlying this use

was envisioned from naturally occurring antibacterial peptides

that disintegrate the bacterial membrane, for example, the

insect antibacterial Cecropins that are produced by various

insects including the silk moth Bombyx mori. Interestingly, the

nanotubes were able to form nano-scale channels in the mem-

branes of bacteria, leading to their death by osmotic collapse.

Peptide nanotubes were used to fabricate 20 nm silver

nanowires, by their use as a degradable casting mold at the

nano-scale.35 In this experiment silver ions were reduced to

metallic silver in the lumen of the tube and the peptide tem-

plate was removed by enzymatic degradation. This fabrication

may have applications in molecular electronics as such small

nano-wires could not be made by conventional lithography.

Another application of nano-order peptide structures,

from a quite different angle, is in the field of neurological

regeneration.45 Peptide scaffolds were used to support neural

growth in damaged optic nerves, leading to recovery of visual

functions in model animals. This may pave the way to other

forms of tissue engineering and regeneration where the peptide

nanostructures provide both physical support and molecular

guidance for the generation of macroscopic three-dimensional

tissues.

Peptide nanostructures were also shown to have applications

in the field of diagnosis and biosensors.20,46 Peptide nano-

structures were modified with antibodies to allow highly

sensitive detection of binding for diagnosing of biological

analytes. Other directions in the field of biosensors involve the

modification of electrodes with native peptide nanostructures

or with enzyme-modified ones to significantly increase the

sensitivity of these devices.

Self-assembled peptide structures could be used for various

biomaterials applications. One direction is the formation of

macroscopic fibrils with nano-scale order.47 The order and

self-assembly process are important for ease of fabrication

while the biological nature is key for biocompatibility. Such

fibrils could be based on natural proteins or peptide fragments

that could be useful for large-scale production. Among

many directions, the fibers can be used for the fabrication of

bandages, medical fabric that can allow slow release of various

drugs, and degradable medical materials.

This is just a brief overview of selected applications of

peptide nanostructures. In years to come, we expect many

more applications in the fields of MEMS (micro-electro-

mechanical systems), electronics, diagnostics, and medicine. It

is important to keep in mind that most of these building blocks

were developed in an academic setting during the 1990s and

the beginning of the 21st century. The translation of academic

studies into practical application may take a few more years. If

we look back to parallels in polymer science, PVC was first

discovered in the 1830s by Henri Victor Regnault, when he

observed a white solid floating in flasks of vinyl chloride that

were left in the sun. Yet it was only in the 1920s that Waldo

Semon developed the methods to plasticize the polymer by

blending it with various additives which paved the way to its

widespread industrial application. We are witnessing the

translation of the basic observation of peptide self-assembly

into practical applications.

Summary

The formation of nanostructures by various peptide building

blocks paves the way for large-scale bionanotechnology based

Fig. 9 Self-assembled peptide nanotubes and aromatic polyamides. The

self-assembled peptide nanotubes show remarkable rigidity with a

Young’s modulus of about 20 GPa. The figure depicts the similarity

between the building blocks of these self-assembled nanostructures and

those of the commercially available aromatic polyamides (aramids),

Nomex1 and Kevlar1. The stacking of the planar amide bonds

together with ‘‘molecular glowing’’ that is facilitated by aromatic pi–pi

interactions is assumed to be the driving force for rigidity in both the

case of the aromatic polyamides and the nanotubes.
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on simple building blocks that can be synthesized in large

quantities and have a very diverse chemical profile.48 The

molecular basis for the assembly process is diverse and can

be based on electrostatic interactions, amphipathicity, and

aromatic interactions, to mention but a few. The application of

peptide nanostructures in diverse fields, from antibacterial

agents and neuroregeneration to molecular electronics, has

already been demonstrated.
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