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Abstract

Noncovalent interactions are the main driving force in the folding of proteins into a 3D functional 

structure. Motivated by the wish to reveal the mechanisms of the associated self-assembly 

processes, scientists are focusing on studying self-assembly processes of short protein segments 

(peptides). While this research has led to major advances in the understanding of biological 

and pathological process, only in recent years has the applicative potential of the resulting self-

assembled peptide assemblies started to be explored. Here, major advances in the development 

of biomimetic supramolecular peptide assemblies as coatings, gels, and as electroactive materials, 

are highlighted. The guiding lines for the design of helical peptides, β strand peptides, as well 

as surface binding monolayer-forming peptides that can be utilized for a specific function are 

highlighted. Examples of their applications in diverse immerging applications in, e.g., ecology, 

biomedicine, and electronics, are described. Taking into account that, in addition to extraordinary 

design flexibility, these materials are naturally biocompatible and ecologically friendly, and their 

production is cost effective, the emergence of devices incorporating these biomimetic materials in 

the market is envisioned in the near future.
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1 Introduction

The formation of ordered nanostructures by molecular selfassembly represents a central 

theme in nanoscience and nanotechnology.[1] The association of molecular building blocks 

by a set of non-covalent interactions, including hydrogen bonds, aromatic, electrostatic, 

and hydrophobic interactions, results in their organization into various architectures at the 

nanoscale. The simplest structures are nanospheres and 1D structures, such as nanotubes, 

nanoplates, and fibrils.[2] However, other 2D and 3D structures could also spontaneously 

emerge from the assembly of one, or more, types of molecular elements into energetically 

stable supramolecular entities.[3,4] These noncovalent interactions can, for example, lead to 

the formation of macroscopic structures such as hydrogels with nanoscale order.[5,6]

Biological and bioinspired molecules are especially attractive building blocks for the 

construction of self-assembled structures.[7,8] This is because of the natural hierarchical 

organization of biomolecules into functional supramolecular assemblies in living cells, 

which due to the biocompatibility, water solubility as monomers, the ability to be easily 

functionalized, and availability of established synthesis procedures is technologically 

attractive. Among the biological building blocks, proteins and peptides are the most diverse 

ones. These polyamide structures can be hydrophobic, hydrophilic, or possess mixed 

water interacting properties that result in amphiphilicity, a central theme in the process 

of self-organization. Furthermore, the functional side chains of proteins and peptides may 

facilitate other noncovalent interactions that are essential for the organization into defined 

3D architectures. This includes the aromatic amino acids that may be involved in stacking 

interactions, charged amino acids that allow electrostatic interactions, and polar amino 

acids that could be involved in intramolecular and intermolecular hydrogen bond networks. 

Indeed, protein and peptide assemblies are the core of the vast majority of functional 

elements and molecular machines in nature.

Assemblies of bioinspired and de novo designed peptides exhibit remarkable functional 

behaviors. They can display structural and mechanical robustness, yet can be controllably 

and reversibly disassembled. Furthermore, they may also have unique optical, electronic, 

and other physical properties, making them attractive candidates for technological 

applications.[9] The self-assembly behavior of peptide nanostructures and immerging 

properties have been described in several reviews in recent years.[10–13] The aim of this 

prospective is tohighlight peptide design considerations for tailoring the functional behavior 

of the peptide assemblies. After a brief background on different self-assembling motifs 

and peptide folding, we describe the utilization of self-assembling peptides in three very 

different applications: functional surface coatings, electroactive materials, and hydrogels. 

We specifically highlight guiding lines for peptide design for each of the discussed 

applications and overview the functional behavior of the resulting assemblies and devices 

based on them. This prospective elucidates the extraordinary potential of these biomimetic 
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supramolecular assemblies to become extremely useful in technological applications in the 

near future.

2 Background-Peptide Folding and Self-Assembly

Folding of proteins into functional tertiary structures is governed by self-association of 

their backbone and amino acid side chains via a variety of noncovalent interactions.[3,14,15] 

These interactions lead to the formation of subunits organized mainly into helices or sheet-

like structures (Figure 1), constituting the secondary structure of the proteins. These self-

assembled segments are spatially arranged into the 3D functional structure of the proteins. 

Understanding the relationships between the primary structures of proteins—the sequence 

of amino acids covalently bonded into a polymeric chain—and their 3D tertiary structure, 

and, moreover, its emerging functional behavior, has been, and still is, a major scientific 

challenge. Nevertheless, the factors governing the folding of its short segments into a 

secondary structure have been vastly revealed during the years. Folding was found to be 

dictated by a network of hydrogen bonding interactions formed between a carbonyl oxygen 

of one amino acid and an amino hydrogen of another amino acid (Figure 1). Intrastrand 

hydrogen bonding interactions between amine and the oxygen carbonyl of amide bonds 

that are three or four amino acids apart in the sequence induce helix formation, whereas 

multiple interstrand hydrogen bonding interactions between amine group in one strand and 

the oxygen carbonyl group in another strand govern β-pleated sheet formation. The specific 

arrangement of the hydrogen bond network further dictates the type of helix (e.g., α, 310) or 

β-sheet (e.g., parallel or antiparallel) formed.

Realization of short sequences of amino acids, namely peptide sequences, which would 

self-assemble and fold into a well-defined secondary structure,[16–18] and possibly to larger 

aggregates, sets the grounds for the use of peptides as building blocks of functional 

materials. Long-range self-assembly of β-pleated sequences into fiber, ribbon, or nanotube 

architectures has attracted a lot of attention. In general, amphiphilicity is one of the main 

driving forces of peptide self-assembly and β-sheet folding (Figure 2).[19] In the simplest 

design, a hydrophobic and a hydrophilic segments are fused to each other forming an 

amphiphilic peptide.[12] One of the most widely studied β-sheet self-assembling motif is 

an amphiphilic pentapeptide sequence (KLVFF) derived from the core of amyloid β (Aβ) 

proteins, which are commonly found in a misfolded β-sheet fibrillary structure in the brain 

of Alzheimer’s patients.[20–22] The self-assembly of amyloid protein and peptide fibrils and 

immerging applications have been widely reviewed in recent years.[10,11] Reches and Gazit 

have found that the dipeptide homomotif, diphenylalanine, of the Aβ core pentapeptide 

can, by itself, self-assemble into β-sheet arrangement, forming rigid nanotubes.[23] This 

minimal design has attracted a considerable interest due to its simplicity. It is now well 

established that many homo- and hetero-dipeptides can self-assemble in a similar fashion, 

forming diverse nanometric objects.[24–27] This approach was further extended by Gazit and 

co-workers, recently, to the demonstration of self-assembling dimeric peptide nucleic acid 

molecules.[28] Furthermore, recently it was demonstrated that even single amino acids can 

aggregate to form fibrils.[29]
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The understanding of the self-assembly process has led to the realization of other β-

sheet forming peptide motifs. For example, a more synthetic approach for the design of 

selfassembling peptide amphiphiles is based on the conjugation of an aliphatic tail to a 

short β sheet forming peptide sequence.[12] Alternative amphiphilic designs include bola-

amphiphilic sequences with a hydrophobic core appended by two hydrophilic segments 

at both ends (Figure 2),[30] and alternating amphiphilic sequences that promote bilayer 

assembly of fibers with hydrophobic core and hydrophilic surfaces.[7,31] Furthermore, 

cyclic peptide designs that form flat ring conformations upon cyclization, which undergo 

self-assembly into nanotubes with diameter that is defined by the sequence length, have also 

been suggested.[32]

Interactions between amino acid side chains dictate and stabilize peptide folding. 

Furthermore, these interactions govern further folding and aggregation into large 

supramolecular architectures and the resulting morphology of the peptide assemblies. The 

specific choice of amino acid sequence also determines the properties of the assemblies. 

This is a particularly important feature since the pallet of 22 natural amino acids provides 

an extraordinary flexibility in the design of materials properties. Moreover, since the peptide 

monomers are prepared by organic chemistry methodologies, synthetic ligands that are not 

part of the canonical amino acid pallet can be included in the design and further increase the 

design flexibility.

Since self-assembly is a kinetically controlled process, the assembly environment provides 

another handle to affect peptide assemblies’ morphology. For example, it was shown that 

by altering the solvent environment of diphenylalanine, either nanotubes or small colloids 

could be obtained in a reversible manner.[33] Mixing two variants of diphenylalanine with 

different termini was shown to enable simultaneous appearance of both morphologies and 

their intermixing into necklaces like architecture.[34] For longer peptide sequences, e.g., 

peptides based on the Aβ core sequence, the solvent environment was shown to dictate fiber 

bundling tendency, and thus, fibers diameter, as well as their rigidity.[35] Recent work has 

demonstrated that the chirality of fibrils based on alternating amphiphilic peptide with a 

naphthalene diimide (NDI) side chain could be reversed by tuning the solvent composition.
[36] Finally, it should be noted that peptide side chains and termini could interact with other 

molecules and with materials’ surfaces, enabling the formation of hybrid structures.

The development of peptide models for helical assemblies reflects a much more complicated 

task, as the stabilization of helical structure requires much longer sequences as compared 

to the β-sheet ones. In the first demonstration of helical peptide nanostructure assembly, a 

linear combination of 3-4 heptad repeats (i.e., 21–28 amino acid long peptide sequence) 

was used to form ordered assemblies.[37] The need for long peptide sequences stems 

from the fact that stable helical structures require numerous intrastrand hydrogen bonds 

to stabilize the secondary structure. In addition to hydrogen bonding networks that stabilize 

the secondary structure within each helix, hydrophobic interaction between side chains 

of differenthelices provides energetic forces to stabilize the supramolecular arrangement 

of the networks. Noncoded amino acid building blocks can be used to overcome the 

building block length limit and stabilize much shorter helical fragments. Specifically, the α-

aminoisobutyric acid (Aib), a natural, noncoded amino acid, that is used by microorganisms 
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to secure helical structure for nonribosomal synthesized peptides such as the alamethicin 

antibiotics produced by the Trichoderma viride fungus,[38] was used to stabilize the structure 

of a much shorter peptide fragment.[39] The steric hindrance induced by an additional 

methyl group of the C carbon of the amino acid makes Aib the amino acid with the 

highest reported helical propensity.[38] Indeed, it was shown that Aib incorporation into 

a single heptad monomeric peptide results in the formation of supra-helical assemblies, 

in which helixes from different building blocks interact to form larger ordered structures. 

This was obtained by helical organization of each of the building blocks, with hydrophobic 

interactions stabilizing the interactions between building blocks.[39]

Another very important recent extension to the family of helical structures came from the 

study of functional bacterial amyloids. Landau and co-workers have used crystallography 

to determine the molecular organization of Staphylococcus aureus PSMα3 toxic fibrils.[40] 

The researchers have revealed the formation of amphipathic α-helices that are folded to 

stack perpendicular to the fibril axis into sheets.[40] This organization of cross-α fibrils, 

as compared to the canonical cross-β organization, represents a newly identified fold for 

amyloid fibrils and stress the importance of helical fibrillary assemblies also for functional 

extracellular entities. However, further studies may provide a more minimalistic functional 

peptide fragments.

3 Peptide Monolayers and Surface Coatings

Controlling the properties of a substrate is of high importance in many research fields and 

applications. This includes selfcleaning surfaces, sensors, cell engineering, and biomedical 

devices. Tailoring surface properties can be achieved by patterning the surface and/or 

binding a coating with different chemical and/or biological moieties. Peptides offer the 

ability to tailor multiple surface properties by sequence design. In this section, we review 

recent approaches to modify solid surfaces using peptides and peptide-based assemblies.

3.1 Surface Modification by Peptides Self-Assembled Monolayers

The most common approach for attaching peptides to solid surfaces is using the thiol moiety 

of the amino acid cysteine to bind a peptide to gold and form a peptide monolayer on 

the surface.[41] This approach was used, for example, to modify gold surfaces to detect 

the activity of a family of enzymes, called kinases, which catalyze protein phosphorylation.
[42–45] The phosphorylation process affects cell growth, differentiation, and apoptosis, 

and thus irregular phosphorylation is strongly linked to different diseases such as cancer, 

diabetes, and Alzheimer.[44] To detect the activity of several kinases, various peptides, 

which can undergo phosphorylation by different kinases, were immobilized as a well-packed 

self-assembled monolayer (SAM) on gold electrodes.[42–45] The electrical properties of the 

electrode were found to depend on minor changes of the electrode surface. Therefore, 

measuring differences in the electrochemical behavior of the electrode has enabled 

identifying phosphorylation and dephosphorylation processes that promote changes in the 

peptides conformation and surface roughness, and disrupt the monolayer order, forming 

pinholes (Figure 3). Accordingly, the changes in the peptides conformation enable the 

sensitive and selective detection of kinase activity.[42–45]
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One of the most promising uses of peptide monolayers is as antifouling coating to prevent 

the adhesion of proteins and organisms to the surface. The nonspecific adsorption of proteins 

on a surface, and later on, the adsorption and growth of microorganisms to form a biofilm, 

is a serious problem for the marine industry, water delivery systems, food packaging, and for 

medical devices.[46–55] Formation of biofilm on medical devices, for example on implants, 

may cause severe infection that may even result in the removal of the implant. Therefore, 

there is an acute need to resist bacterial colonization and prevent biofilm formation.[54] 

Several approaches were studied for this purpose, including the binding of antimicrobial 

agents to the surface of the implant and the development of antiadhesive coatings.[46] An 

intriguing approach is the use of antimicrobial peptides (AMPs) coatings to affect bacterial 

adhesion.[56] AMPs are being produced by the immune system of many organisms and are 

known for their wide spectrum of activity against bacteria and other pathogens.[53,56,57] 

The main concerns of using AMPs coatings were that surface-bound AMPs, which are 

usually used in their soluble form, may be less active once immobilized, and that the 

most influential factors that affect the activity profile would be the length of the spacer 

and the amount of target-accessible peptides.[58] Yet, several studies proved the ability 

to immobilize AMPs to a substrate while maintaining their activity. For instance, the 

synthetic peptide, melimine, which combines portions from two cationic AMPs, melittin 

and protamine, was covalently linked to different substrates, to polymeric contact lenses 

via 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) coupling reaction and to glass 

via azide linkers that has an additional variable reactive group toward amine group in 

the peptide sequence. This AMP monolayer indeed reduced the adhesion of tested bacteria.
[59,60] Another cationic AMP, Palm–Arg–Arg–NH2, was fixed to silicone substrate through a 

hydroxysilane group that was coupled to the peptide during synthesis.[61] Other AMP-based 

coatings were formed on gold and titanium substrates through thiol and silane groups, 

respectively.[62,63] Immobilizing the AMP cecropin-melittin on gold nanoparticles coated 

surfaces improved the AMP density on the surface, compared to most of the other studies, 

and resulted in high antimicrobial activity.[64] The phage display method was used to 

identify a peptide that binds to titanium, which was used as a linker to bind AMP to a 

titanium surface.[65,66] Zwitterionic peptides can also prevent biofouling as they strongly 

hydrate via ionic solvation. These peptides act similarly to the commonly used antifouling 

polymer poly(ethylene glycol) that achieves its hydration through hydrogen bonding. 

This hydration layer prevents protein absorption and therefore avoids adhesion of other 

organisms.[67,68] Peptide sequences of alternating or randomly mixed charged canonical 

amino acids: glutamic acid, aspartic acid, and lysine, were used to decorate gold surfaces. 

Protein adsorption assays proved that these peptides present a good antifouling behavior.[69] 

Recently, a research by Reches and coworkers demonstrated the rational design of a new 

self-assembled antifouling coating based on a tripeptide (Figure 4).[70] In this novel type 

of peptide, the amino acid 3,4-dihydroxy-L-phenylalanine (DOPA) is used to anchor the 

peptide to the surface. DOPA has a key functional role in mussel adhesive proteins (MAPs), 

the glue proteins of marine mussels.[71,72] Having an adaptive nature, it can adhere to a large 

variety of surfaces.[71] Two fluorinated phenylalanine appended to the DOPA are used both 

to promote intermolecular self-assembly and to mimic the fluorine-carbon bond of Teflon, 

and hence providing a surface with nonsticky, antifouling properties.
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Promotion of cell adhesion and growth on biomaterials plays a significant role in the success 

of implants integration. Anchoring cell binding motifs, such as the Arg–Gly–Asp peptide, 

to the surface can improve the biomaterial properties.[73] The functionalization of titanium 

surfaces, a material that is widely used in the implant industry,[74] with cell binding peptides 

by utilizing the DOPA or Cys amino acids as binding element was demonstrated.[73,75]

Aromatic groups can also be exploited for the attachment of peptides onto surfaces. For 

example, the aromatic rings of tyrosine residues can bind to graphite.[76] Controlling 

graphite surface wettability through self-assembled peptides was demonstrated by displaying 

hydrophobic or hydrophilic amino acids on a graphite-binding peptide. In addition, the 

co-assembly of the mixed peptides (hydrophobic or hydrophilic) in different ratios enabled 

the formation of a film with tunable wetting properties.[76]

To increase the functionally of surfaces, we should understand better the underlying 

principles of peptide interactions with solid inorganic or organic surfaces. A better 

understanding would lead to the discovery of additional functional groups, beyond cysteine 

and DOPA.[77–79]

3.2 Surface Modification by Self-Assembled Peptide Particles

Peptides hold a great promise as biomolecular surface coatings and can provide functionality 

derived not only from the peptide sequence, but also from its nanoscale assembly. Park 

and co-workers fabricated self-cleaning superhydrophobic surfaces via the formation of 

hierarchical nano-microstructures by solidphase self-assembly of diphenylalanine into 

vertical nanowires (Figure 5a).[80]

For many technological applications, it is also required to control the placement and 

orientation of the assemblies in the macroscopic scale, over a large area.[81] Orienting 

and micropatterning of peptide amphiphiles (PAs), over large area, can be obtained 

simultaneously to the self-assembly of the peptides to nanofibers or gels (Figure 5b).[81,82] 

Directing the assemblies within topographically confined areas was obtained by combining 

top-down methods such as soft lithography and electron-beam lithography together with 

the self-assembly process. As the peptide monomers that were used contain cell adhesion 

or neurons outgrowth function, the alignment and micropatterning of the nanometric 

assemblies were shown to direct cells and control cellular behavior, making this strategy 

useful and important in regenerative medicine and cell engineering.[81,82]

The self-assembly of the aromatic protected tripeptide Boc–Phe–Phe–Phe into nanospheres 

led to the development of a novel patterning method (Figure 5c).[83] In this method, the 

spontaneous packing of self-assembled bio-nanospheres into a hexagonal monolayer serves 

as a patterning mask for selective deposition and etching.[83]

The modification of surfaces with peptide-based self-assembled particles can also increase 

the surface area of the substrate. This could be useful for electrochemical detection as the 

increase in the surface area of the electrode increases the signal.[84,85]
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4 Bioinspired Electro Active Materials

The realization of charge transport in peptidic systems has been attracting a substantial 

interest over the years. This research field is motivated both by the desire to use peptides 

as simple models to understand charge-transport processes in natural systems,[86–92] and 

by the possibility to prepare biocompatible electronic materials via self-assembly of small 

molecules. Progress in the research in these two directions is highlighted below.

4.1 Peptide Molecular Bridges

Studies of electron transfer (ET) in peptide molecular junctions have revealed that, in 

similar to other organic molecular bridges, ET processes in peptides occur either by 

one-step superexchange mechanism, also known as electron tunneling, or by a multistep 

hopping mechanism, depending on the length of the molecular bridge (Figure 6). For 

molecular bridges shorter than ≈1–2 nm, tunneling governs ET processes, giving rise to 

a strong dependence of the current on the bridge length.[86,93–99] For longer bridges ET 

is facilitated mainly by the hopping mechanism, and the length dependence becomes less 

pronounced.[86,93,96] The secondary structure of the peptide molecules is highly important 

in determining the ET efficiency. For example, for the commonly studied helical peptide 

molecular junctions the bridge length is much shorter than the extended peptide molecular 

length, giving rise to ET efficiency higher than expected from the molecule length. 

Moreover, helical peptides possess a significant inherent dipole that introduces a rectifying 

behavior to the peptide molecular junctions,[95,100–103] allowing exploitation of peptides as 

diodes in various switching applications. The ability to control the dimerization of such 

helical peptides to form parallel or antiparallel coiled-coil protein conformations was used 

to design and switch the rectification polarity and magnitude of such peptide molecular 

switches.[104] It was also suggested that the presence of hydrogen bonds may increase the 

rate of ET.[105] This may explain the prediction that an antiparallel β-sheet peptide assembly 

would provide a higher ET rate than both α-helix and 310-helix peptides.[106,107]

One of the intriguing questions of the ET process is how it is affected by the peptide 

sequence. In one of the first studies of the effect of side chains on peptide molecular 

junction ET rate, only a small dependence of ET on the peptide sequence was observed.[108] 

However, recent studies indicate that ET efficiency does depend on the side chain, with 

preference to redox active side chains, or ones that can be charged.[97,109] It was further 

suggested that the efficiency is largely dependent on the overall charge of protonating 

side chains[97,98] and that it strongly depends on the rotational motion of the peptide chain.
[106,110,111]

4.2 Charge Transport through Self-Assembled Peptide Structures

The formation of aromatic stacking upon self-assembly (Figure 2) has motivated studies 

of long-range ET through selfassembled peptide structures. Efficient ET was observed in 

supramolecular ET bridges constructed of vertically aligned selfassembled cyclic peptide 

nanotubes with alternating tryptophan and tyrosine side chains.[112] Despite the short bridge 

length, ET was found to be dominated by the hopping mechanism. The ability to sustain 

intermolecular ET has further been exploited in the formation of planner devices, in which 
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a specifically designed peptide—containing a self-assembling motif, an aromatic unit and 

a surface linking group—self-assembled into a monolayer between two remotely located 

electrodes.[113] Indeed, ET between the electrodes was detected and monitored by means of 

current–voltage curves. ET could also be detected for peptide structures self-assembled in 

solution prior to deposition between the electrodes. One of the simplest examples involves 

the diphenylalanine nanotubes. Assembly of single diphenylalanine nanotubes, and bundles 

of them, between electrodes by electrophoresis has resulted in the appearance of current, 

which, albite being in the range of a few pA, was significantly higher than the background 

current.[114] Currents in the range of nA were observed for cyclic diphenylalanine peptide 

nanowires.[26] The conductivity of fibers of a de novo designed phenylalanine rich helix 

forming peptide was found to be much higher than that of a film of the non-assembled 

peptide, attesting the importance of self-assembly and the ensued π stacking in promoting 

the conductivity.[115] It should be noted that such long-range ET is dominated by the 

hopping process.

As in the case of molecular junctions, amino acid side chains play a critical role in 

controlling the electronic properties of the peptide assemblies. Theoretical studies have 

shown that the introduction of aromatic side chains reduce the bandgap of the self-

assembled structures, with the largest effect (i.e., smallest bandgap) predicted for peptides 

incorporating tryptophan.[116,117] An experimental insight to this behavior was manifested 

by a fivefold higher conductivity of self-assembled diphenylalanine nanodots once replacing 

one of the phenylalanine in the original sequence with tryptophan.[118]

The ability to influence the conductivity by the nature of peptide side chains suggests that 

the conductivity can be further tuned by the incorporation of nonnatural aromatic groups. 

One of the first demonstrations of promoting electron delocalization by stacking large 

aromatic groups was provided using cyclic peptide nanotubes to which NDI groups were 

embedded by conjugation to lysine.[119–121] Indeed, the replacement of phenyl group of 

phenylalanine by other aromatic groups, such as NDI, as well as thienyl and furyl, was 

shown to promote ET in peptide fibrils (Figure 7, right curve).[35,36,122] ET promoting 

aromatic groups can also be conjugated to the peptide termini,[123–125] or embedded 

in the backbone in a bola-amphiphilic design (Figure 2).[126–131] A negative reference 

testifying the significant role of aromatic rings in inducing conductivity of peptide fibrils 

is the lack of measurable current in a peptide fibrils lacking aromatic amino acids under 

vacuum conditions.[35,132] Coassembly of donor and acceptor peptide conjugates was 

achieved either by kinetic control,[133] or by peptide side chain electrostatic interactions.[134] 

Both self-sorted and coassembled fibers were obtained by kinetic control of selfassembly 

providing insight into the correlation between energy transport within the assemblies and 

their structural organization.[133] The formation of electron–donor pairs along peptide fibers 

was obtained by coassembly of positively and negatively charged peptide amphiphiles to 

which an electron donor and acceptor were, respectively, conjugated.[134] An improved 

conductivity was suggested for these fibers.

In addition to the dependence on the sequence, the electronic properties also depend on 

the assembly configuration, and hence, on the assembly conditions.[35] Generally, it was 

found that enhancement of the conductivity is obtained by promoting the formation of 
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long nanofilaments with a large persistent length. A fascinating example of environmentally 

controlled structural effect is the dependence of the conductivity on fibrils’ chirality, which 

in return can be tuned by addition of cosolvents to the assembly environment to control the 

different intermolecular interactions.[36] The alignment of the fibrils between the electrodes 

is also a critical parameter for the conductivity, with the conductivity along the peptide 

filaments exceeding that in perpendicular to the filaments by an order of magnitudes.[127] 

Such alignment could be obtained, for example, by forming a wettability gradient on the 

chip surface.[135]

4.3 Proton Conduction

Self-assembling peptide sequences commonly contain acidic or basic side chains, and their 

edges remain many times uncapped, and hence, can also add acidic and basic groups to 

the peptide (Figure 7, bottom). These groups can easily protonate or deprotonate, by this 

facilitating a route for proton transport. Proton transport could explain the enhancement 

of the conductivity with increase in the relative humidity of the atmosphere, observed 

for nanofibrillar films of elastin-related peptide, in which sequence does not include any 

aromatic unit.[132] Indeed, a current onset was observed in these studies once applying a 

voltage greater than ≈1.2 V, suggesting water electrolysis as the source of charge carriers in 

the system. Proton transport could also explain the much higher conductivity measured for 

Fmoc-L3 nanotube films when measured in air atmosphere compared to vacuum.[123]

As in the case of ET, side chains can modulate the proton transport process. Replacing 

the basic lysine amino acid with aspartic acid was found to give rise to increase in the 

conductivity of peptide fibrils (Figure 7, left curve).[136,137] This effect was assigned to both 

higher concentration and higher mobility of the charge carriers. The peptide fibrils network 

was found to behave as a dilute proton conducting acid or base for peptides containing acidic 

or basic side chains, respectively. The uncapped end groups of the peptides used in this study 

were found to be much less effective in promoting proton conduction. It was recently shown 

that under high relative humidity conditions proton conduction can dominate the conduction 

of peptide fibrils to which nonnatural aromatic side chains were introduced in order to 

enhance electron conductivity.[138] A mixed conductivity of both electrons and protons was 

found for these peptides under vacuum conditions.[138] It should be emphasized that similar 

to the case of electron transport, proton conduction also depends on the morphology of the 

fibril network.[121]

4.4 Piezo- and Ferroelectricity

The formation of crystal structures lacking inversion symmetry by peptide self-assembly, 

which is related to the chirality of the peptide monomers, opens the way to the use 

of these materials in piezo micro-electromechanical systems. Indeed, piezoelectric effect 

was found for diphenylalanine-based nanotubes.[139–143] The piezoelectric coefficient of 

the diphenylalanine nanotubes was found to be approximately 60 pm V–1, comparable 

to that of the well-known inorganic piezoelectric material lithium niobate.[139] This 

value is significantly larger than the 2 pm V–1 value measured for biological tissues.
[140] Furthermore, it was shown that a photoirradiation process can be used to switch 

coercive fields of diphenylalanine microtubes, comprised of bundled nanotubes, and hence, 

Amit et al. Page 10

Adv Mater. Author manuscript; available in PMC 2024 December 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



can influence the ferroelectric behavior of the structure.[144] However, the high coercive 

electric fields of the assemblies limit the polarization switching efficiency.[145] Upon heat 

treatment above 150 °C, these peptide nanotubes undergo an irreversible phase transition 

from noncentrosymmetric hexagonal structure to centrosymmetric orthorhombic structure, 

resulting in the loss of their piezoelectric and ferroelectric behavior.[145,146] Uniform 

polarization of nanotubes ensemble could be achieved by applying an electric field during 

the peptide self-assembly process, enabling fabrication of a peptide-based power generator.
[147] In recent works, it was shown that the ferroelectric FF nanotubes exhibit a remarkable 

pyroelectricity farther extending the possibilities of using these peptide assemblies for heat 

energy harvesting as well as for thermometry applications.[148]

4.5 Applications of Peptides in Electronic Devices

The utilization of peptide nanostructures as active layers of electronic and optoelectronic 

devices is still in its infancy. In some devices the unique electronic and optoelectronic 

properties of the structures are exploited, while in other cases the structures were used as the 

scaffold of the device to aid in optimizing device performance.

Inspired by natural photosynthesis processes, the exploitation of peptides in solar cell 

applications is probably the most straightforward electro-optic application. Extending the 

absorption spectrum and photocurrent generation capabilities of peptide incorporating solar 

cell devices was obtained by appending a dye to the side chain, or one of the ends, of 

the peptide.[149–152] Monolayers of chromophore-modified peptide helix were found to 

be good ET antennas in dye-sensitized solar cells.[152] Chromophore-modified peptides 

were found to generate photocurrent, even when the peptide is physically adsorbed to 

the surface.[151] The formation of mixed monolayers of helical peptides with opposite 

dipole direction to which dyes with different excitation wavelengths were coupled enabled 

switching photocurrent direction by controlling the excitation wavelength.[153] Making use 

of peptides molecular dipole, the performance of organic solar cells was improved by 

adjusting their interfaces’ work function using peptide monolayers.[154] It should be noted 

that the peptide sequence and backbone conformation can have a significant influence on the 

work function modulation effect.[155,156]

Beyond the use of peptide monolayers, self-assembled peptides were also considered as 

scaffold organizers in solar cells. For example, the order induced by peptides’ self-assembly 

was considered to be the reason for improvement in cell performance of porphyrin—

fullerene supramolecular composite layers in which porphyrin–peptide oligomers were 

used.[157] The applicability of peptide–poly-thiophene conjugates for hydrogen evolution 

applications was recently demonstrated.[158] In these materials, the peptide self-assembly 

improved electron transfer rate from the photoexcited polythiophene ligand, by this 

increasing the hydrogen evolution rate. In another example, self-assembled peptide scaffolds 

have been used to create light-harvesting supramolecular structures that mimic the natural 

photosynthesis process.[159] To this end, diphenylalanine nanotubes were co-self-assembled 

with tetra (p-hydroxyphenyl) porphyrins that served as a light-harvesting molecule and 

platinum nanoparticles that catalyzed electron dissociation. A recent work has demonstrated 

that porphyrins embedded in amphiphilic peptide nanofibers are packed into linear chains 
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due to the 1D assembly of the peptides.[160] By controlling the porphyrin doping level, 

exciton diffusion length can be controlled by this influencing the energy transfer efficiency. 

As in the case of solar cells, the exploitation of selfassembled peptide fibrils as components 

of electronic devices was demonstrated. A cyclic tri-β peptide nanotubes appended with 

tetrathiafulvalene (TTF) side chains was used as the p-type layer of a Schottky diode.[161] 

A transistor active channel made of peptide-aromatic conjugates, e.g., in a bola-amphiphilic 

design, was also demonstrated.[127,162–164]

Even if charge transport is not directly exploited, peptide nanostructures offer large surface 

area, controllable wettability properties, and high stability that makes them attractive for 

use as the dielectric layer in supercapacitors.[165–167] The capacitive nature of peptide 

nanostructures has allowed the realization of non-volatile memory devices, with peptide 

nanodots as nanometric charge storage elements.[168]

5 Self-Assembling Hydrogels for Biomedical Applications

Hydrogels are semisolid gelatinous materials that contain mostly water (in some cases more 

than 99%).[169] Hydrogels frequently exhibit a combination of flexibility, softness, and bio-

compatibility that is highly useful for a large number of applications. The predominant water 

content is highly desirable for biological application both at the molecular level as well as 

the cellular one. The utilization of hydrogels includes the slow release of drug molecules, 

tissue engineering and regeneration, and as a general scaffold for the organization of both 

organic and inorganic structures.

The formation of physical hydrogels is based on the molecular self-assembly of small 

building blocks that can form a network of fibrous structures at the nanoscale to support 

the macroscopic structures (Figure 8).[169] The structure of the intact gel is based on 

a set of noncovalent interactions that together can allow the formation of a rigid and 

continuous structure. The organization of assembling units into gels could be readily 

monitored by the transition of the solution from a solution phase into a solid one. The 

physical properties of the gels are determined by rheology while the internal order of 

the molecular network is probed by electron microscopy. Environmental scanning electron 

microscopy is an especially useful technique to determine the organization of hydrogels 

as the imaging is being done at a wet mode where the integrity of the gel material is 

being kept. Other physical tools to study the molecular ordering of hydrogels include 

circular dichroism, Fourier-transform infrared spectroscopy, and fluorescence spectroscopy. 

The molecular networks of the hydrogelator building blocks result is the capturing of a large 

number of water molecules to provide a structure that is both rigid but also mainly contain 

water without the need for cross linking. The main driving forces of the gelation process 

are hydrophobic interactions, π-π stacking, electrostatic interactions, and the formation of 

hydrogen bond networks.

Peptides have become very popular building blocks for the fabrication of physical hydrogels 

due to their inherent biocompatibility and ease of synthesis and modification as discussed 

above. The first demonstration of the ability of peptide to form ordered hydrogels 

emerged from the pioneering work of Zhang and co-workers in the 1990s.[170,171] The 
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researchers demonstrated efficient assembly of ionic self-complementary hexadecapeptides 

into macroscopically ordered physical hydrogels. The investigators also demonstrated the 

ability of the gel material to serve as a scaffold for the growth of neurite cells, providing the 

earliest utilization of peptide hydrogels in tissue engineering and regeneration applications.
[172]

In spite of the importance of the use of synthetic peptides in the formation of 

ordered structures, there was a continues need for much shorter peptide that could be 

produced in large amount and in an economical manner. This was indeed achieved when 

protected short peptide fragments and even amino acids were studied. The ability of 

fluorenylmethyloxycarbonyl (Fmoc) modified dipeptides to form ordered hydrogel materials 

was discovered during studies of protected fragments of a D-Ala–D-Ala dipeptide motif 

that is found in bacterial cell wall.[173] During the synthesis of D-Ala–D-Ala derivatives, 

the researchers noticed that the Fmoc-D-Ala–D-Ala protected dipeptide forms hydrogels 

with high efficiency. It was estimated that one molecule of Fmoc-D-Ala–D-Ala can form 

a gel with a ratio of about 1–15 000 water molecules. The ability of Fmoc–Phe–Phe 

to form remarkably rigid hydrogel was later on demonstrated in two independent studies.
[174] Ulijn and co-workers had discovered the ability of Fmoc–Phe–Phe to efficiently form 

hydrogels from the systematic study of Fmoc derivatives,[175] while Gazit and co-workers 

had identified this building block by the systematic exploration of various capping moieties 

of the diphenylalanine motif.[176] The convergence of the two independent directions into 

the identification of the Fmoc–Phe–Phe motif indeed reflects its unique properties as one of 

the most notable bioorganic hydrogeltaors. As of today, the Fmoc–Phe–Phe is still one of 

the most studied hydrogelators due its remarkable tendency to form gel with extraordinary 

mechanical properties and biocompatibility that enable its use as a scaffold in biological 

systems. Followup studies had demonstrated that not only Fmoc-modified dipeptides, but 

also Fmoc protected amino acids could form hydrogels with high mechanical rigidity,[177–

179] providing another indication for the unmatched gelation potential of the Fmoc moiety 

and its ability to dictate the assembly of various motifs attached to it.[177–179]

While Fmoc-modified peptides and amino acids, and especially the Fmoc–Phe–Phe 

dipeptide, were extensively studied, there is a continuous quest for peptide hydrogels that 

are made by natural, nonmodified peptide building blocks. A systematic computational 

assessment of the aggregation propensity of all 8000 possible natural tripeptides, led 

to the discovery that several peptide molecules that combine positively charged lysine 

and diaromatic motif can form ordered macroscopic hydrogels.[180] Such gelating 

tripeptides include Lys–Tyr–Phe, Lys–Tyr–Tyr, Lys–Phe–Phe, and Lys–Tyr–Trp. Following 

the identification of Lys–Tyr–Phe tripeptide as a potent hydrogelator, several analogs of the 

tripeptide were explored revealing the canonical structural organization as noted above.

6 Conclusions and Future Prospects

The growing interest in the use of functional peptides nano-structures is reflected by 

the significant number of research works being done in this field. These works include 

the study of the self-assembly mechanisms for better understanding and controlling the 

final organized assemblies, as well as expanding the diversity of the morphology and the 
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available functional properties of the peptides assemblies. The combination of interesting 

and useful properties that arise both from the structural possibilities and the tailored 

chemical characteristics may contribute in a variety of disciplines including applications 

of biomedicine, tissue engineering, self-cleaning, detection, and electrical devices, as 

discussed here. Nevertheless, there are still several open questions, and there is a room 

for further developments in this field. One of the challenges is the production of new 

and complex nanostructures that may provide new interesting properties and applications. 

This requires a better understanding of the relationships between the sequence of the 

self-assembling peptides and the structure and function of the resulting assemblies. High-

resolution characterization techniques and modeling studies should be used for solving open 

questions regarding the structure of the assemblies. Furthermore, additional work is still 

required in order to fully exploit the modularity of the peptides and the diversity of their side 

chains for improving the control over the self-assembly process and the resulting function. 

Our expectation is that the well-established potential of this field will be materialized in 

the coming years, and self-assembled peptide nanostructure will be commercially utilized in 

diverse applications.
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Figure 1. Schematic presentation of peptide assembly into helix and β-sheets. Dashed lines 
represent hydrogen bonding networks facilitating the assembly process.
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Figure 2. 
β-Sheet forming designs. Light blue and red represent designated hydrophilic and 

hydrophobic segments of the peptide, respectively. Side chains were omitted for clarity. 

Schematic representation of common self-assembled β-sheet structures is depicted, with 

dashed light blue and pink lines showing the direction of hydrogen bonds and π-stacking, 

respectively. Note that the cyclic peptide design is an example from a family of cyclic 

designs consisting of D,L-α-peptides (the gray color represents unspecified requirement for 

the nature of side chains).
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Figure 3. 
Sensing enzyme catalysis of phoshosphorylation and dephosphorylation processes using 

SAM of peptides on gold. A dense monolayer of peptides on a gold electrode undergoes 

phosphorylation that causes disruption of the monolayer order and leads to a change in the 

surface impedance. Removal of the phosphate groups induces reordering of the monolayer. 

Figure 3 is based on data in refs.[42–45].
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Figure 4. 
De novo designed peptide based antifouling coating. a) Conceptual design approach: the 

peptide design includes three functions: adsorption to the surface by a sticky amino acid, 

self-assembly motif of aromatic amino acids, and antifouling motif by incorporation of 

fluorine atoms. b) Chemical structure of the peptide NH2–DOPA–(4F)Phe–(4F)Phe–COMe. 

c) Schematic presentation of spontaneous coating of the surface with a peptide monolayer by 

a dip-coating process. Figure 4 is based on data in ref. [70].

Amit et al. Page 24

Adv Mater. Author manuscript; available in PMC 2024 December 06.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 5. 
Surface modification by self-assembled peptides particles. a) Peptide nanowires array 

formed after treating FF with pentafluoroaniline. A water contact angle shown in the inset 

indicates the formation of a superhydrophobic surface. Reproduced with permission.[80] 

Copyright 2009, RSC. b) Surface patterning using nanofibers of PAs, including holes, 

channels, and posts. Reproduced with permission.[82] Copyright 2009, RSC. c) Hexagonal 

monolayer arrangement of self-assembled Boc–Phe–Phe–Phe bio-nanospheres as fabrication 

patterning masks. Reproduced with permission.[83] Copyright 2010, Wiley-VCH.
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Figure 6. 
ET in peptide molecular bridges. Schematic depiction ofET mechanisms through a helical 

peptide bridging a gold substrate, and an atomic force microscopy tip (a common 

experimental setup to study ET through monolayers). The dependence of the current (I) 
on the length of the molecule (L) is depicted below, demonstrating a crossover between 

tunneling and hopping dominated ET, depending on the length of the molecule. A crossover 

point at 1 < L < 2 nm, indicated by a change in the current decay coefficient, β, has been 

reported. Figure 6 is based on data in refs. [94,95,97,99].
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Figure 7. 
Effect of side chain on charge transport. Effects induced by the choice of charged/aromatic 

side chains are shown at the left/right I–V curves, respectively. Data were collected at 

70% relative humidity/vacuum for the left/right panels, respectively. The structure of the 

“native” Aβ peptide used in these studies is shown below. Schematic depiction of current 

measurement setup is shown to the left, together with an atomic force microscopy image of 

the fibers. Reproduced with permission.[122] Copyright 2014, Wiley-VCH.
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Figure 8. 
Hydrogel structure and organization. Discrete building blocks self-associate to form 

a noncovalent supramolecular structures. The binding forces may include aromatic, 

electrostatic, and hydrophobic interactions. The interaction of the formed supramolecular 

networks with water molecules in a gelation process results in the attainment of macroscopic 

semirigid structure that can contain more than 99% water.
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