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Abstract 

Dipeptides are attractive building blocks for biomaterials in light of their inherent 

biocompatibility, biodegradability, and simplicity of preparation. Since the discovery of 

diphenylalanine (Phe-Phe) self-assembling ability into nanotubes, research efforts have been 

devoted towards the identification of other dipeptide sequences capable of forming these 

interesting nanomorphologies, although design rules towards nanotube formation are still 

elusive. In this review, we analyze the dipeptide sequences reported thus far for their ability to 

form nanotubes, which often feature water-filled supramolecular channels as revealed by single-

crystal X-ray diffraction, as well as their properties, and their potential biological applications, 

which span from drug delivery and regenerative medicine, to bioelectronics and bioimaging. 
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10th Anniversary Statement 

Nanotubes formed by minimalistic dipeptides have been raising researchers’ interest, not only 

for their inherent biocompatibility and biodegradability, but also for their emerging electronic 

properties. These nanotubes are being explored for diverse applications in light of their benign 

nature in terms of environmental impact. The roles of water in their inner cavities, and its 

impact on their physico-chemical properties, are a hot area of research. Our laboratories 

(https://www.marchesanlab.com) were opened in 2015, thanks to a starting grant on heterochiral 

tripeptides’ self-assembly and their design based on the introduction of D-amino acids at 

selected positions to modulate the resulting supramolecular nanostructures and materials. The 

same year, we reported in J. Mater. Chem. B our research demonstrating that a simple shift in 
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the positioning of the D-stereoconfiguration along a tripeptide was sufficient to change the level 

of supramolecular order of the assemblies, hence, the physicochemical properties of the 

resulting hydrogels, and their rates of enzymatic hydrolysis to modulate their biodegradation. In 

2020, Prof. Marchesan joined the Advisory Board of J. Mater. Chem. B, which offers an ideal 

platform for research on materials derived from, and inspired by, biomolecules for a range of 

applications that go well beyond medicine.  

 

 

Introduction 

The most widely known nanotubes (NTs) are certainly carbon nanotubes, which, since their 

discovery by Ijima in 1991,1 have attracted great interest especially for their electronic properties 

towards advanced applications in areas as diverse as tissue engineering,2–4 energy5,6 and 

catalysis,7,8 conductive materials,9 and electrodes for interfacing with biological tissues.10 

Besides inorganic alternatives,11 such as boron nitride12 and metal chalcogenides,13 peptide-based 

organic NTs are becoming popular alternatives.14,15 The reasons are varied, and certainly include 

the increasing chemical variety of non-natural building blocks being commercially available, the 

easy and modular nature of solid-phase peptide synthesis, and the inherent biocompatibility and 

potential biodegradability. The values of the energy band gap, calculated as the difference 

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO), can be even higher for peptide NTs relative to inorganic NTs (Fig. 1), 

demonstrating their high potential for uses in bioelectronics.16,17  

 

 Fig. 1 HOMO–LUMO energy band gap in electronvolt (eV) for CNTs, inorganic NTs, and 

peptide NTs.16,17 
 

Polypeptides’ NTs were first reported using cyclic building blocks displaying alternating D- and 

L-amino acids by Ghadiri et al.,18 and, in recent years, supramolecular alternatives using simpler 

building blocks are becoming attractive for their lower cost and simplicity of preparation. 
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Amongst the various options, Phe-Phe NTs reported by Reches and Gazit19 certainly stand out 

for robustness and interesting properties, and they are by far the most studied in this class. 

Phe-Phe nanotubes (NTs) structure and properties 

The Phe-Phe NT characteristic architecture features an inner hydrophilic cavity enclosed by six 

peptide molecules positioned in alternating planes and interacting head-to-tail, with peptide 

stacks held together by intermolecular H-bonds between amide groups.20 Remarkably, this 

structure revealed by single-crystal X-ray diffraction (XRD) data, was shown to correspond to 

that found in the NTs, as confirmed by spectral matching with powder XRD data of the NTs.21  

Phe-Phe NTs have been shown to be composed of nanocrystalline regions, which behave as 

quantum dots, as they display quantum confinement and exciton formation and luminescence at 

room temperature.22 Remarkably, the blue photoluminescence was maintained even after thermal 

dehydration above 140 °C into fibrils formed by their cyclic analogs. This behavior opens the 

avenue to their potential use in photonics and displays as non-toxic alternatives to luminescent 

materials.23 

Another interesting feature is the light-induced ferroelectricity of Phe-Phe NTs. This 

phenomenon requires two essential features, which are spontaneous polarisation and the ability 

to switch between two states in an electric field. In particular, the H-bonding network between 

the termini of the dipeptide molecules within the NTs was shown to switch between the 

zwitterionic and neutral states. The process is aided by the photoluminescent character of the 

NTs, with excitation light inducing the reduction of the intrinsic polarisation field, indicating the 

phenomenon happens at the nanoscale.24 

Phe-Phe NTs display high average point stiffness of 160 N m−1 and Young's modulus of 19–27 

GPa, being amongst the stiffest biological materials known to date.25,26 The longitudinal rigidity 

has been attributed to the zipper-like arrangement of interlocked aromatic residues.27 Indeed, 

addition of further aromatic units using β,β-diphenylalanine enabled an increase to ∼70 GPa, 

which is comparable to aluminium.28 Conversely, the transversal rigidity has been attributed to 

the mobile water molecules inside the channels, with higher values corresponding to water-filled 

NTs.29 New advanced microscopy methods to measure piezoresponse, mechanical, and dielectric 

properties of dipeptide NTs at the nanoscale are continuously being developed.30 

The inner content of water determines also the type of nanomorphology attained with Phe-Phe 

self-assembly that can be controlled by varying the amount of relative humidity.31 Interestingly, 

recent in silico investigations have suggested that the inner water clusters can acquire polar and 

chiral properties as a result of their interactions with the walls of the Phe-Phe NTs, which exert 

such effects thanks to their dipole-moments distribution.32 

Phe-Phe NTs have also been shown to be able to reversibly switch between the NTs and 

nanovesicle morphologies, for instance by dilution and increased concentration, respectively.33 

The morphological conversions have been shown to follow the Ostwald's rule of stages, with 

coalescence of monomers into nuclei, which then undergo ripening into NTs, as shown with 

Boc-Phe-Phe.34 Recent studies have unveiled how only certain peptide backbone conformations 
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found in intermediate species are compatible with, and proceed towards, NT assembly.35 The use 

of doping additives and solvent choice offer further means to control the final nanomorphology 

of Phe-Phe assemblies.36 

The role of water inside the channels 

One of the fascinating features of this type of NTs is the nanotubular architecture that encloses 

water-filled channels. Two types of water molecules are present, i.e. those bound to the peptide 

walls of the channels, and those that are mobile in the inner cavity. The bound water molecules 

are necessary for the NTs’ structural integrity, as the NTs collapse without them. Conversely, the 

mobile water molecules are responsible for the physical properties of the NTs. Interestingly, a 

recent study showed that there are two types of diffusion regimes, with small clusters (<5 

molecules per unit cell) displaying a ballistic type, and larger clusters displaying a Fickian type. 

The water diffusion coefficient was measured experimentally and found to be within range with 

other solid materials (Table 1).37  

Table 1 Water diffusion coefficients (D) in various materials. Adapted with permission from P. 

S. Zelenovskiy et al. ACS Appl. Mater. Interfaces, 2020, 12, 27485. Copyright 2020 © American 

Chemical Society37  

Material D × 10−10 m2 s−1 Channel ∅ nm Temp. °C Ref. 

Phe-Phe NTs 1.3–3.0 1.0 30–65 37  

Cyclo(WL)n 0.6–1.3 0.6–1.0 37 38  

Cyclo(QaEa)4 4.4 1.0 25 39  

Gramicidin A 0.3 0.5 27 40  

Aquaporin 1 4–8 1.0–1.2 RT 41  

Nafion 0.1–19.2 3.2 23–70 42 and 43  

Zeolites 0.5–1.3 0.3–1.0 25 44  

Hydroxyapatite 10 2.0–24.0 37 45  

Bulk water 21–26 n.a. 25 41 and 46  

Carbon NTs 26–96 1.2–3.5 −8 to 22 47  

 
 

The radial growth and elongation of NTs during Phe-Phe self-assembly could be imaged by 

using liquid-cell transmission electron microscopy (LCTEM), which enables high resolution 

observation of solvated nanomaterials.48 TeraHertz spectroscopy revealed breathing motions of 

dipeptide sidechains within the NTs that can affect the NTs permeability to water through 

changes in both the pore diameter and the host-water potential.49 

Water inside the channel was demonstrated to alter also the electronic properties of the peptide 

NTs, by reducing the band gap and increasing the probability of hopping, hence conductivity.50 

Furthermore, addition of water molecules to the inner cavity of Phe-Phe NTs causes splitting of 

the valence band, which corresponds to a redshift and splitting of a UV photoluminescence 

peak.51 
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Peptide-water interactions are also important in the initial stages of self-assembly to direct it 

towards different nanomorphologies.52 Higher contents of free-water (i.e., lower ionic strength, 

lower solute concentrations) lead to preferred NT formation over nanowires, with the former 

being held by stronger H-bonds between dipeptide termini, and being more thermodynamically 

stable.53 

The loss of water can be detected by low-frequency Raman spectroscopy, as it decreases the 

effect that water molecules have on the coupling between dipeptides, with an increase in 

bandwidth and energy separation between characteristic double-peak signals in the spectra.54 

Water indeed plays a key role in the early nucleation stages of peptide self-assembly55,56 and NT 

elongation.57 

Dipeptide NTs and their chemical structures 

L-Dipeptides without derivatisations 

Görbitz first reported a series of hydrophobic L-dipeptide crystal structures featuring 

characteristic supramolecular nanotubes (Table 2). Interestingly, Val-Ala,58 Ala-Val,59 Ala-Ile, 

Ile-Ala, Val-Val, Val-Ile, Ile-Val,60 and Val-Leu61 had hydrophobic inner walls due to the 

presence of the amino acid sidechains (yellow cells in Table 2). The self-assembly of Ala-Val 

and Val-Ala into different nanomorphologies was studied by changing solvent systems.62  

Table 2 Hydrophobic homochiral dipeptides forming nanotubes with hydrophobic (yellow) or 

hydrophilic (cyan) inner cavity defined by 4 (④) or 6 (⑥) dipeptide molecules.20,58–61,65,69–71 

Adapted from C. H. Görbitz et al., Chem. Eur. J. 2007, 13, 1022, Copyright © 2007 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim65  

 

 
 

Conversely, Leu-Leu, Phe-Phe, Leu-Phe, Phe-Leu,20 Ile-Leu,63 (cyan cells in Table 2) and Phe-

Trp64 displayed hydrophilic inner walls defined by the peptide backbones, with the sidechains 

defining the hydrophobic exterior of the nanotubes. The differences in packing and H-bonding 

networks are described in a detailed review.65 Trp-Tyr were also recently reported to form 

nanotubes, although no crystal structure was available.66 

L-DOPA is another aromatic amino acid that has gained wide attention for its bioactivity, and 

inclusion into self-assembled nanostructures, as recently reviewed by Tomasini's group.67 
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However, when Phe was substituted with L-DOPA in the dipeptides DOPA–DOPA, nanofibrillar 

soft materials were obtained, with no evidence for nanotubes with a distinct inner cavity.68 

L,D-Heterochiral dipeptides without derivatisations 

Our group has developed expertise in the design of self-assembling minimalistic peptides 

whereby inclusion of L- and D-amino acids at specific positions plays a key role. In the case of 

hydrophobic tripeptides, heterochiral sequences can display an amphipathic conformation with 

hydrophobic sidechains being exposed on the opposite side relative to the hydrophilic 

bakbones.72 These peptides can also form supramolecular hydrogels at physiological conditions 

that generally display good cytocompatibility in vitro, with further advantages such as the 

possibility to fine-tune their biodegradation rate,73 and easily encode bioactive sequences to 

guide cell fate.74  

Recently, we explored also the case of hydrophobic heterochiral dipeptides’ self-assembly. In the 

case of D-Phe-L-Phe, surprisingly, NTs were formed with analogous architecture to the 

homochiral counterpart, and a water-filled inner cavity (Fig. 2). However, the differing 

stereoconfiguration of the heterochiral dipeptides, resulted in different spatial orientation of the 

sidechains, which could engage in intramolecular interactions at the expense of intermolecular 

ones. As a result, D-Phe-L-Phe formed 4 nm wide gelling nanotubes defined by two peptide 

layers, leading to transparent hydrogels with good cytocompatibility in cell culture. This is in 

marked contrast with the heterogeneous size distribution of NTs formed by homochiral Phe-Phe 

that display hierarchical bundling that proceeds uncontrolled, with detrimental effects for 

cytocompatiblity.75 Interestingly, substitution of 1 H with 1 atom of fluorine at the N-terminus 

did not impede NT formation, although it yielded to intermediate levels of bundling, depending 

on the position of fluorine on the aromatic ring.73 By contrast, the use of fluorophenylalanine at 

the C-terminus completely altered the supramolecular packing, leading to amphipathic layers – 

as opposed to water-channels – as revealed by single-crystal XRD.76 
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Fig. 2 Single-crystal XRD structures of homochiral Phe-Phe201 (silver) and heterochiral D-

Phe-L-Phe 2 (cyan) NTs. (A) Side-view of stacked peptides revealed opposite screw-sense for 

1 and 2, dictated by the chirality of the N-terminal amino acids. (B) Top-view of nanotube 

inner cavities defined by the projection of six peptide molecules arranged head-to-tail for both 

1 and 2. (C) Top-view of the nanotubes identified by the projection of 18 peptide molecules 

for 1 showed hierarchical bundling stabilized by aromatic zippers; instead, a space-fill view of 

heterochiral 2 revealed the outer diameter of a double layer of peptide molecules to agree with 

the diameter of fibrils measured by TEM.75 

 

Substitution of one Phe with one of the hydrophobic aliphatic amino acids led to NTs too. We 

did not include Ala in the studies because our objective was to attain supramolecular hydrogels, 

and already the dipeptides Val-Phe and Phe-Val were at the limit of minimum hydrophobicity to 

yield stable gels.77 Studies of all the possible stereoisomer combinations of Xaa-Phe and Phe-

Xaa (Xaa = Val, Ile, or Leu), revealed that heterochirality increased the dipeptides’ 

hydrophobicity. This fact was confirmed by increased retention times at the HPLC77–79 (which 

can be considered an experimental measure of hydrophobicity).80 Furthermore, the formation of 

water-filled channels by heterochiral Phe-Xaa sequences (cyan cells in Table 3) was supported 

by single-crystal XRD. Interestingly, those formed by D-Phe-L-Val featured a smaller inner 

cavity (∼0.5 nm) defined by four peptide molecules.77 Conversely, the NTs formed by D-Phe-L-

Ile or by D-Phe-L-Phe featured a larger inner cavity (∼1.0 nm) defined by six dipeptide 

molecules.75,79 Therefore, it is possible to fine-tune the water-channel cavity by choosing 

differing peptide sequences. All these sequences gelled, but over various timescales eventually 

converted into crystals. Furthermore, they displayed good cytocompatibility in vitro as assessed 

by MTT metabolic assays and by live/dead assays (Fig. 3), but already after 24 hours the gels has 

partially dissolved, thus suggesting limited durability for practical use in cell culture.81 

Noteworthily, the linear analog of Val (i.e., norvaline, Nva) in homo-and hetero-chiral Nva-Phe 

and Phe-Nva sequences, led in all cases to immediate crystallization in phosphate buffered 

solutions, and single-crystal XRD revealed an amphipathic layered packing devoid of channels.82 

Ongoing studies in our laboratories are targeting the non-aromatic dipeptides of Table 3, for 

which no data is currently available pertaining their ability to form supramolecular channels, so 

as to provide a more complete picture. 

Table 3 Heterochiral hydrophobic dipeptides forming NTs with water-filled internal cavities 

(cyan cells) defined by 4 (④) or 6 (⑥) peptide molecules.77–79 “-” means no data is available  
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Fig. 3 Live (green)/dead (red) assay for fibroblast cells grown for 24 hours on dipeptide 

hydrogels revealed excellent cell viability but also dissolution of the hydrogels. Scalebars = 

200 μm (10×) or 50 μm (40×).81 

 

N-Capped dipeptides 

Various N-terminal caps, such as acetylation, were shown to enable Phe-Phe self-assembly into 

NTs.83 Boc-Phe-Phe can self-assemble into nanospheres or NTs depending on the solvents used, 

and the NTs can be inkjet printed to attain micropatterns.84 Boc-Phe-Phe NTs were also 

embedded in electrospun polymer fibers to maximise their piezoelectric response for biosensing 

and bioelectronic applications.85 Interestingly, the extent of the piezoelectric response depends 

also on the NT diameter.86 Adler-Abramovich et al. combined Boc-Phe-Phe with Phe-Phe into 

supramolecular copolymers to yield NTs whose dimensions could be controlled by changing the 

ratios between the two building blocks.87 Phe-Phe and Boc-Phe-Phe were also co-assembled into 

distinctive necklace nanoarchitectures as described by Reches’ group.88  

Boc-Ile-Ile-OMe was shown to self-assemble into NTs in methanol-containing solutions, with 

Boc playing a key role in directing the formation of the NT morphology.89 Likewise, a work led 

by Moretto reported NTs formed by Boc-Cys(Me)-Leu-OMe.90 One year later, NTs by Boc-Val-

Ile-OMe, Boc-Val-Leu-OMe, Boc-Leu-Val-OMe, and Boc-Val-Val-OMe were described in 

solvent-water mixtures.91 Finally, heterochiral Boc-D-Leu-L-Leu-OMe and Boc-D-aIle-L-Ile-

OMe also formed NTs with 6-fold symmetry analogously to Phe-Phe.92 
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Co-assembly of Fmoc-Phe-Phe with a phthalocyanine derivative resulted in the formation of 

helical NTs of 10–15 nm-diameter, depending on experimental conditions, which displayed 

intense circularly polarized luminescence. The authors envisaged potential applications in 

biomedicine or photocatalysis.93 Fmoc-Lys-Phe-OMe was also reported to self-assemble into 

NTs when templated by addition of anionic heparin.94 

Phe-Phe has been N-capped with chromophores Cy-3 and Cy-5 to form NTs that accumulated 

selectively in the mitochondria of human-carcinoma cells, whose extremely negative inner 

membrane potential [(ΔΨm)cancer ≈ −220 mV] enabled their assembly leading to apoptosis.95 These 

NTs could thus be useful for theranostics, thanks to combined imaging and therapeutic activity. 

Fmoc-Lys-Lys has been covalently functionalized on the amino sidechain with 5-fluorouracil to 

yield a hydrogel composed of 16 nm wide nanotubes, with 4 nm thick walls featuring a 

bylayered structure composed of two dipeptide molecules. The hydrogel enabled the anti-

metabolite drug sustained release and displayed no cytotoxicity in vitro.96 

Naphthalimide N-capped Phe-Tyr was recently shown to yield NTs too. In this case, a 

phosphorylated precursor was used to control self-assembly triggered by phosphatase-catalysed 

enzymatic hydrolysis. The NTs formed a luminescent hydrogel.97 

Dehydro (Δ) dipeptides 

Dehydro (Δ) amino acids display a double C C bond between Cα and Cβ that restricts 

conformational freedom to enable the design of foldamers. Introduction of hydrophobic Δ 

residues in Pro-containing dipeptide sequences was found to influence turn conformations and 

their stability, which was reduced with increasing solvent polarity.98 In particular, the study of 

Ac-Pro-ΔXaa-NHCH3 revealed a tendency to adopt a β-turn in the decreasing order (Z)-ΔAbu > 

(E)-ΔAbu > ΔVal, with ΔAla not displaying such tendency. Furthermore, none of the folds was 

stable in strongly solvating media.99 Circular dichroism analysis of Phe-ΔPhe revealed a 

spectroscopic signature compatible with β-turns, and it formed proteolytically stable NTs. 

However, single-crystal XRD analyses revealed fine details over the supramolecular packing that 

was markedly different from Phe-Phe.100  

The dipeptide based on Phe and its dehydroanalog, ΔPhe, was used for similar applications as 

Phe-Phe NTs, as it maintained the ability to form NTs that were then loaded with the tumor-

specific testis-cancer antigen MAGE-3 to enable its delivery for cancer immunotherapy. The 

NTs demonstrated good stability against protease-mediated hydrolysis, they accumulated into 

antigen-presenting-cells and successfully elicited T-cell activation and tumor inhibition in 

vivo.101 Phe-ΔPhe NTs were used also for the loading and release of curcumin as a model drug. 

Interestingly, simple variations of the sequence to Arg-ΔPhe, Val-ΔPhe, or Met-ΔPhe, hampered 

the NT formation in favour of spherical nanomorphologies.102 

β- and γ-dipeptides 

β- and γ-amino acids are characterized by one or two additional carbon atoms, respectively, 

between the amino and carboxylic functional groups. The position of the sidechain then 
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determines the type of regioisomer, and the nomenclature of widely studied β-amino acids is 

reported in Fig. 4.103 Certain β-amino acids occur in nature as secondary metabolites or 

components of natural products.104,105 Amongst them, β-alanine is the most studied, and it occurs 

in natural bioactive dipeptides, such as carnosine.106 Self-assembly of this dipeptide was 

achieved when using more hydrophobic derivatives.107,108 β-Phe-Δ-Phe was designed to 

introduce flexibility at the N-terminus and rigidity at the C-terminus. This dipeptide maintained 

the ability of parent Phe-Phe to self-assemble into NTs, although with a different supramolecular 

packing that defined water channels of ∼0.5 nm in diameter with crystalline water inside. This 

nanomaterial was envisaged for drug delivery, thanks to its proteolytic stability and ability to 

encapsulate drugs (i.e., riboflavin, doxorubicin, chloroquine and chloramphenicol) without 

cytotoxicity in vitro.109  

 

 
Fig. 4 Nomenclature of β-amino acids. Reprinted from F. Clerici, E. Erba, M. L. Gelmi and S. 

Pellegrino, Tetrahedron Lett., 2016, 57, 5540, Copyright © 2016, with permission from 

Elsevier.103 

 

Hybrid β,α-dipeptides featuring hydrophobic residues, and, in particular, a β-Ala at the N-

terminus, followed by an α-amino acid (i.e., Phe, Ile, or Val) were reported to form NTs too, 

with good thermal and proteolytic stability.110 These NTs were used as scaffolds for the in situ 

production of gold nanoparticles on their surface.110 Alternatively, the decoration of β-Ala-α-Ile 

with fluorescent Au25 quantum clusters was exploited to the same end, by using electron-beam 

irradiation as a means to control the gold-nanoparticle growth and size distribution.111 

By contrast, when both residues of hydrophobic dipeptides were composed of β- or γ-amino 

aicds (i.e., Boc-β3(R)Phe-β3(R)Phe and Boc-γ4(R)Phe-γ4(R)Phe) NTs were not formed, and other 

morphologies could be attained depending on experimental conditions, and including nanofibers 

and nanospheres.112 

The dipeptide displaying Ala and the S,S (but not the R,R) stereoisomer of 3-amino-2-(2-

fluorophenyl)-3-phenylpropanoic acid was shown to self-assemble into proteolytically stable 

NTs, thanks to the presence of the β-amino acid. Interestingly, the XRD structure of this 

dipeptide revealed a supramolecular helix with three peptide molecules per turn, with the screw 

axis corresponding to the crystallographic c axis. These NTs featured a hydrophobic inner 

channel with a diameter of 4 Å that was decorated by the methyl sidechains. No evidence for 

aromatic stacking was found in the crystal structure, suggesting that intermolecular H-bonds 
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proved key in holding the NT architecture.113 Finally, also β-Ala-Ala and δ-Ava-Phe (Ava = 

aminovaleric acid) were reported to self-assemble into NTs.114 

δ-Amino acids as dipeptide mimics and δ-dipeptides 

δ-Amino acids are characterised by four atoms (typically carbon) between the amino and 

carboxylic functionalities and are seldom studied, possibly because of the synthetic steps needed 

and their limited solubility in water. They have been proposed as dipeptide mimics. In particular, 

β-Oxy-δ5-amino acids bear an oxygen atom in their backbone that improves their solubility.115 

Inclusion of a cycle proved to be a successful strategy to restrict conformational freedom towards 

foldamers.116,117 The combination of both components in cyclohexyl ether δ-amino acids was 

successfully applied in building blocks to attain supramolecular channels with cation selectivity, 

thanks to the strategic disposition of the additional oxygen atom in the channel interior.118  

Cyclodipeptides (CDPs) 

CDPs have attracted attention as building blocks for biocompatible nanostructures, since they are 

naturally occurring in a variety of food and beverages, and their rigidity and enhanced stability 

towards enzymatic degradation relative to their linear analogs, has enabled their use towards 

supramolecular nanostructures and soft materials for a variety of applications, as recently 

reviewed.119,120 NTs and microtubes were reported for homochiral and heterochiral cyclo(Tyr-

Ala), respectively.121  

A different assembly was obtained using cyclodipeptides (CDPs) derivatised with long alkyl 

chains displaying photopolymerizable diacetylene functionalities for thermochromism and 

enable a lamellar structure to arise that rolled up into nanotubes (Fig. 5).122 Interestingly, these 

systems displayed a blue-to-red thermochromism upon heating from room temperature to 90 °C. 

Furthermore, appropriate choice of solvent polarity could be exploited to guide self-assembly 

towards different nanomorphologies.123 
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Fig. 5 Cyclodipeptide derivative with an alkyl chain enabled the formation of lamellar 

structures that rolled up into NTs. Reproduced with permission from M. J. Seo et al. 

Langmuir, 2018, 34, 8365, Copyright © 2018, American Chemical Society.122 

 

Cyclo(Gly-Asp) amidated through the sidechain with a long alkyl chain (C8–C18) self-assembled 

into various nanomorphologies, including NTs that were envisaged for drug loading and release, 

and studied for their co-assembly ability with nucleoside biomolecules.124 

Dipeptides with non-natural aromatic structures 

The key role played by the aromatic sidechains of Phe-Phe in the stability and physicochemical 

properties of the NTs125 has inspired the search for several analogs with differing aromatic 

moieties. Interestingly, the simple removal of the methylene units leading to Phg-Phg (Phg = 

phenylglycine), with the phenyl ring being directly attached to the peptide backbone, completely 

hindered the NT formation, leading to nanospherical morphologies instead.126 Conversely, 

dinaphthylalanine formed NTs,127 as well as Boc-Aib-m-ABA-OMe (Aib = α-aminoisobutyric 

acid; m-ABA = m-aminobenzoic acid).128 4′-(n-dodecyloxy)-1,1′-biphenyl-4-carbonyl Ala-Ala 

homo- and heterochiral isomers formed coiled nanoribbons that gave rise to NTs. Interestingly, 

the stereoconfiguration of the C-terminal Ala residue dictated the handedness of the coiled 

nanoribbons, and the stacking handedness of the biphenylene moiety. Conversely, the N-terminal 

Ala chirality determined the twist handedness of the aromatic groups.129 Another study showed 

that NTs with 6-fold symmetry could be obtained from the self-assembly of Boc-(S,S)c3diPhe-

(R,R)c3diPhe-NHiPr, which is a dipeptide with disubstituted cyclopropyl sidechains with two 

phenyl rings each.130 This peculiar structure enabled the display of one of the aromatic units for 

each dipeptide in the inner cavity of the NT, in striking contrast with the typical NT architectures 

that feature hydrophilic peptide backbone at the NT interior and hydrophobic sidechains at the 

exterior.  
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Applications 

Clearly dipeptide NTs are ideally positioned for biological uses, spanning from drug delivery to 

cell culture and imaging. Control of self-assembly can be attained by using physiological or 

pathological triggers at the site of interest. A classical example is based on the enzymatic 

cleavage of a self-immolative unit, such as a dendrimer, to release the self-assembling 

dipeptide.131 C-terminal amidation of Phe-Phe was used to yield a cationic dipeptide that at 

physiological pH could self-assemble into NTs that could bind the polyanionic oligonucleotides 

and that, contrarily to the zwitterionic Phe-Phe, transitioned to vesicles when diluted to 7 mg 

ml−1. The vesicles could then be taken up by cells for oligonucleotide delivery.132 Flufenamic 

acid was used as a model drug that could be loaded in the hydrophobic walls of Phe-Phe NTs for 

sustained release over days.133 Crosslinking with glutaraldehyde has been proposed as a strategy 

to control the nanoarchitectures formed by Phe-Phe for drug delivery.134 The dipeptide Lys-Lys 

was conjugated through the amino sidechain to the anticancer drug camptothecin, which could be 

loaded at very high levels through hydrophobic interactions within the dipeptide NT walls, and 

slowly released through hydrolysis of a succinyl linker.135 In a similar approach, double 

conjugation of Lys-Lys with captothecin and 5-fluorouracil was used for the sequential release of 

the two drugs from the dipeptide NTs.136 Alternatively, the inclusion of bioactive residues in 

dipeptides could also exert bioactivity, as demonstrated with L-DOPA in (S)-isopropyl 2-(2-

amino-2-methylpropanamido)-3-(3,4-dihydroxyphenyl)propanoate that displayed anti-

Parkinsionan activity in a rat model after oral administration.137  

In light of the emergency we are facing in terms of emergence of antibiotic resistance, it is clear 

how the use of Phe-Phe NTs as antimicrobial agents is another hot topic. These NTs have been 

shown to eradicate Gram-positive bacterial biofilms, thanks to the formation of ion channels 

and/or surfactant-like activity, leading to biofilm matrix degradation and cell-membrane 

disruption, leading to cell death in S. aureus isolates.138 They inhibited bacterial growth and led 

to cell death also of E. coli, thanks to an increase in cell membrane permeation and 

depolarization.139 

Further applications can be envisaged by decorating the NTs with biomolecules, for instance as 

shown with biotin that was successfully recognized by avidin.140S-Glycosylation has also been 

explored as an avenue to fine-tune self-assembly of Phe-Phe.141 For instance, addition of one, but 

not two, mannose units preserved Phe-Phe ability to form NTs, and recognition by lectins was 

envisaged to direct these materials towards biological use.142 

Another growing field concerns bioelectronic applications towards sustainable and non-toxic 

alternatives to current systems in use. Several methods have been developed to orient and pattern 

dipeptide NTs into arrays for bioelectronics,143–147 also on electrodes.148,149 It was shown that 

even weak electric fields can facilitate the alignment of molecular dipole moments, accelerating 

the ordering of dipeptide and water molecules for self-assembly.150 Alignment of Phe-Phe NTs is 

key to achieve unidirectional polarization and maximise their piezoelectric response for power 

generation, i.e., for electrical energy production upon application of a mechanical force. 

Horizontally aligned Phe-Phe NT arrays have been used also as piezoelectric devices. Upon 

application of a force of 42 N, a peak voltage of 2.8 V was reached, with a current of 37.4 nA, 

and generated 8.2 nW that could power multiple liquid-crystal display panels.151 For comparison, 

https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit131
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit132
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit133
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit134
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit135
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit136
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit137
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit138
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit139
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit140
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit141
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit142
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit143
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit148
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit150
https://pubs.rsc.org/en/content/articlehtml/2023/tb/d2tb02643k#cit151


with an applied force of 60 N, vertically aligned Phe-Phe NTs generated an open-circuit voltage 

of 1.4 V with a short-circuit current of 39.2 nA.152 Inclusion of porphyrins has been used as a 

strategy to slow down the biodegradation of Phe-Phe NTs in physiological conditions towards 

uses in implantable medical devices.153 

The blue photoluminescence of dipeptide NTs has been envisaged as a biolabel, for applications 

in bioimaging and biosensing, thanks also to its persistence upon thermal treatment at 

temperatures in the 140–180 °C range, at which NTs undergo a transition to nanowires.154 Their 

variations in photoluminescence have been applied for temperature sensing, with precision of 1 

°C in the range 5–65 °C.155 Dipeptide NTs have been studied also to develop biosensors for the 

electrochemical determination of dopamine.156 They have been used as antennas or 

photosensitisers to enhance lanthanide luminescence for the detection of the neurotoxin paraoxon 

too.157 

Phe-Phe microtubes have been envisaged also as optical waveguides, as demonstrated by 

illuminating one end of the microstructures and observing a bright spot of luminescence at the 

other end. However, for practical applications, further improvement to reduce attenuation 

through the length of the tubes are needed, possibly by improving the crystallinity or finding 

suitable derivatives.158,159 

Finally, Phe-Phe NTs have been considered as nanofillers for biomedical materials, as they 

demonstrated to increase toughness and adhesive strength of epoxy resins, whilst preserving the 

elongation and thermal properties of the polymer matrix.160 

Conclusions and future perpectives 

Dipeptide NTs have enjoyed two decades of intense research efforts worldwide since their early 

reports. Through the years, a plethora of NT-forming dipeptides have been reported, and their 

biological uses have been envisaged through a variety of triggers to control the NT formation, 

their uptake by cells, and their release of bioactive compounds. The understanding of the key 

structural features of the dipeptides leading to NTs is still far from complete, however. 

Nevertheless, Görbitz made a tremendous effort to map the NTs architectures attained by simple 

hydrophobic L-dipeptides, showing that the aliphatic sequences yield NTs with hydrophobic 

interiors, whilst the aromatic ones tend to yield NTs with water-filled inner cavities. Changes in 

amino acid sequence can also be used to control the inner cavity diameter, as some preferentially 

form those enclosed by four dipeptides (leading to a cavity of ∼0.5 nm), and others by six 

(leading to a cavity of ∼1 nm). Bigger channels (e.g., ∼2 nm) can be attained by switching to 

tripeptides.161 The control of NT growth for potential insertions into membranes could clearly 

open up new avenues, for instance to alter transport of guests selectively and find new means for 

therapeutic treatment.162 Amongst the various approaches to control NT length, microfluidics is 

emerging as one possible strategy.163 Alternatively, gases could be envisaged as channel guests, 

and one study appeared showing that porous dipeptide crystals have a remarkable selectivity for 

methane, carbon dioxide, and hydrogen absorption.164  

Other areas of great interest pertain bioelectronics, to find sustainable and biodegradable 

alternatives to currently used components. A key challenge in this field is its highly 
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multidisciplinary nature, which requires expertise in fields as diverse as engineering, 

photophysics, chemistry, and nanotechnology to make a qualitative leap. Nevertheless, the allure 

of being able one day to use biodegradable components for our everyday commodity devices is a 

great driver to innovate in this field and it is reasonable to expect that implementation into 

commercial devices is on its way to be soon realized on a large scale for the benefit of society. 
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