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Abstract

Amino acids are the simplest biological building blocks capable of forming discreet nanostructures 

by supramolecular self-assembly. The understanding of the process of organization of amino acid 

nanostructures is of fundamental importance for the study of metabolic diseases as well as for 

materials science applications. Although peptide self-assembled structures have been the topic of 

many review articles, much less attention has been devoted to the ability of amino acid building 

blocks, both natural and synthetic, to form ordered assemblies with defined architectures and 

notable physical properties, by the process of self-association. Herein, we try to shed light on 

amino acid based nanostructures, their fabrication and implications. We discuss self-assembled 

nanostructures, including hydrogels with nanoscale order, obtained from both modified and 

unmodified single amino acids. We also envision some future prospects in this emerging field.
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1 Introduction

Assemblies of bonded atoms with a dimension between 1–100 nm are typically defined as 

“nanostructures”.[1] Nanostructures are highly ubiquitous in biological systems, with 

prominent examples including protein assemblies, viruses, lipid vesicles, and cellular 

organelles. These natural nanostructures are generated by molecular self-assembly, the 

underlying mechanism of numerous processes, such as, phospholipid membrane formation, 

DNA double helix organization, formation of amyloid fibrils (both functional and 

pathological), etc. During the process of molecular self-assembly, individual molecules 

(monomers) undergo independent organization via a number of non-covalent interactions, 
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including hydrogen bonding, electrostatic attraction, van der Waals forces and aromatic 

stacking,[2] thereby forming thermodynamically stable, ordered, hierarchical nanostructures.

[3] Specifically, the self-assembly of proteins plays a crucial role in the formation of 

biological scaffold materials,[4,5] giving rise to the actin cytoskeleton, microtubules, 

viruses, and other key nanostructures.[6] Some macroscopic constructs, like collagen in the 

skin, keratin in nails and hairs, and silk which has unique mechanical properties, are also 

composed of protein building blocks.

Peptides are fragments of proteins which may bear the functional and structural 

characteristics of proteins.[7] The self-assembly of peptides has been a subject of extensive 

research owing to the intrinsic biocompatibility of these building blocks, ease of synthesis, 

biodegradability and recyclability.[8] Applying the “bottom up” approach, in which self-

assembly occurs at a molecular (or even atomic) level, allowed the design of biomaterials 

with unique properties that mimic the complexity and dimensions of biological systems.[4] 

The self-assembly of various peptide building blocks resulted in different nanostructured 

morphologies, including fibrils, nanotubes, spheres, vesicles and hydrogel matrices. Such 

nanostructured assemblies have diverse applications ranging from biology to 

nanotechnology.[9] The formation of nanostructures by short peptides was first reported 25 

years ago by Ghadiri et al., who demonstrated the formation of nanotubular structures by the 

self-assembly of a cyclic octapeptide with alternating L and D amino acids.[10] Later, in 

2003, applying a reductionist approach, an ultrashort dipeptide, diphenylalanine (Phe-Phe), 

which is the core recognition motif of Aβ, was demonstrated to be the simplest building 

block for peptide self-organization composed of coded amino acid, forming discreet 

nanotubes.[11] Later studies have confirmed that other dipeptides, including the simplest 

aromatic one, diphenylglycine, could form ordered assemblies.[12] Thus, for a long time it 

was assumed that the dipeptide building blocks represent the smallest recognition units 

stemming from the unique properties of the amide bond and its partial planarity due to 

resonance stabilization.

However, a very surprising observation reported in 2012 revealed that a single aromatic 

amino acid, phenylalanine (Phe), could also form ordered fibrillar assemblies with amyloid-

like properties.[13] Follow-up studies had confirmed the ability of other amino acids, as well 

as additional metabolites, to form ordered supramolecular fibrillar assemblies.[14] X-ray 

crystallography of Phe in its zwitterionic state, under conditions allowing its fibrillization, 

confirmed the organization of the amino acid into an ordered β-sheet-like layered 

organization, which was stabilized by a network of hydrogen bonds and aromatic 

interactions.[15]

Amino acids are the building blocks of proteins, with their composition and sequence 

controlling the explicit characteristics of these polyamide structures. Amino acid based 

nanostructures are formed by self-assembly of the simplest building blocks in the milieu of 

biological systems, serving as the smallest member of the “bottom up” approach. Even 

though many comprehensive reviews have focused on nanostructures by peptide self-

assembly,[5,16] nanostructures fabricated by self-assembly of amino acids has so far not 

been appraised.
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In this focus review, the formation of amino acids nanostructures by supramolecular self-

assembly is discussed. We depict different approaches for the design of such nanostructures 

from both modified and unmodified amino acids, along with their implications, both from 

diseases and material science perspective. We also portray a brief picture of the challenges 

and future prospects of this field.

2 Amino Acid Based Nanostructures

The self-assembly of both unmodified and modified amino acids to form discreet 

nanostructure has recently emerged as an intriguing field of research, with exciting potential 

applications. In some cases, the assembly forms an entangled fibrillar 3D network of 

nanostructures which can entrap solvent molecules to form physical gels. Here, we present a 

concise view of these self-assembled nanostructures and physical gels.

2.1 Self-assembled Nanostructures

Amino acid self-assembled nanostructures can be subdivided according to their constituent 

building blocks, i. e. modified and unmodified amino acid-based building blocks.

2.1.1 Modified Amino Acid Self-assembly—Self-assembled structures of modified 

amino acids were presented in 1984 when Onai and co-workers synthesized N-(2-

hydroxydodecyl) amino acids and found that N-(2-hydroxydodecyl) valine formed fibers in 

volatile organic solvents (acetone or diethyl ether) with helicity which altered according to 

the chirality of valine.[17] Similar properties were observed for leucine (Leu) and alanine 

(Ala), while the tryptophan (Trp) derivative did not exhibit helical fiber formation. Later it 

was observed that N-acyl-L-aspartic acids (CnAsp, n=12–18) could form gel-like aggregates 

in aqueous solutions at medium pH and low temperatures.[18] The morphologies of these 

assemblies varied from vesicles to helical fibers, depending on the length of the hydrocarbon 

chains and/or the pH of the solution. It was also observed that C12Glu did not form fibers, 

whereas C12Ala assembled into cylindrical fibers without helicity.

Pramanik and co-workers synthesized a series of derivatives of hydrophobic amino acids 

(Figure 1A, 1–11), including Phe, Trp, tyrosine (Tyr) and Leu by introducing an 

aminobenzoic acid (ABA) moiety and protecting the N and C termini by –Boc and –OMe 

groups, respectively.[19] The derivatives formed vesicles in methanol, whereas fibers or 

nanorods were obtained in less polar solvents (Figure 1B, C, D). However, derivatives of less 

hydrophobic amino acids, such as glycine (Gly), Ala, βAla, and proline (Pro), failed to 

produce nanostructures. Interestingly, a change in morphology was also observed with the 

positional isomerism of the ABA moiety. Single crystals were grown for the compounds 5, 7 
and 8 (Figure 1A) and the crystal packing revealed the formation of β sheet layers. The 

incorporation of ABA improved the proteolytic stability of the nanostructures. Moreover, 

silver nanoparticles were also grown on both the inner and outer surfaces of the 

nanostructures. Another important application of these vesicles was the encapsulation and 

release of curcumin by disrupting them using a biocompatible metal ion (K+).[19]

Applying another interesting strategy, Ala and Phe were utilized to functionalize 3,4,9,10-

Perylenetetracarboxyl dianhydride, and the resultant imide derivatives (12, 13 in Figure 1E) 
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were used to engineer composites with polyaniline.[20] The imide derivatives are electron 

dearth centers and thus can function as electron acceptors. A composite of these derivatives 

and polyaniline (acting as a donor) generated nanostructures that were deployed for dye 

sensitized solar cell applications. An improved power conversion efficiency was achieved 

using the Phe derivative, as compared to the Ala derivative, because of the better π-stacking 

interactions of polyaniline with the former through the aromatic phenyl rings, which 

enhances the electron mobility, and hence the power conversion efficiency.

Recently, Panda and co-workers depicted the formation of nanoparticles from a Trp 

derivative, N-alpha-(9-fluorenylmethyloxycarbonyl)-N(in)-tert-butyloxycarbonyl-L-

tryptophan (Fmoc-Trp(Boc)-OH) (14 in Figure 1E).[21] The self-assembled nanoparticles 

(diameter: 489.4 ± 80.2 nm) were prepared by diluting a HFIP solution of Fmoc-Trp(Boc)-

OH in water to a final concentration of 2 mM.

Taking a de novo approach, Musah and co-workers synthesized a boron cluster amino acid, 

2-amino-3-(1,7-dicarbaclosododecacarboranyl-1-thio)-propanoic acid, by substituting the 

thiol proton in cysteine with m-carborane.[22] This modified amino acid formed floret like 

discs in ethanol and fibers in aqueous solutions. Crystal structures revealed the formation of 

bilayers via H-bonding interactions.

2.1.2 Unmodified Amino Acid Self-assembly—The self-assembly of nanostructures 

by unmodified amino acids is facilitated only when using the aromatic amino acids Phe, Tyr, 

Trp, Histidine(His), excluding one exception, in which Gly nanostructures were observed.

2.1.2.1 Phenylalanine Self-assembly and its Association with Phenylketonuria 
(PKU): The most studied single amino acid capable of forming nanostructures is Phe. 

Accumulation of Phe due to genetic mutation underlies the etiology of PKU, a congenital 

metabolic disorder characterized by high levels of Phe in different portions of the brain, 

cerebrospinal fluid, and plasma, thereby mitigating brain development.[23–25] 

Understanding the self-assembly process of Phe is thus expected to shed light on the 

underlying etiology of PKU. Furthermore, developing novel approaches to inhibit Phe self-

assembly may lay the basis for new therapeutics.

In 2012, we presented the first account of self-assembly of an unmodified amino acid (Phe) 

and its correlation with PKU. We have shown that Phe self-assembles in water forming well-

ordered fibrillar aggregates at millimolar concentrations (Figure 2A).[13] The fibers 

exhibited typical birefringence upon staining with Congo red, clear electron diffraction 

patterns, Thioflavin T (ThT) fluorescence patterns (Figure 2B), and strong cytotoxicity 

(Figure 2C), all canonical characteristics of protein amyloids. For cytotoxicity 

measurements, PC12 cells were cultured in 96-well micro plates and were incubated 

overnight at 37 °C. Phe, dissolved in Dulbecco’s Modified Eagle Medium (DMEM) at 

various concentrations, were added to each well. After incubation for 6 hours at 37°C, cell 

viability was estimated using the 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium 

bromide (MTT) assay. Furthermore, these structures were specifically recognized by 

antibodies generated upon their injection into rabbits. Binding by the antibodies significantly 

reduced the cytotoxicity of the assemblies. The hippocampus of model mice, as well as 
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parietal cortex brain tissue from individuals with PKU, were found to contain these Phe 

assemblies. These findings indicate that PKU resembles amyloid-like diseases and may 

result from a similar underlying mechanism.

Phe fibrils were later demonstrated to cross-seed protein aggregation.[26] These fibrils could 

trigger in the self-assembly of proteins under physiological conditions and transform native 

protein structures to β-sheet assemblies. Interestingly, it was observed that both Phe fibrils, 

and, Phe-induced protein aggregates, exhibited hemolytic effect, which along with protein 

aggregation is a characteristic symptom usually found in PKU patients. These findings 

further reinforced the role of Phe aggregation in the disease mechanism of PKU.

Interestingly, D-Phe has been projected as a therapeutic molecule for PKU.[27] Thakur and 

co-workers reported the modulation of the aggregation behavior of L-Phe using D-Phe. It 

was observed that both L-Phe and D-Phe separately form hydrogels with fibrillar structure in 

water and in 300 mM phosphate buffer saline (PBS) (Figure 2D, E). Interestingly, an 

equimolar mixture of L-Phe and D-Phe did not produce gels, rather forming flake-like 

structures which phased out from solution (Figure 2F). The formation of flakes was also 

observed at a concentration ≥ 8% of D-Phe when L-Phe was titrated with increasing 

amounts of D-Phe.

Sarkar and co-workers applied another innovative strategy to arrest the fiber formation of L-

Phe (Figure 2G).[28] Taking a supramolecular approach, they established that two crown 

ethers, 15-Crown-5 (15C5) and 18-Crown-6 (18C6) could inhibit the fiber formation of L-

Phe, although 18C6 was found to be more effective (Figure 2H–I). This inhibition was 

ascribed to the favorable host-guest interaction of the −NH3
+ group of Phe with 18C6. They 

further discovered that lanthanide cations also have the competence to arrest Phe fibrils with 

an efficacy order of Tb3+ < Sm3+ < Eu3+.[29]

Aiming to decipher the structure of Phe assemblies, we performed molecular dynamics 

simulation of 27 Phe molecules, suggesting the formation of ladder-like structures at high 

pH (neutral N-terminal end groups) (Figure 3A, B).[13] This structure was quite different 

from that of the previously reported crystal structures of Phe.[30] Hansmann and co-workers 

studied the Phe self-assembly process by molecular dynamics at pH 7, in which both end 

groups are charged. Surprisingly, in contrary to the previously presented crystal structures,

[30] or the ladder-like structures we have reported,[13] they found that tubular structures, in 

which each layer consisted of four Phe molecules, were the dominant assemblies.[31] 

Bowers and co-workers employed ion-mobility mass spectrometry to inspect the structure of 

the Phe oligomers (up to n = 60) produced during the early stages of the assembly process.

[32] They found a signature of singly and multiply charged oligomers in a mass spectra of 6 

mM Phe in water (pH 6.5). Based on the model proposed by Hansmann, postulating that Phe 

assembles in layers of four monomers,[30] they constructed single tube, double tube, and 

tetra tube pore-like models which were in agreement with the experimental data (Figure 3C–

E). They also observed the presence of sideways π-stacking interactions between the tubes 

(T-shaped π-stacking), along with π-stacking along the fibril axis within the tubes. These 

structures could also explain the cell toxicity of Phe fibers. The hydrophobic outer surface 

Chakraborty and Gazit Page 5

ChemNanoMat. Author manuscript; available in PMC 2019 January 30.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



assists in penetrating the cell membrane whereas the hydrophilic core, comprised of 

zwitterionic ends, causes ion leakage from the cells, ultimately damaging them.

2.1.2.2 Tyrosine Self-assembly: Khushalani and co-workers first documented the self-

assembly of Tyr to form self-assembled nanostructures.[33] They obtained straight fibers 

with a flat ribbon-like textures from a 1 mM solution of Tyr in deionized water. However, 

they did not find any signature of secondary structural characteristics.

Studying the self-assembly of Tyr in deionized water, Verma, Bianco and co-workers 

observed different morphological features depending on the concentration of Tyr.[14a] At a 

concentration of 4.0–5.5 mM, fibers with a cross-section of a few microns were observed, 

whereas a decrease in concentration (~ 2.8 mM) provided nanoribbon strip-like 

nanostructures. At a further lower concentration (0.8 mM), small particles appeared at the 

end of the fibers. Interestingly, formation of dendritic structures from the tips of the 

nanoribbons were observed upon aging of a ~ 4 mM solution of Tyr (Figure 4A–C). No 

resemblance to amyloid-like morphology was observed for the aged Tyr assemblies.

However, we observed that upon dissolving in PBS at a much higher concentration (~ 22 

mM) by heating to 90 °C, Tyr could form amyloid resembling fibers (Figure 4D–F).[14b] 

These fibers also exhibited cytotoxicity and induced apoptotic cell death. This work further 

extended the hypotheses of amyloid formation by building blocks simpler than proteins and 

peptides. Moreover, it also strengthened the correlation of metabolic disorders and amyloid 

diseases.

Sarkar and co-workers shed light on the mechanism of Tyr fiber formation, presenting a self-

assembly process different from that of Phe.[34] While inspecting the effect of 18C6 on the 

Tyr fibrils, they did not find any inhibition of the fibrillary morphology, contrary to previous 

observations for Phe.[28] As it was earlier established that host-guest interaction of the 

−NH3
+ group of Phe with 18C6 resulted the Phe fiber arrest by 18C6, [28] it was apparent 

that −NH3
+ was not involved in the fiber formation of Tyr, and the −OH and −COO- groups 

were the H-bonding partners.

2.1.2.3 Tryptophan Self-assembly: We have extended these earlier findings and shown 

that Trp could also form amyloid fibrils.[14c] At a concentration of ~ 19.5 mM in PBS, Trp 

formed fibrillar structures 5–20 nm in diameter (Figure 4G). As a typical signature of 

amyloid aggregates, these fibrils exhibited positive ThT staining and substantial cytotoxicity 

by inducing apoptotic cell death (Figure 4H).

Interestingly, in ethanol, Trp was found to form discreet nanotubes at a concentration of ~ 

2.4 mM (Figure 4I). [35] These nanotubes exhibited fluorescence when excited at 385 

(blue), 488 (yellow) and 561 (red) nm.

Wangoo, Sharma and co-workers studied the self-assembly and nanostructure formation of 

the aromatic amino acids Phe, Tyr, Trp and His in water/methanol mixtures.[36] Increasing 

the proportion of methanol, thereby decreasing dielectric constant of the solvent mixture 

resulted in different nanostructures. Phe formed more ordered fibers with a smaller diameter 

when methanol content was increased. In a 1 : 1 water: methanol ratio, Tyr formed rod like 
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microstructures rather than nanoribbons in water. In the same solvent ratio, Trp was found to 

assemble into porous networks of twisted nanosheets. His was also reported to form 

dendritic structures in water: methanol (1 : 1), while increasing the methanol content to 90% 

v/v resulted in fused fibril formation.

2.1.2.4 Glycine Self-assembly: Amongst the non-aromatic amino acids, only Gly has 

been reported to form fibrous nanostructures which were probed using 2,2′-bipyridine-3,3′-
diol (BP(OH)2) using the fluorescence lifetime imaging microscopic (FLIM) technique 

(Figure 5A, B).[14d] As in the case of Phe fibrils,[28] 18C6 inhibited the fiber formation of 

Gly by generating flake-like morphology (Figure 5C, D), whereas 15C5 showed no effect. 

Gly fibers are related with numerous genetic disorders, like nonketotic hyperglycinemia, D-

glyceria aciduria, and iminoglycinuria, [14b] emphasizing the significance of these findings.

2.2 Hydrogels

Single amino acids have also been demonstrated to form 3D networks of nanostructures 

which could entrap solvent molecules forming supramolecular gels. In this section we 

discuss different strategies to prepare these gels and their implications.

2.2.1 Enzymatic Approach—Being the first to apply the enzymatic approach to 

prepare amino acid-based hydrogels, Xu and co-workers used alkaline phosphatase, which 

removes the hydrophilic phosphate group from Fmoc tyrosine phosphate (15 in Figure 6A) 

and converts it to hydrophobic Fmoc-Tyr (16 in Figure 6A).[37] This change in solubility 

triggered the supramolecular gelation of Fmoc-Tyr consisting of nanofibrillar morphology. 

This strategy of enzymatic sol-gel transition was later utilized to visually screen the activity 

of inhibitors for a particular enzyme.[38] Pamidronate disodium, Zn2+, and sodium 

orthovanadate (Na3VO4) were examined as inhibitors and their minimum inhibitory 

concentrations were measured by monitoring the sol-gel phase transition (Figure 6B). Yang 

and co-workers also reported hydrogelation using the enzymatic approach where a 

“nonhydrogelator” Fmoc-L-Tyr(PO(OH)2-OMe (17 in Figure 6C) was converted into a 

hydrogelator Fmoc-L-Tyr-OMe (18 in Figure 6C) after treatment with phosphatase.[39] 

They proposed that the nanofibers of the hydrogel were principally composed of the 

hydrogelator, but were doped with the hydrophilic precursor, conferring their stability in 

aqueous medium.

2.2.2 pH Switching—Adams and co-workers used the pH switching method to prepare 

hydrogels of Fmoc-Phe and Fmoc-Tyr.[40] The amino acids were first dissolved in NaOH 

solutions, which were then added to required quantities of glucono-δ-lactone (GdL). GdL 

hydrolyzes in water to yield gluconic acid, resulting in a uniform change of the pH, thereby 

causing the formation of homogeneous gels. They also observed the formation of Fmoc-Phe 

crystals when HCl was used instead of GdL. As the Fmoc-Tyr hydrogels, which were 

mechanically stronger, could restrict the diffusion of larger dyes encapsulated in them. In 

contrast, the Fmoc-Phe hydrogels, being mechanically weak, were not able to retain even 

large dyes. This system can be potentially used as a controlled release system.
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Xu and co-workers studied the gelation behavior of six Phe derivatives (19–24 in Figure 7).

[41] The compounds were first dissolved in 1 N NaOH solution and then the pH of the 

solution was decreased. All the compounds, except 20 and 23, formed hydrogels. 

Interestingly, cis-trans isomerization was observed in 24, which caused a phase separation in 

the corresponding hydrogel.

2.2.3 Solvent Switching—Nilsson and co-workers studied the gelation properties of 

Fmoc protected pentafluorophenylalanine (Fmoc-F5-Phe) by applying the solvent switching 

method.[42] A solution of the peptide in DMSO (210 mM) was diluted with water to a final 

concentration of 4.2 mM (0.2%) yielding an optically transparent hydrogel within minutes. 

They also observed that Fmoc-Phe and Fmoc-4-CF3-Phe precipitated from the solution, 

whereas Fmoc-Tyr formed hydrogels after ~ 30 minutes. The Fmoc-F5-Phe hydrogels 

exhibited superior mechanical properties and lower gelation concentrations compared to the 

Fmoc-Tyr hydrogels. This work demonstrated that the physical properties of Fmoc-Phe 

based gelators could be tuned by side chain π-π stacking, which, by electronic contribution, 

dictates the assembly. To shed further light on the effect of electronegative groups/atoms on 

the π-π stacking, and consequently on the hydrogelation of Fmoc-Phe derivatives, single 

halogen substituents (F, Cl, Br) were introduced in ortho, meta and para positions of the 

benzyl side groups in Fmoc-Phe.[43] The mechanical properties and self-assembly rates of 

the hydrogels were found to vary with the halogen identity and position. Furthermore, 

polyethylene glycol (PEG) chains were introduced into Fmoc-F5-Phe to increase the 

solubility of the fibers which could lead to shear-responsiveness.[44] Indeed, co-assembly of 

Fmoc-F5-Phe and Fmoc-F5-Phe-PEG yielded hydrogels with adequate mechanical rigidity 

and ideal shear-responsiveness. Later, the C-terminal carboxylic acid groups of Fmoc-F5-

Phe and Fmoc-3-F-Phe were modified to amide and methyl esters.[45] Interestingly, while 

the ester derivatives did not form hydrogels, the amide derivative formed hydrogels faster 

than the parent carboxylic acid derivatives. However, the lower solubility of the amide 

derivatives made them non-responsive to shear.

Our group reported the engineering of a two-component hydrogel composed of Fmoc-3,4-

dihydroxyphenylalanine (Fmoc-DOPA) and Fmoc-Tyr by the solvent switching approach.

[46] This hydrogel combined the physical properties of the Fmoc-Tyr gels with 

functionalities of the catechol groups of DOPA. This hydrogel could reduce ionic silver and 

form silver nanoparticles within the hydrogel matrix upon exposure to ambient light. This 

ability originated from Fmoc-DOPA, as Fmoc-Tyr did not exhibit nanoparticle formation 

under similar conditions.

2.2.4 Heating-cooling—Banerjee and co-workers obtained a hydrogel of Fmoc-Phe 

with a low gelation concentration (0.1%) in physiological pH (7.46) by the heating-cooling 

technique.[47] They observed that silver ions could be complexed with the gelator and 

consequently reduced to form fluorescent silver nanoclusters under diffused sunlight. They 

confirmed that the clusters were composed of very few silver atoms (Ag4). Functionalized 

single-walled carbon nanotubes were integrated with this hydrogel, resulting in improved 

mechanical properties, thermal stability, and conductivity.[48] It was shown that the carbon 

nanotubes were aligned in a 1D pattern along the hydrogel nanofibers.
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A pyrene-conjugated Phe-based hydrogelator pyrene-Phe-OH, which forms thixotropic 

hydrogels in a wide pH range of 7.46–14, was also reported. [49] Interestingly, hydrogels 

were produced at a low gelation concentration of 0.037% in pH 7.46, indicating pyrene-Phe-

OH to be a supergelator. Using the thixotropic property, vitamin B12 and doxorubicin, an 

anticancer drug, were incorporated into the hydrogels and their sustained release was 

studied. The thixotropic property allowed the incorporation of drug molecules inside the 

hydrogels, thereby avoiding the heating-cooling cycles which can potentially damage the 

drug activity.

Taking advantage of the co-assembly approach, an antibacterial amino acid-based building 

block, Fmoc-Leu, was co-assembled with Fmoc-Phe to prepare hydrogels with antimicrobial 

activity.[50] The hydrogels exhibited selective activity against gram-positive bacteria by 

disrupting the cell wall and membrane. The hydrogels were also found to be biocompatible 

with mammalian cells.

The hydrogelation ability of a Trp derivative was reported by Nandi and co-workers, who 

reported the gelation of Fmoc-Trp at pH 7.[51] The hydrogels were thixotropic in nature and 

exhibited strain recovery properties. To improve their mechanical properties, PEG was 

incorporated inside the hydrogels. The composite hydrogels indeed exhibited improved 

mechanical strength, higher strain recovery and enhancement of thixotropy. Utilizing the last 

property, doxorubicin was incorporated within the hydrogels and its release was tuned by 

changing the amount of PEG within the Fmoc-Trp networks. Recently, this Fmoc-Trp 

hydrogel was combined with a double network polyacrylamide/poly(vinyl alcohol) (PAAm/

PVA) hydrogel.[52] The resulting hybrid hydrogels offered a reduction in friction 

coefficients on the hydrogel surface under application of shear.

Hanabusa and co-workers worked extensively on lysine (Lys) based hydrogels. They 

converted lysine based organogelators to hydrogelators by incorporating charged or non-

charged hydrophilic groups into the organogelators. To create positively charged 

hydrogelators, pyridinium or imidazolium cations were incorporated on a terminal or 

pendant group,[53] whereas, negatively charged hydrogelators were prepared by de-

esterification in alkaline condition.[54] Moreover, a non-ionic water soluble functional 

group, aldonamide, was introduced to produce non-ionic hydrogelators.[55]

New reports of amino acid based composite hydrogels are often published. A conducting 

hydrogel of Fmoc-Phe and polyaniline was reported, in which, a metastable hydrogel of 

Fmoc-Phe and aniline could be transformed into a stable, conducting hydrogel by 

polymerizing aniline inside the gel network.[56] Expectedly, the polymerized hydrogels 

exhibited much higher conductivity and capacitance, compared to the unpolymerized 

hydrogels.

There are also reports on amino acid based organogels. Nandi and co-workers reported the 

gelation of Fmoc-Phe in toluene and its co-assembly with 2-aminoanthracene (AA) and 2-

aminonaphthalene.[57] The co-assembled gels of Fmoc-Phe and AA exhibited highly 

improved mechanical properties, compared to the Fmoc-Phe gels. Interestingly, Fmoc-Phe 

(acceptor) formed a charge transfer complex with AA (donor) in the gel state, accompanied 
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by a color change of the gels from greenish-brown to deep-green. Recently, Lloyd and co-

workers reported the gelation of unprotected Phe in DMSO.[58] They found that Phe could 

form gels at a much lower concentration in DMSO, as compared to water. Noticeably, the 

DMSO gels were transparent, unlike the opaque hydrogels.

3 Conclusions and Future Outlook

Amino acids have emerged as the simplest bio-inspired building blocks for producing 

nanostructures. As discussed in this focus review, both modified and unmodified amino 

acids are observed to form nanostructures with diverse morphologies, including fibers, 

vesicles, nanorods, nanoflakes, nanotubes, etc. The fibers could also physically cross-link to 

create entangled 3D network structures capable of immobilizing solvent molecules thus 

forming gels. These nanostructures are of paramount importance from both disease and 

materials science point of view. The fibers produced from the self-assembly of unprotected 

amino acids, such as Phe, Tyr and Trp, resemble typical protein amyloid assemblies. These 

discoveries reinforce the connection of metabolic disorders and amyloid diseases, and the 

understanding of the amino acid aggregation mechanism could shed light on the underlying 

etiology of these diseases. Moreover, methods to arrest the fiber formations potentially 

provide new paradigms for therapeutic intervention in these diseases. On the other hand, 

modified amino acids yield nanostructures/hydrogels for various applications, including 

drug encapsulation and release, electron acceptors for solar cells, formation and stabilization 

of silver nanoparticles in hydrogel matrix, antibacterial materials, lubrication under shear, 

etc.

As this field of research is comparably new, future discoveries are expected to further 

promote our understanding of disease etiology, as well as the development of novel materials 

for different applications. Thus, the ability of other unprotected amino acids to form ordered 

amyloid structures and their correlation with metabolic disorders may provide new insights 

into the underlying mechanisms of these ailments. Moreover, the design of de novo stimuli 

responsive assemblies of modified amino acids is thought-provoking, as they are of 

fundamental importance in drug delivery. Amino acid based hydrogels could be integrated 

with covalent polymers to improve their mechanical properties. Hybrids of hydrogels with 

graphene quantum dots/carbon dots are also fascinating, potentially combining the soft 

nature and intrinsic bio-compatibility of hydrogels with the electronic properties of graphene 

quantum dots/carbon dots.
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Figure 1. 
(A) Chemical structures of the amino acid derivatives (1-11). (B–D) Scanning electron 

microscopy (SEM) images of the nanostructures formed by compound (1) in (B) methanol, 

(C) chloroform + petroleum ether (3 : 7), and (D) toluene (10 mM).[19] (E) Molecular 

structures of the modified amino acids (12, 13, 14). Figures reproduced with permission 

from reference.
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Figure 2. 
(A) TEM image of Phe fibrils (scale bar 1 μm).[13] (B) Confocal microscopy image of Phe 

fibers dyed with ThT (scale bar 10 μm).[13] (C) Cytotoxicity of the Phe fibers (Ala as 

control) towards PC12 cell line determined using MTT assay.[13] (D–F) SEM images of (d) 

300 mM L-Phe (top window 10 k× zoom) (scale bar 10 μm), (E) D-Phe (scale bar 2 μm), (F) 

DL-Phe (scale bar 20 μm) (top window 5 k×zoom). [27] (G) FESEM image of Phe fibrils 

(scale bar 4 μm).[28] (H–I) Phe fibril inhibition by 6 mM of (H) 18C6 (scale bar 20 μm) and 

(I) 15C5 (scale bar 10 μm) after 48 hours.[28] Figures reproduced with permission from 

respective references.
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Figure 3. 
Molecular dynamics showing (A) ladder-like and (B) four-fold dodecamer structures, 

containing three four-monomer layers of Phe oligomers.[32] (C–E) (c) Single, (D) double 

and (E) tetra tube models of Phe oligomers.[32] Figures reproduced with permission from 

reference.
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Figure 4. 
Tyr and Trp self-assembly. (A–C) TEM micrographs of Tyr assemblies at ~ 4 mM at various 

time points: (A) 6 days, (B) 14 days, (C) 22 days.[14a] (D–F) Amyloid nature of Tyr fibers. 

(D) TEM image (scale bar 500 nm), (E) ThT microscopy (scale bar 20 μm) and (F) 

fluorescence spectrum of Tyr fibers.[14b] (G) TEM image of Trp fibers (scale bar 500 nm).

[14c] (H) Cytotoxicity of Trp fibers towards SH-SY5Y cells.[14c] (I) FESEM images of Trp 

nanotubes (scale bar 200 nm).[35] Figures reproduced with permission from respective 

references.
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Figure 5. 
Glycine self-assembled fibers and their disruption by 18C6.[14d] (A–B) Gly fibers images 

showing (a) fluorescence intensity and (b) lifetime images (scale bar 25 μm). (C–D) Gly 

flake-like structures formed in the presence of 18C6 showing (C) fluorescence intensity and 

(D) lifetime images (scale bar 25 μm). Figure reproduced with permission from reference.
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Figure 6. 
(A) Transformation of the precursor (15) to the hydrogelator (16) by alkaline phosphatase 

enzyme. (B) Schematic representation of utilizing enzymatic supramolecular hydrogelation 

for screening inhibitors of alkaline phosphatase.[38] (C) Chemical structures of the 

precursor (17) and hydrogelator (18). Figure reproduced with permission from reference.
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Figure 7. 
Chemical structures of the gelators used in reference 41.
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