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neutral condition. The nature of interactions which lead to such self-assemblies was purported by
coincubating assemblies in urea and mercaptoethanol. Further interaction of aggregates with short
amyloidogenic dipeptide diphenylalanine (FF) was assessed. While cysteine aggregates completely disrupted
FF fibres, methionine albeit triggered fibrillation. . The results presented in the manuscript are striking, since to
the best of our knowledge,this is the first report which demonstrates that even non-aromatic amino acids
(cysteine and methionine) can undergo spontaneous self-assembly to form ordered aggregates.
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Fig. S1: Optical Microscopy images of 3mM amino acid in DI waterat 40X resolution (a) Tyrosine (b) Tryptophan (c) Phenylalanine
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Fig. S2:  SEM images of 3mM amino acid in DI waterat 40X resolution (a) Cysteine (b) Methionine
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Fig S3: Optical Microscopy images in DI waterat 40X resolution (a) Methionine (b) Methionine + Urea.
Scale bar 50 µm. 

Fig. S4: SEM images of (a) FF alone (b) FF+ Cysteine (c) FF+ Methionine.
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Abstract: We report for the very first time self assembly of Cysteine and Methionine to 
discrenible strucutres under neutral condition. The nature of interactions which lead to such self-
assemblies was purported by coincubating assemblies in urea and mercaptoethanol. Further 
interaction of aggregates with short amyloidogenic dipeptide diphenylalanine (FF) was assessed. 
While cysteine aggregates completely disrupted FF fibres, methionine albeit triggered 
fibrillation. The results presented in the manuscript are striking, since to the best of our 
knowledge,this is the first report which demonstrates that even non-aromatic amino acids 
(cysteine and methionine) can undergo spontaneous self-assembly to form ordered aggregates. 

Introduction 

Peptides have been the most attractive template for designing novel nanostructures due to their 
varied chemical and functional diversity. There are numerous reports wherein peptides has been 
used for designing smart nanomaterials with diverse applications.1 Self-assembly of peptides to 
nanotubes and nanofibers is of peculiar interest, due to its potential nano(bio)technology 
applications ranging from designed synthetic ion channels and tissue engineering to 
bioelectronics, optical and spintronic materials.2 The pioneering work of Reches and Gazit 
demonstrated that aromatic dipeptide diphenylalanine (FF) self-assemble to rigid nanotubular 
structures and further elucidated its application as scaffolds for casting silver nanowire.3 This 
was a breakthrough research which led to significant interest/efforts for assessing self-
assembling behaviour of short peptides.4 More importantly, it was elucidated that FF sequence is 
present at 19 and 20 position of Aβ (1-42) sequence and plays a crucial role in aggregation of the 
amyloidogenic protein.5 In yet another very interesting study, Adler Abromovick and coworkers 
for the very first time reported self-assembling property of single amino acid phenylalanine by 
various biophysical and cell-based assays.6 They reported the assemblies of phenylalanine to be 
toxic in nature with amyloid characteristics, thus relating the etiology of phenylketonuria to 
amyloid associated disease. Henceforth, the study of self-assembling properties of individual 
aminoacid has become a topic of crucial interest for understanding the etiology of diseases 
caused by protein aggregation like Alzheimer’s and Parkinson’s. Perween and coworkers further 
studied self-assembled fibres formed by single amino acids phenylalanine and tyrosine by 
various techniques like circular dichroism, FTIR, Congo red and thioflavin T assays and 
elucidated that the structures were 1D assemblies lacking any secondary structure like α-helix 
and β sheet and even purported the nature of interactions to be simply non covalent pi-pi 
interactions.7 A recent report also indicate that single amino acids tryptophan and tyrosine form 
fluorescent nanotubes as assessed by fluorescence microscopy studies.8 More significantly, 
single amino acid based self-assembled structures also provide a very simple and facile 



methodology for design of novel nanomaterials with diverse applications in materials and 
biology.9 

As a consequence of these studies, and our previous research interest on bio-molecular self-
assembly,10 we were motivated to examine the self-assembling propensity of individual amino 
acids in solution to get further insights into its structure formation. Herein, we present for the 
very first time a comprehensive study of self-assembling behaviour of 21 L-amino acids in 
aqueous solution. Of the 21 L-amino acids studied, only five amino acids namely cysteine (Cys), 
methionine (Met), tyrosine (Tyr), phenylalanine (Phe), and tryptophan (Trp), showed 
spontaneous self-assemblies as visualised by optical microscopy in neutral aqueous solution. 
While it has been previously reported that tyrosine, tryptophan and phenylalanine do assemble to 
fibre/nanotube like structures, self-assembling propensity of Cys and Met is still unknown. 
Hence, the results presented in the manuscript are significant, since they demonstrate for the very 
first time, spontaneous self-assembly of non-aromatic amino acids like Cys and Met to 
discernible structures in solution. The self-assembling behaviour of Cys was particularly peculiar 
since it revealed a neuronal fibril like morphology with fibres appearing from single focus 
(Figure 1, Fig. S2, ESI†). Methionine, on the other hand, revealed more organised fibre like 
morphology. The aromatic amino acids namely tyrosine, tryptophan and phenylalanine indeed 
showed fibril morphology as reported in previous studies (Fig. S1 ESI†).6,7,8 The nature of 
interactions which lead to structure formation of Cys and Met were purported by co-incubating 
the assemblies in urea and mercaptoethanol which revealed the important role of hydrogen 
bonding and disulphide interactions in structure formation. The structure formation of Cys and 
Met were also assessed under varying pH, concentration and time. The studies presented herein 
therefore might be of crucial interest to assess the etiology of many diseases caused by protein 
aggregation and moreover, provides a very simple and facile methodology for design of novel 
nanostructures through a bottom-up approach. 

Experimental Section 

All 21 L- amino acids were purchased from reference grade kit of L-amino acids offered by 
Sisco research laboratories (India) and used without further purification. The purity of all the 
amino acids procured was minimum 99%. Deionized water was used for preparing all the 
solutions (Millipore). No additional organic solvent was added. Scanning electron microscopy 
(SEM) images were taken using a Nova Nano FEG-SEM 450 microscope (the accelerating 
voltage ranged from 5 to 15 kV). SEM samples were prepared on silicon wafers and 10 
microlitre of 3mM solution of peptides were dispensed and dried at room temperature. The 
optical microscopy images were taken under Leica DM 2500 microscope with 40X 
magnification.  

Results and Discussions 

All 21 L-amino acid solutions were analyzed within a concentration range of 1 mM to 10 mM. 
All the solutions were prepared using only deionized water and no additional salts were added. 
The self-assembling properties of each amino acid were assessed by optical microscopy 
measurement. Of the 21 amino acids dissolved in four concentrations 1mM, 3mM, 6mM, 10mM 



only five amino acids namely, phenylalanine, tyrosine, tryptophan, cysteine and methionine 
showed fiber like assemblies. Figure 1a, 1b displays a SEM image of the structures formed by 
the 3 mM solution of Cys and Met. The self
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diameter of the fiber varied from 200 nm to few micrometers and the length was on the order of 
several micrometers (see Fig. S2, ESI†). These high aspect ratio structures were observed even 
when the concentration was increased up 
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Figure 1:Self assembled structures formed by Cysteine and Methionine (a) SEM of 3mM solution of Cys
of 3mM solution of Met (c) Optical Microscopy image of 
3mM solution of Met. 
 
Fig. 1b displays an analogous SEM image for solution prepared with methionine. It can be 
assessed that Met also assemble to fiber like structures, however, the fibers here appear more 
distinct and less aggregated as compared to Cys. The fibers albeit not straight but appear to be 
more organized and aligned. The length ranged in several micrometers with varying diameter 
from 200 nm to few microns. The fibers also appear branched. Figure 1c and Figure 1d are 
representative optical microscopy images of Cys and Met which also reveals a structure 
formation complementary to that observed in SEM and suggest the assemblies are i
big to be observed clearly by optical microscopy measurements. The Cys and Met structures 
werealso studied under varying pH (2
conditions and disruption of morphology was assessed in slightly aci
(data not shown) 
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Self-assembly is a spontaneous process of organization of molecules to well
mainly driven by electrostatic interaction, hydrophobic interaction, hydrogen bonding, and
π stacking interactions.11 The formation of self
mainly attributed to aromatic ring stacking (π
aromatic functionalities. Thus Tyr, Trp and Phe assemblies may be attributed to pi
and other possible interactions like van der Walls and hydrogen bonding like C
discussed earlier.12 A non polar amino acid, like methionine which lack aromatic side chain may 
assemble to fiber like aggregates by hydrophobic interactions and possib
hydrogen bonding between nitrogen of amine and hydrogen of carboxylic group present in 
adjoining molecule of amino acid.
hydrogen bonding and thiol interactions. In addition, thes
form hydrogen bond with polar solvents like water. The role of water molecule in formation of 
such self-assembly as nanotubes/nanofiber is already reported.

 

 

 

 

 

 

 

 

 

 

 

Figure-2.Microscopy images of cysteine withand
cysteine with urea, (c) OM image of cysteine alone (d) OM image of cysteine with urea.
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Figure-4: Optical Microscopy images in DI waterat 40X resolution (a) Cysteine (b) Cysteine at pH 8 (c) Cystine a 
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are interfered by thiol present in cysteine which may lead to disruption of fibres. It is also 
reported that methionine triggers amyloid proliferation which complements with the results 
obtained.18 
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Conclusions 

In summary, a comprehensive study of self
Five amino acids (Phe, Tyr, Trp, Cys and Met) revealed spontaneous structure formation in 
neutral aqueous solution. These results are highly significant since to the best of our knowledge 
till date, it is reported that only amino acids with aromatic side chain
capable of forming spontaneous assemblies. However, the studies reported herein, manifest for 
the very first time spontaneous structure formation by cysteine and methionine (amino acid 
lacking aromatic side chain).  
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