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Spontaneous Nanobelt Formation by Self-Assembly of β-benzyl 

GABA 

Aram Jeon,†‡[a] Jintaek Gong,†[a] Jun Kyun Oh,[b] Sunbum Kwon,[c] Wonchul Lee,[a] Sang Ouk Kim,[d] 

Sung June Cho,[e] and Hee-Seung Lee*[a] 

Abstract: We present the formation of a nanobelt by self-assembly of 

β-benzyl GABA (γ-aminobutyric acid). This simple γ-amino acid 

building block self-assembled to form a well-defined nanobelt in 

chloroform solvent. The nanobelt showed distinct optical properties 

due to π–π interactions. This new-generation self-assembled single 

amino acid may serve as a template for functional nanomaterials. 

The majority of scientific research on the self-assembly of 
amyloid β (Aβ) has been conducted from a pathological point of 
view, because the self-assembly of Aβ is closely related to 
Alzheimer's disease.[1] In particular, numerous studies have been 
devoted to inhibiting the formation of amyloid fibrils in vivo and in 
vitro, in order to overcome this chronic neurodegenerative 
disease.[2] Interestingly, this self-assembly phenomenon has also 
evoked interest in an entirely different field of research, as 
chemists have identified useful structural properties of amyloid 
fibrils. The formation of fibrils under conditions found inside living 
organisms has inspired chemists to produce well-defined nano-
/micro-sized functional materials with amyloid-like peptides.[3]  

The building block commonly used in these studies is an 
amphipathic peptide with alternating hydrophobic and hydrophilic 
residues, usually represented as (XZXZ)n.[4] The well-known β-
strand forming (FKFE)n peptides are chains in which hydrophobic 
(phenyl) and hydrophilic (ammonium and carboxylate) functional 
groups are positioned in an alternating fashion. Thus, various 
functional materials using the (FKFE)n peptide have been 

reported as they readily self-assemble into well-defined 
superstructures. This is realized in the bilayer structure, which is 
the representative structure formed spontaneously via self-
assembly of amphipathic peptides [3d, 4b, 4d, 5]  

However, the inherent structural complexities of peptides, 
such as backbone flexibility and ill-defined secondary structures, 
remain crucial hurdles in their effective application as building 
block molecules. This has led to increasing demand for the 
development of simpler building blocks with low molecular weight 
that are capable of producing well-ordered supramolecular 
structures with manipulable assembly mechanisms. In particular, 
single amino acids are suitable for meeting this demand because 
they allow simple and cost-effective experimental procedures for 
self-assembly experiments.[6] This attempting to implement a 
complex self-assembled system using a simpler building block is 
a common issue in bottom-up approach, and not limited to peptide 
self-assembly studies,[7] indeed. In this vein, some sets of 
molecules have been reported previously to form a 
supramolecular structure of a single amino acid; however they 
require an additional protecting group or a specific condition, such 
as evaporation of the solution on a surface.[8]  

 

 
Scheme 1. Molecular design of the building block for self-assembly, inspired by 
the typical bilayer structure of (FKFE)n peptide. Here, F, K and E represent the 
side chains of phenylalanine, lysine and glutamic acid, respectively. The 
backbone structure of (FKFE)n peptide is shown as the bold solid-line. β-benzyl 
GABA (β-benzyl γ-aminobutyric acid, γ-Phe) has all key functional groups 
similar to (FKFE)n peptide (Ph, NH2, and COOH). 

Herein, we introduce a simple γ-amino acid building block, β-
benzyl GABA (β-benzyl γ-aminobutyric acid, γ-Phe), that is 
designed to mimic the fragment of the bilayer structure of 
amphipathic (FKFE)n peptides (Scheme 1). As shown in the 
scheme, it is proposed that functional groups present in glutamic 
acid and lysine could be extracted as carboxylic acid and amino 
groups respectively, as present in the backbone of γ-amino acid. 
In addition, by maintaining the benzyl group, all functional groups 
of the tri-peptide FKE can be installed in a single amino acid. This 
would be the smallest building block that has all the advantages 
of the amphipathic. Subsequently, it was found that this building 
block forms well-defined nanobelts with photoluminescence 
properties, through a spontaneous self-assembly process. 

This γ-amino acid, (S)-γ-Phe, was synthesized in an 
enantiopure form by following the procedure given in an earlier 
study (see ESI for the detailed procedure).[9] When a solution of 
(S)-γ-Phe (10 μL, 8 g L−1 in ethanol) was added to chloroform (1 
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mL), it self-assembled spontaneously to form well-defined 
nanobelts within a few minutes of sonication (Figure 1), whereas 
natural α-Phe did not undergo self-assembly under the same 
conditions. Scanning electron microscopy (SEM) images of the 
filtered material shows fairly homogeneous nanobelt morphology 
with the length ranging from tens to hundreds of micrometers 
(Figure 1a–b). The width of the nanobelts is in the range of 0.1–1 
μm and the thickness of the nanobelts is about half the width, as 
shown in the cross-sectional SEM image in Figure 1c. When self-
assembly takes place in presence of phosphotungstic acid (used 
for negative staining in TEM analysis), identical nanobelts are 
formed. Several parallel dark lines are clearly seen along the axis 
of the nanobelt in the TEM image (Figure 1d). The occurrence of 
these dark lines, with a period of 5–10 nm, is probably due to the 
adhesion of the staining reagent along the hydrophilic region of 
the nanobelts. 

 
Figure 1. a, b) SEM images and c) a cross-sectional SEM image, of the self-
assembled structures of γ-Phe. d) High-resolution TEM image of co-assembled 
structures of γ-Phe with staining reagent (phosphotungstic acid); parallel dark 
lines are clearly seen in the image (yellow arrow). 

To investigate the molecular packing structure of γ-Phe 
monomers in the self-assembled nanobelts, powder X-ray 
diffraction (PXRD) analysis of the nanobelts and the raw powder 
was carried out. Both samples showed considerably strong and 
distinct peaks, indicating high crystallinity. Unfortunately, the 
diffraction pattern of the nanobelts could not be indexed with a 
single-phase unit cell. However, it should be noted that the 
diffraction pattern of the nanobelts has all diffraction peaks 
corresponding to the raw powder. This indicates that the 
molecular packing structure of the nanobelts is either a supercell 
structure of the raw powder, or that the raw powder is present as 
an impurity phase in the sample. In other words, the nanobelts 
are expected to have a packing structure identical to that of the 
raw powder, with small differences in the conformation such as in 
the orientation of aromatic rings or the existence of disorders. 
Thus, we approximated the molecular packing structure of the 
nanobelts from the raw γ-Phe monomer powder (Figure S1). For 
the raw powder, a monoclinic unit cell with a = 7.966 Å, b = 6.400 
Å, c = 10.4242 Å, and β ≈ 90° was found to be a probable 
candidate with a moderately high figure of merit value (F.O.M = 
55.7[10]). This structure was further refined and its symmetry 
lowered to have a triclinic unit cell containing a pseudo-21 screw 

axis along the b-axis (see ESI for detailed information) during the 
final Rietveld refinement step. The March-Dollase preferred 
orientation model[11] was adopted for the [100] and [010] axes to 
approximate the morphological characteristic of the raw powder, 
which consisted of both plate-like and needle-like structures 
(Figure S1). The refinement converged to give Rp = 8.16 %, Rwp 
= 10.69 %, and Rexp = 4.89 %, and the obtained March-Dollase 
preferred orientation coefficients (PMD)[11] were found to be 0.639 
and 1.517 along the [100] and [010] directions, respectively. The 
diffractometer was used in the Bragg-Brentano geometry, and the 
characteristic morphology of the raw powder was presumed to 
have produced a strong texture on the sample. The refined 
structure (Figure 2c) revealed a unique network in the ab plane, 
consisting of two orthogonal hydrogen bonds along the a and b 
axes. No typical π–π interactions were found inside this structure. 

 
Figure 2. a) PXRD patterns of γ-Phe raw powder and nanobelt, b) SEM image 
of the self-assembled structures of γ-Phe. They have a preferred orientation 
along the [010] direction. c) The refined structure of γ-Phe monomer in the raw 
powder form. 

Based on the morphological similarity with the needle-like 
structure of the raw powder, and by the comparison of PXRD 
patterns and PMD values, it was predicted that the longitudinal 
direction of the nanobelts would be parallel to the [010] direction 
(Figure 2, S1). Nonetheless, the cause of the formation of a well-
defined structure for the nanobelts during the self-assembly 
process, in contrast with the raw powder, remained obscure. We 
hypothesized that there are additional intermolecular and π–π 
interactions in the nanobelt structure that explain this difference 
in behavior. These interactions can be realized in the nanobelt by 
the possible aggregation of two phenyl rings in the unit cell in a 
head-to-tail arrangement to form a J-dimer. 

To confirm the PXRD results, absorption and 
photoluminescence (PL) measurements were carried out. The 
absorption spectrum of the nanobelt structure, in which phenyl 
rings are expected to be well-aligned, is significantly different from 
that of the raw powder (Figure 3a). While a typical absorption 
peak (located at 257 nm) due to the aromatic ring of γ-Phe residue 
is observed for the raw powder (red line), a broad absorption 
feature centered below 250 nm with tails extending beyond our 
measurement range is observed for the nanobelts (black line). 
This demonstrates a clear tendency towards aromatic stacking 
along the longitudinal axis of an ordered 2D-structure in the 
nanobelts. 
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In addition, the nanobelts display different PL properties from 
that of the raw powder (Figure 3b). Upon excitation at 260 nm (the 
excitation wavelength of phenyl group), the characteristic peak 
corresponding to the phenyl ring is found at 280 nm, whereas an 
additional broad peak appears in the range of 350–450 nm only 
for the nanobelts. To further investigate the nature of PL in the 
nanobelts, we obtained the photoluminescence excitation (PLE) 
spectra at two emission wavelengths of 280 nm and 395 nm (blue 
and black lines in Figure 3c, respectively). The first excitation 
spectrum (blue line) exhibits a sharp peak centered at about 260 
nm, which corresponds to the aforementioned inherent property 
of aromatic rings. On the other hand, the second spectrum (black 
line) reveals that the center of the emission peak for a 395 nm 
excitation is located at a wavelength of 330 nm. Thus, when the 
excitation wavelength is 260 nm, the PL spectrum of the 
nanobelts has a relatively lower intensity for the 395 nm peak 
compared to the 280 nm peak, as seen in Figure 3b. Figure 3d 
shows a comparison of PL intensity with the excitation 
wavelengths 330 nm (black line) and 260 nm (blue line). The peak 
intensity at 395 nm is three times stronger than at 280 nm. These 
features of the PL spectra can be observed in polymer 
compounds containing aromatic groups due to the transition of 
the π* excited state to the π state. The broad excitation and 
emission bands may indicate the existence of several 
“conjugation lengths” (the degree of π-stacking of γ-Phe) with 
various HOMO–LUMO energy band gaps in the nanobelts. 

 
Figure 3. a) Absorption spectra of γ-Phe nanobelt (black line) and γ-Phe raw 
powder (red line). b) PL spectrum (excitation wavelength: 260 nm) of γ-Phe 
nanobelt (black line) and γ-Phe raw powder (red line). There are two distinct 
peaks in for the nanobelt: a sharp peak located at 280 nm (blue arrow) and a 
broad peak located at 395 nm (black arrow). c) PLE spectrum of γ-Phe nanobelt 
obtained while detecting the emission at two wavelengths: 395 nm (black line) 
and 280 nm (blue line). d) PL spectrum of γ-Phe nanobelt at two excitation 
wavelengths: 330 nm (black line) and 260 nm (blue line). 

All these experimental results lead us to the conclusion that 
the conformational preorganization of γ-Phe through 
intramolecular hydrogen bonding plays an important role in 
accelerating and guiding the self-association in the solution phase. 
This is achieved by considerably reducing the entropic cost that 
must be overcome to form the preferred linear ordering. The π–π 
interactions also play a crucial role and are well-balanced with 
hydrogen bonding in association with the building blocks. 

Additional control experiments proved that the existence of the 
phenyl group for π–π interaction was necessary to form the well-
defined nanostructures, such as nanobelt shape in this case. This 
is clearly supported by the self-assembly studies using other γ-
amino acids (β-isobutyl-GABA (pregabalin) and gabapentin) with 
aliphatic side chains. None of the cases provided well-defined 
structures, as shown in Figure S8. 

In conclusion, we present an interesting example for 
producing well-defined nanomaterials with cost-efficient building 
blocks. The β-benzyl GABA used in this study revealed a 
characteristic of efficient self-assembly into a nanobelt structure 
containing fibrillar bilayers similar to that of the amphipathic 
(FKFE)n sequence. Additionally, the single amino acid self-
assembles spontaneously into well-defined nanobelts with PL 
properties due to the π-conjugated system. We have thus 
presented an example illustrating how to design a bio-inspired, 
molecular building block for effective and spontaneous 
association by introducing the requisite functional groups in a 
proper geometry and conformation. It is expected that the present 
results will lend new insight into the design principle of molecular 
building blocks for functional complex nanostructures by self-
assembly from a cost-efficiency point of view. In addition, this 
strategy of using amyloid-inspired peptides for nano-engineering 
can be applied to multiple fields such as biomedicine, tissue 
engineering, wound healing, and drug delivery.   
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