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ABSTRACT: The synthesis and the structural characterization of dipeptides composed of unnatural fluorine substituted 
β2,3-diaryl-amino acid and (L)-alanine are reported. Depending on the stereochemistry of the β amino acid, these dipeptides 
are able to self-assemble into proteolytic stable nanotubes. These architectures were able to enter the cell and locate in the 
cytoplasmic/perinuclear region, and represent interesting candidates for biomedical applications. 

The construction of well-defined nanostructures from 
the self-assembly of small organic molecules has gained in-
creasing attention in the last decade, with the development 
of a broad range of applications, from catalysis to electro-
chemistry, biology and nanotechnology.1 In particular, 
peptide-based nanostructures are of valuable interest in bi-
ological systems,2 e. g. as antimicrobials, as anti-amyloido-
genic agents, as transmembrane pore models, as ion chan-
nel mimics, and as drug delivery vehicles. Nanotubes have 
been obtained by the self-assembly of different classes of 
peptides, including cyclic peptides, amyloid peptides and 
surfactant-like peptides, as recently reviewed.3 The diphe-
nylalanine dipeptide (FF) has been widely exploited giving 
access to several ordered and almost intricate morpholo-
gies.3,4 In aqueous solution it forms channel structures that 
are held together by a complex interplay of back-

bone−backbone hydrogen bonds and π-π interactions be-
tween the aromatic rings of the side-chains.5 As a result, 
the obtained nanoscale tubes are characterized by hydro-
phobic external walls, while hydrophobic/hydrophilic 
groups remain exposed on the inner surface. These FF 
nanotubes have been proposed as potential drug delivery 
systems since they can self-assemble on a larger scale to 
form bundles comprising microscale tubular arrange-
ments.6 On the other hand, FF nanotubes show proteolytic 
degradation (70%, 24h). Recently, it has been reported that 
the insertion of non-natural β-phenylalanine increases the 
resistance to protease degradation.2b 

The aim of the present work has been the preparation of 
proteolytic stable nanotubes that could be thus exploitable 
in biomedical applications. Continuing our research on un-
natural amino acids,7 and on their use for the preparation 



 

of peptidomimetics,8 we focused our attention on β2,3-dia-
rylamino acids, recently prepared in our group through a 
diasteroselective synthesis.7a In particular, we selected syn 
3-amino-2-(2-fluorophenyl)-3-phenylpropanoic acid. This 
amino acid possesses all the features to be used for the 
preparation of self-assembled structures: i.e. the presence 
of aryl groups inducing π-π interactions, the fluorine atom 
increasing lipophilicity and, due to its extended confor-
mation,9 the potential to favor β-sheet tapes.2a Further-
more, as non-natural amino acid, resistance to proteolysis 
could be expected.10   

Dipeptides D1 and D2, containing L-Ala and S,S or R,R 
stereoisomer of 3-amino-2-(2-fluorophenyl)-3-phenylpro-
panoic acid, respectively were efficiently synthesized in 
gram scale from racemic β-amino acid syn-1 (see Scheme 1 
and Supporting Information for experimental details). Di-
peptides D1 and D2 were fully characterized by NMR 
(CDCl3, 500 MHz). As expected, the β-amino acid in both 
dipeptides is characterized by a trans conformation ac-
cording to 3JCβH-CαH values (10 Hz) that are typical of syn β2,3-
amino acids.9 Only slight differences on the chemical shifts 
as well as on the NOEs were observed (Figure S1). A strong 
NOE effect between CHAla1 and NH-2 was observed for both 
D1 and D2 dipeptides. The 1H NMR experiments at variable 
temperatures and the DMSO-d6 titrations excluded the 
presence of any intramolecular hydrogen bonds (see Sup-
porting Information: Figure S4B and discussion).  
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Scheme 1. Synthesis of D1 and D2 

The CD signature of D1 in H2O/TFE (1:1) solution showed 
two positive bands at around 197 nm and 215 nm. D2 spec-
trum presented the same Cotton Effect but with opposite 
sign and slightly lesser intensity (Figure 1). Considering 
that in both dipeptides alanine possesses the same (L) ste-
reochemistry, this result indicates that the adopted confor-
mation in solution is driven by the stereochemistry of the 
unnatural residue (R,R for D1 and S,S for D2). Anyway, CD 
analysis does not allow gaining information on the confor-
mation of the peptide because of the strong absorbance of 
the aromatic rings at 210 nm, as evicted by UV analysis (see 
Figure S2 in Supporting Information). 

 

Figure 1. CD spectra of D1 (black line) and D2 (red line). 

To get further insight into the secondary structural in-
formation of the monomeric form of D1 and D2, we uti-
lized Fourier transform infrared (FT-IR) analysis and de-
convoluted each spectrum (Figure 2).  

 
Figure 2. Deconvoluted FT-IR spectra of D1 (left) and D2 

(right) in their monomeric form. The dashed-line indicates 
the original FTIR spectra and the solid line represents the de-

convoluted curves with a Gaussian function.  

The FT-IR spectra of D1 shows two major peaks in the 
amide I region at 1688 cm-1 and 1664 cm-1 indicating a β-
turn conformation. In the same region, the spectra of the 
D2 peptide exhibited one peak at 1673 cm-1, which corre-
sponds to β-turn. 

Furthermore, the self-assembly behavior of D1 or D2 di-
peptides in water was also investigated. To trigger the self-
assembly, a stock solution of the dipeptides in HFP (100 
mg/mL) was diluted with water to a final concentration of 
2mg/mL. These conditions were demonstrated before al-
lowing self-assembly of other aromatic peptides.3c,dMicro-
scopic analysis showed that only D2 can form ordered tub-
ular structures (Figure 3). These structures (NT-D2) have a 
nanometric diameter and a high aspect ratio, therefore, 
they could be detected by optical microscopy (Figure 3D).  

 

 
Figure 3: Microscopic analysis of the self-assembled tubular 

structure formed by the D2 peptide. A) HR-SEM micrograph 
of the tubes; B) High magnification HR-SEM micrograph; C) 
TEM micrograph of an individual tube; D) Optical micro-

scopic images of the tubular assemblies.   

The secondary structure of NT-D2 was also analyzed by 
FT-IR. (Figure 4). In the amide I region (1600-1700 cm-1) the 
FT-IR spectra of NT-D2 showed one major peak at 1673 cm-

1 indicating a β-turn conformation and one minor peak at 
1618 cm-1 that may correspond to a extended hydrated 
structure.11 



 

 
Figure 4. Deconvoluted FT-IR spectra of self-assembled D2 

self-assembled nanotubes. The dashed-line indicates the orig-
inal FT-IR spectra and the solid line represents the deconvo-

luted curves with a Gaussian function.  

The fluorescence spectroscopy analysis evidenced that 
the emission spectrum of NT-D2 shows a peak at 290 nm 
(λ ext= 260 nm) with higher emission intensity compared to 
monomeric D2 that could correspond to π-π* stacking in-
teractions of phenyl units (see Figure S2in Supporting In-
formation). The latter interactions sometimes lead to an 
enhancement of fluorescence, as the close proximity of the 
aromatic ring with the π electron cloud leads to orbital 
overlap and produces a new or an enhanced emission.12 
The observed fluorescence enhancement of NT-D2 sug-
gests that π-π* interactions between the aryl groups could 
be one of the prominent reasons for the formation of self-
assembled nanotubes. This hypothesis is supported by 
same results obtained for other peptide based nanotubes 
containing Phe residues.13 

In order to fully investigate the structural characteristics 
of D2 in the solid state a single-crystal X-ray analysis has 
been undertaken. Suitable needle-shape crystals of D2 
were obtained from slow evaporation, at 25°C, of a 
MeCN/H2O (1:1) solution. The crystallographic analysis 
provided the establishment of the S,S-stereochemistry of 
the β-residue (Figure 5). In the crystal structure of D2, the 
backbone adopts a curled conformation, with the Boc pro-
tecting group bent with respect to the plane of the beta-
peptide link, as shown by the torsion angles N2-C17-C18-N1 
of -33(1)° and C17-C18-N1-C20 of -69(1)°. The alanine side 
chain protrudes on the same side of the fluorine substi-
tuted ring, but it is oppositely oriented with respect to the 
C1-C6 phenyl moiety. The conformation of the molecule 
shows that the two aromatic rings are nearly parallel, form-
ing a dihedral angle of 11(1)°. The two peptide links are in 
trans configuration and show a slight deviation from pla-
narity, as indicated by the torsion angles C7-N2-C17-C18 of 
176(1)° and C18-N1-C20-O1 of 172(1)°. In the solid state, the 
strategic position of the fluorine contributed to enforcing 
the molecular packing through contact C5-H...FI (I at -
y+2/3+1, x-y+1/3, z+1/3), distance 3.003(3)Å, angle 153(1)°. 
The strongest hydrogen bond is intermolecular, between 
the peptide carbonyl group and the Boc-amide hydrogen 
of a neighbor molecule: N1-H...O3II (II at x,+y,+z-1), 2.200(9) 
Å, angle 147(1)°, leading to chains along the c axis. These 
latter are connected by C6-H...O4II, 2.394(9)Å, angle 
173(1)°, and N2-H...O4II, 2.742(9) Å, angle 149(1)° interac-
tions. 

 
Figure 5. ORTEP14 view of D2, showing the arbitrary atom-

labeling scheme. Displacement are at the 40% probability 

level. 

In the crystal packing, weak contacts are also present be-
tween C13-H...O2III, C14-H...O2III and C14-H...O3III (III at -
x+y+1,-x+2,+z). These supramolecular organization gener-
ates a helix with three dipeptide molecules per turn, the 
screw axis of which is the crystallographic c axis (Figure 6). 
The formation of the nanotubular architecture is mainly 
driven by the alignments of the carbonyl groups which per-
mitted the self-assembly of the molecules in a straight line, 
with the N-H and C=O bonds aligned parallel to the tube 
length. These rods are held together by the Cπ-H…O, Cπ-
H…F and van der Waals interactions. The nano channels 
have an average van der Waals diameter of about 4 Å, 
which is hydrophobic in nature, since they are internally 
decorated with the methylic side chains. Differently from 
what observed in the fluorescence experiments, in the solid 
state there are no evidences supporting the presence of 
stacking interactions between the phenyl moieties, so the 
prevalent forces involved in the self-association in crystals 
are intermolecular hydrogen bonds which thus have the 
key role in the nanotube formation. 

  

Figure 6. View down the c axis of the nanotubular organiza-
tion in D2 crystals (intermolecular interactions are marked as 

dashed lines). 

Considering the potential of the obtained nanotubes for 
biomedical applications, we investigated the stability of 
NT-D2 to Pronase from Streptomyces griseus, a highly non-
specific proteolytic enzyme.15 Solutions of NT-D2 (DMSO 
20% v/v in PBS; pH = 5, 6, 7, 8; both in the presence or ab-
sence of Pronase; incubation time of 48 h at 25 °C, see Fig-
ure S6 and S7 in Supporting Information) were monitored 
by RP-HPLC.16 No significant changes were observed, indi-
cating that, owing to the presence of the unnatural amino 
acid, NT-D2 nanotubes are stable to proteolytic degrada-
tion. The thermal stability of NT-D2 in solution was tested 
by 1H NMR experiments in DMSO-d6 and in a wide range 
of temperature (30-120°C; Figure S8 in Supporting Infor-
mation). The sample was also maintained at 120 °C for 4 
hours. No significant structural changes were observed up 
to 120°C, demonstrating also the thermal stability of the 
nanotubes in solution.In order to investigate whether NT-
D2 were efficiently incorporated into the cells, both flow 



 

cytometry and microscopy analyses were performed on 
dye-loaded derivatives. 5(6)-Carboxylfluorescein-NT-D2 
and RodhamineB (RhB)-NT-D2 were thus obtained by in-
corporation these luminescent dyes during the self-assem-
bly process of the D2 peptide. In Figure 7, the fluorescence 
microscopic images of RhB-NT-D2 are shown indicating 
the loading of the RhB dye into the tubular structures. 

 
Figure 7. Fluorescence microscopic images of rodhamine la-

beled-NT-D2 shows nanotubes with high aspect ratios and the 
fluorescence suggests the presence of RhB across the tubular 

structures at the microscale. 

For the flowcytometry determination, SMCs were incu-
bated with 5(6)-carboxylfuorescein-NT-D2 for 24h and cell 
fluorescence determined after trypsinization of the cell 
monolayer. As shown in Figure 8A, cell fluorescence inten-
sity, expressed as mean fluorescence index (MFI), in-
creased in a concentration dependent manner, from 1 to 
100 µM, with no apparent saturation. The analysis with a 
fluorescent microscope also revealed that at the concentra-
tion of 25-100 µM the rodhamine-NT-D2 nanotubes were 
actively incorporated into the cells in the cytoplasmic/per-
inuclear region (Figure 8B). The lack of signal at the con-
centration of 10 µM was probably due to the less sensitive 
assay compared to the flowcytometric analysis. 

The eventual cytotoxicity of the nanotubes was then in-
vestigated in cultured primary human smooth muscle cells 
(SMCs). This cell type has been chosen since it is derived 
from human vessel, it represent the most abundant cell 
type directly expose to a particular therapy once reached 
the circulating system and, finally, for their suitability and 
non-malignant origin. The incubation for 48h with NT-D2 
determined a statistically significant cytotoxic effect at 
200µM concentration with a reduction of cell viability of 
approximately 20% (Figure 8C and data not shown). No 
toxicity was detected at concentration ranged from 1 to 100 
µM.  

 
Figure 8. Cytotoxicity and cellular incorporation of NT-D2. 

A) MTT assay performed after 48 h incubation with indicated 
concentrations of NT-D2. B) Flowcytometry analysis after in-
cubation for 24 h with 5(6)-carboxylfuorescein-NT-D2. C) Flu-
orescent microscopy analysis after incubation for 24 h with ro-
dhamine-NT-D2. * p < 0.05; **p < 0.01; ***p < 0.001 vs control, 
Student’s t-test. 

In conclusion, in this work we reported on the self-as-
sembly of a dipeptide constituted by (S,S)-3-amino-2-(2-
fluorophenyl)-3-phenylpropanoic acid and (L) alanine. In 
the solid state, the nanotubular architecture is consoli-
dated by intermolecular N-H…O hydrogen bonds, Cπ-
H…O, Cπ-H…F and van der Waals interactions. Finally, the 
presence of the unnatural β amino acid gives proteolytic 
and thermal stability to the obtained nanotubes. These as-
semblies are not cytotoxic at a concentration up to 50 µM 
and are incorporated into the cells. Taken these results to-
gether, it is possible to conclude that these supramolecular 
architectures could be exploitable for future biomedical 
applications. 
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