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Abstract: Dipeptides have emerged as attractive building blocks for supramolecular materials thanks
to their low-cost, inherent biocompatibility, ease of preparation, and environmental friendliness as
they do not persist in the environment. In particular, hydrophobic amino acids are ideal candidates
for self-assembly in polar and green solvents, as a certain level of hydrophobicity is required to
favor their aggregation and reduce the peptide solubility. In this work, we analyzed the ability to
self-assemble and the gel of dipeptides based on the amino acids norvaline (Nva) and phenylalanine
(Phe), studying all their combinations and not yielding to enantiomers, which display the same
physicochemical properties, and hence the same self-assembly behavior in achiral environments as
those studied herein. A single-crystal X-ray diffraction of all the compounds revealed fine details
over their molecular packing and non-covalent interactions.
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1. Introduction

Dipeptides have attracted researchers’ interests as building blocks for supramolecular
materials thanks to their chemical diversity, low cost and ease of preparation, inherent
biocompatibility, and biodegradability so that they do not persist in the environment as
pollutants [1–5]. In this area, diphenylalanine clearly plays a pivotal role [6–10], and
simple chemical variations have proved effective in tailoring its assembly into a variety
of elongated nanostructures [11–16], nanoparticles [17–19] or attaining control over the
nanotubes’ diameter and their hydrogelation [20]. Nevertheless, diphenylalanine is mostly
known for its strong propensity to assemble into microtubes that arise from the hierarchical
bundling of nanotubes [6], whose inner cavity is water-filled and defined by six dipeptide
molecules arranged head—to—tail, as revealed by its crystal structure [21,22].

Conversely, the substitution of one phenylalanine with another hydrophobic amino
acid sometimes hinders the dipeptide’s ability to self-assemble into supramolecular water-
filled channels in ways that are difficult to predict [23]. For example, Ile-Phe [24] and
Phe-Ile [25] crystal structures display an alternation of hydrophobic and hydrophilic layers,
yet the former was reported to yield nanofibrillar hydrogels [26]. Interestingly, the stereoiso-
mer D-Phe-L-Ile, but not D-Ile-L-Phe, could instead assemble into water-filled channels
that formed supramolecular hydrogels [27]. In the case of the homolog peptides with
Val (sidechain = -CH(CH3)2) in place of Ile (sidechain = -CH(CH3)CH2CH3), neither ho-
mochiral Val-Phe nor Phe-Val could self-assemble under the tested conditions [26,28], and
their crystal structures revealed a supramolecular packing into amphipathic layers [29,30].
Interestingly, also, in this case, a simple change in the amino acid chirality from L- to
D- was sufficient to restore the nanotube formation ability for D-Phe-L-Val, but not for
D-Val-L-Phe [31].
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Valine is a naturally occurring amino acid with a propyl sidechain that is branched
at the β-carbon, just as Ile and its linear analog norvaline (Nva) is not found in today’s
proteomes; although it may have been an abundant protein component during the early
stages of biological evolution [32]. This hypothesis raises interesting questions as to
the relevance of the branched sidechain on the amino acid’s ability to pack into defined
supramolecular structures. Furthermore, Nva is attracting researchers’ interests in new
uses in therapy. For instance, Nva has been known to reduce blood pressure and promote
diuresis, in the hypertension of rat models [33,34]. As a first step to shedding light on this
exciting area pertaining to Nva structural studies, we thus prepared the analogous series of
homochiral (i.e., with both L-amino acids) and heterochiral (i.e., with D-Phe and L-Nva)
Nva-Phe and Phe-Nva dipeptides and studied their crystal packing and ability to gel.

2. Materials and Methods
2.1. Materials and General Methods

Fmoc-amino acids, 2-chlorotrityl chloride resin, and coupling agents were obtained
from GL Biochem (Shanghai, China) Ltd. All other chemicals and solvents were acquired
at an analytical grade from Merck. An in-line Millipore RiOs/Origin system provided high-
purity Milli-Q-water with a resistivity >18 M Ω cm. 1H-NMR and 13C-NMR spectra were
recorded using a Varian Innova spectrometer at 400 MHz, with chemical shifts reported as
ppm (using tetramethylsilane as the internal standard). LC-MS analyses were performed on
an Agilent 6120 (Milan, Italy) coupled with an electrospray-ionization mass spectrometer
(ESI-MS, quadrupole detector). Optical microscopy images were acquired on a drop of the
fresh samples deposited on clean glass slides, and pictures were taken with the microscope
software ZEISS 3.3.

2.2. Dipeptide Synthesis and Purification

All peptides were synthetized in a solid phase with a Fmoc-protection strategy [31].
The crude was purified with HPLC Agilent 6120 as an instrument and the C-18 col-
umn (Kinetex, 5 µm, 100 Å, 250 × 10 mm, Phenomenex). All samples were dissolved
in an H2O/MeCN 75/25 mixture. Acetonitrile (MeCN) and water with 0.05% trifluo-
roacetic acid (TFA) as a mobile phase were eluted with the following method: t = 0 min.
15% MeCN; t = 2 min 15% MeCN; t = 13 min. 45% MeCN; t = 15 min. 95% MeCN;
t = 17 min. 95% MeCN.

2.3. Circular Dichroism

Peptides were dissolved in milli-Q-water at 5 mM, and the pH was corrected with
NaOH 1 M to reach the final value of 7.0. Samples were then placed in a 0.1 mm quartz
cuvette on a Jasco J-815 spectropolarimeter at 25 ◦C (Peltier), with a 1 nm resolution
and a speed of 50 nm/min. The plotted spectra were obtained as an average of the
25 accumulations in order to increase the signal/noise ratio.

2.4. Self-Assembly Tests

All peptides were tested in different solvents, as described in Section 3.2. Hydroge-
lation tests were also performed in a phosphate-buffered saline (PBS) buffer (phosphate
buffer 0.1 M pH = 7.0, NaCl 1.37 M, KCl 27 mM). In all cases, 1 mg of the compounds
1–4 were added to 0.1 mL of solvent (final concentration 38 mM) and gently swirled at
room temperature. If the compound was soluble, then its concentration was increased
until saturation.
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2.5. Transmission Electron Microscopy (TEM)

A sample was prepared by dissolving compound 4 in MeCN at its minimum gelling
concentration (mgc). The fresh gel was transferred onto TEM carbon grids previously
exposed to a UV-Ozone Procleaner Plus for 5 min. A drop of aqueous tungstate phosphate
solution (pH 7.2) was added as the contrast agent, and all the samples were dried in
vacuo. The images were recorded on a Philips EM 208 microscope operating at 100 kV and
equipped with an 11 MP bottom-mounted CCD Olympus Quemesa camera.

2.6. Raman Microspectroscopy

All peptides were crystallized in a PBS buffer with D-Phe-L-Nva also in MeCN, and
some crystals were placed on a glass slide and left to dry in vacuo. Raman spectra were ac-
quired using a 532 nm laser at 500 mW (5–10% power) with a Renishaw instrument. Spectra
were recorded with 10 accumulations in several spots per sample, with a 1 cm−1 resolution.

2.7. Single-Crystal X-ray Diffraction (XRD)

Single crystals of all the compounds in PBS were collected with a loop before being
cryoprotected by dipping them in glycerol, and they were then stored frozen in liquid
nitrogen. The crystals were mounted on the diffractometer at the Synchrotron Elettra
(Trieste, Italy), beamline XRD2, using the robot available at the facility. The temperature
was kept at 100 K by a stream of nitrogen on the crystals. Diffraction data were collected by
rotating the crystal using a synchrotron radiation wavelength of 0.6200 Å, with a rotation
interval of 0.5◦/image and a crystal-to-detector distance of 150 mm. Further details can be
found in the Supplementary Materials.

3. Results and Discussion
3.1. Dipeptide Preparation and Spectroscopic Characterization

The four dipeptides shown in Figure 1 were prepared and studied in this work, and
they represent all possible combinations of Nva and Phe in the linear dipeptides that were
not enantiomers since their mirror-images display the same physicochemical properties
and self-assembly behavior in achiral environments. Compounds 1–4 were prepared by
solid-phase synthesis based on Fmoc N-protection [31] and were purified by a reversed-
phase HPLC. Their identity and purity were confirmed by 1H-NMR, 13C-NMR, and ESI-MS
(see Supplementary Materials and Figures S1–S20). Their HPLC retention times (Rt), which
can be considered an experimental measure of hydrophobicity [35], were in the order of
1 < 3 < 2 ~4, confirming the two heterochiral dipeptides 2 and 4 as the most hydrophobic
isomers of the series (see Supplementary Materials, Figure S21 and Table S1).

The increased hydrophobicity of the heterochiral 2 and 4 relative to the homochiral 1
and 3 may be ascribed to differences in the dipeptides’ preferred conformations. To verify
this hypothesis, the four compounds were analyzed in an aqueous solution at a neutral pH
by circular dichroism (CD). The CD spectra (Supplementary Materials, Figure S22) were
reminiscent of those displayed by the dipeptide analogs with Val in place of Nva [31]. In
particular, their spectral signature was characterized by two peaks at 198 and 218 nm that
can be representative of a population of conformations whose majority have dihedral angles
that are typical for β-structures [36]. Furthermore, if we also consider that the enantiomers
will display a mirror-image CD spectra that is reflected on the x axis, then we can conclude
that the CD signal above 200 nm is dictated by the chirality of Phe (i.e., a positive for L-Phe
and negative for D-Phe) [37], irrespective of its position along the sequence. Overall, the
CD spectra did not show dramatic differences between the Nva and the Val series.
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(PBS) and a variety of green solvents, as shown in Table 1. Remarkably, in the vast major-
ity of the tested conditions, all four compounds crystallized. At high concentrations (>100 
mM), heterochiral 4 initially formed short fibrils that rapidly interconverted into crystals 
(see Supplementary Materials, Figure S23). Compound 4 was also the only one to gel in 
acetonitrile but then rapidly converted into crystals (see Figure 2), thus not allowing for 
the rheological characterization of the gel viscoelastic properties. The gel was also ana-
lyzed by transmission electron microscopy (TEM) as quickly as possible, but only crystals 
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Table 1. Self-assembly tests in various solvents for compounds 1–4. 
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1 Metastable gel that rapidly converts into crystals. 

Figure 1. The four dipeptides of this study represent all combinations of Nva and Phe in linear
dipeptides that are not enantiomeric couples, which display the same physico-chemical properties
(i.e., D-Nva-D-Phe, D-Nva-L-Phe, D-Phe-D-Nva, and L-Phe-D-Nva are the enantiomers of compounds
1–4, respectively, and they were thus not synthesized).

3.2. Self-Assembly Tests

The self-assembly of the four dipeptides was probed in a saline phosphate buffer (PBS)
and a variety of green solvents, as shown in Table 1. Remarkably, in the vast majority of
the tested conditions, all four compounds crystallized. At high concentrations (>100 mM),
heterochiral 4 initially formed short fibrils that rapidly interconverted into crystals (see
Supplementary Materials, Figure S23). Compound 4 was also the only one to gel in
acetonitrile but then rapidly converted into crystals (see Figure 2), thus not allowing for the
rheological characterization of the gel viscoelastic properties. The gel was also analyzed by
transmission electron microscopy (TEM) as quickly as possible, but only crystals were seen
(Supplementary Materials, Figure S24).

Table 1. Self-assembly tests in various solvents for compounds 1–4.

Solvent L-Nva-L-Phe
(1)

L-Nva-D-Phe
(2)

L-Phe-L-Nva
(3)

D-Phe-L-Nva
(4)

PBS buffer Crystal Crystal Crystal Crystal
MeOH Crystal Crystal Crystal Crystal
EtOH Crystal Crystal Crystal Crystal
iPrOH Crystal Crystal Crystal Crystal
MeCN Crystal Crystal Crystal Gel 1

Acetone Precipitate Precipitate Precipitate Precipitate
Argan oil Precipitate Precipitate Precipitate Precipitate

1 Metastable gel that rapidly converts into crystals.
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Figure 2. Optical microscope photographs of dipeptide crystals in PBS: (a) 1, (b) 2, (c) 3, and (d) 4 (F
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3.3. Raman Spectroscopy

Raman spectroscopy has recently been applied to peptide assemblies [38–42] and was
also employed here to compare the signals of each dipeptide in their powder and crystal
forms (Figure 3). All the spectra were dominated by the Phe signals at 1003 cm−1 and
1034 cm−1. Both these modes can be assigned to sidechain vibrational motions of the aro-
matic ring. In particular, the former signal can be ascribed to the benzene breathing mode,
while the latter band was due to the in-plane CH bending [43,44]. New signals (denoted
with * in Figure 3) arose with self-assembly in all cases, of which those at 1240–1260 cm−1

and 1657–1687 cm−1 were assigned to the amide III and I bands, respectively, as extended
H-bond networks formed in the β-sheet-like stacks [42]. The Raman spectra of compound
4 crystals in MeCN displayed analogous peptide signals in PBS, suggesting the same
supramolecular packing (see Supplementary Materials, Figure S25).
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3.4. Single-Crystal X-ray Diffraction

The solid-state assembly of the two dipeptide stereoisomers 1 and 2 are very similar. In
particular, 1 crystallizes as a hydrate crystal form (host: guest ratio of 1:2) in an orthorhom-
bic system (space group P212121). Interestingly, no channels can be highlighted; instead,
water molecules are localized in small pockets and appear to be fundamental for the crystal
packing (Figure 4). The typical –NH3

+· · · −OOC– groups and H-bond pattern [20] are miss-
ing, and all three H atoms of the terminal amine group interacted with the guest molecules.
Host–host interactions involving the carbonyl oxygen atom O3 and the hydrogen atom
of the amide group (N2· · ·O3 = 2.825(1) Å, N2-H2· · ·O3 = 2.02 Å, N2-H2· · ·O3 = 151.0◦)
and the carbonyl oxygen atom O1 and hydrogen atom were attached to the α carbon C1
(C1· · ·O1 = 3.343(1) Å, C1-H1· · ·O1 = 2.59 Å, N2-H2· · ·O3 = 131.7◦). This H-bond pattern
ensured the alignment of the dipeptides along the shortest a axis.
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Dipeptide 2 crystallizes as a hydrate crystal form (with a host:guest ratio of 1:2)
in a monoclinic system (space group P21). As for dipeptide 1, its stereoisomer 2 does
not form water channels, and the water molecules are localized in pockets between the
dipeptides (Figure 5). The analysis of the H-bond pattern involving the –NH3

+· · · −OOC–
groups revealed a significant difference between the two crystal structures. In particular,
two amino H atoms formed H-bonds with two water molecules in the crystal structure,
while the third one interacted with the carbonyl oxygen atom O2 (N1· · ·O2 = 2.844(1) Å,
N1-H1A· · ·O2 = 1.96 Å, N1-H1A· · ·O2 = 165.0◦). As reported for the crystal structure of
dipeptide 1, an NH· · ·OC hydrogen bond (N2· · ·O3 = 2.968(1) Å, N2-H2· · ·O3 = 2.10 Å,
N2-H2· · ·O3 = 167.2◦) ensured the dipeptides alignment along the shortest a axis.
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The H-bond arrangement between the host and guest molecules in the two solid-state
assemblies is very similar, with one minor exception. In both cases, the two water molecules
helped to bridge the dipeptides aligned along the a axis; however, in the crystal structure
of homochiral 1, the water molecule O2W (depicted in green in Figure 6a) formed the third
H-bond with another dipeptide aligned along the c axis (Figure S27 in the ESI). Furthermore,
both 1 and 2 display a layered packing structure with hydrophobic regions defined by the
hydrophobic CH–π interactions [45,46] between the sidechains and hydrophilic regions
where the water molecules are confined.
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Conversely, the crystal structures of the dipeptide stereoisomers 3 and 4 are quite
different from each other, although both form water layers parallel to the shortest unit
cell axis. In particular, 3 crystallized as a hydrate crystal form in an orthorhombic sys-
tem (space group P212121) with the amide-rich region filled with water molecules and
the sidechains segregated into the hydrophobic region, establishing weak hydrophobic
interactions (Figure 7). Because of the highly disordered water molecules, a solvent mask
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procedure was applied. In particular, 118 electrons were found in a volume of 252 Å3 which
was consistent with the presence of three water molecules per asymmetric unit.
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No H-bonds can be highlighted between the –NH3
+ and −OOC– groups. Using a pre-

liminary model with highly disordered water molecules, it was possible to point out that all
three of the amino H atoms of the –NH3

+ group established weak interactions with the guest
molecules. Furthermore, the dipeptides were aligned along the shortest a axis mainly through
H-bonds involving the carbonyl oxygen atoms O1 (N2· · ·O1 = 2.837(1) Å, N2H2· · ·O1 = 1.97 Å,
N2H2· · ·O1 = 168.3◦) and O3 (C3· · ·O3 = 3.305(2) Å, C3H3· · ·O3 = 2.37 Å,
N2H2· · ·O1 = 154.6◦).

Finally, dipeptide 4 crystallized as a hydrate crystal form (with a host: guest ratio
of 1:2) in a monoclinic system (space group C2) (Figure 8). The crystal structure revealed
layers parallel to the shortest b-axis filled with water molecules showing full occupancy.
The crystal structure exhibited the typical H-bond pattern of the Phe–Phe class described
by Görbitz [23], with two amino H atoms interacting with two carboxylic oxygen atoms
of two distinct dipeptides, while the third one interacted with the water molecule O1W
inside the water layer. Other host–guest interactions involved the −OOC– group and water
molecule O2W, which bridged together the two dipeptides along the c axis. Notably, the
water molecules established a beautiful guest–guest H-bond network, which appeared to
be fundamental for the solid-state assembly (Figure 9).
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4. Conclusions

In conclusion, the substitution of one Phe in diphenylalanine with the Nva amino
acid completely hinders the ability of the dipeptide to self-assemble into water-filled
channels and gelling nanotubes. Heterochirality is associated with an increase in the
hydrophobicity of the dipeptides, and only heterochiral compound 4 was able to form
metastable gels in the acetonitrile that rapidly converted into crystals. Indeed, all the tested
compounds displayed a marked tendency towards crystallization in polar solvents, and
overall, the supramolecular behavior was very similar to the analogs with Val in place of
Nva. One marked difference, however, is that the Val analog, when compared to compound
4, displayed the ability to form water-filled nanotubes that yielded hydrogels in the PBS [31].
It is possible that the linear sidechain of Nva has simply more conformational freedom to
enable tight packing into crystals with a layered structure relative to the branched sidechain
of Val.
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Further studies are ongoing in our laboratories with the linear homolog norleucine,
which is the structural isomer of branched leucine, in an attempt to identify more general
trends in the self-assembly behavior of hydrophobic dipeptides. In the future, advancing
knowledge on the ability of simple dipeptides to form supramolecular hydrophilic channels
may assist their design for insertion into biological membranes, for instance, towards
therapeutic effects [47–49]. Further scope for applications of Nva-bearing dipeptides may
also arise as current studies are revealing new beneficial effects from the administration
of this amino acid in diverse pathological settings, spanning from neurodegeneration to
hypertension [50–54].

Supplementary Materials: The following supporting information can be downloaded at: https:
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