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Abstract
The formation of fibers through self-assembly is of particular interest, as fibrous pro-
teins (such as collagen, keratin, actin, and so on) are involved in intra- and
extracellular functions. To understand aggregation phenomena, oligopeptides may be
designed and prepared either to mimic or to interfere with these processes. In this
article, we will demonstrate that the introduction of the 4-methyl-5-carboxy-
oxazolidin-2-one (Oxd) moiety inside a peptide chain favors the formation of fiber-
like materials organized either in b-sheets or in supramolecular helices, provided that
it is combined with other factors, like p-stacking interactions and intermolecular
NAH···O@C bonds. The presence of the Oxd moiety is essential for the material for-
mation: when Oxd is replaced with Pro, only liquids or amorphous solids are
obtained. Remarkably, some of these molecules are low-molecular-weight gelators,
as they induce the formation of both organogel and hydrogels that have been used
for several applications.
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1 | INTRODUCTION

Aggregation and disaggregation are central phenomena in
nature.[1] In this context, the formation of fibers through self-
assembly is of particular interest, as fibrous proteins (such as
collagen, keratin, actin, and so on) are involved in intra- and
extracellular functions.[2,3] The comprehension of the mecha-
nism adopted by short oligomers that form fibers and fibrils
may help in the understanding of neurodegenerative diseases
development, such as Alzheimer’s disease,[4] diabetes,[5] scra-
pie (in sheep),[6] BSE (in cattle),[7] and Creutzfeld-Jakob’s
disease (in humans).[8] All these illnesses are induced by
amyloid peptides that adopt a b-sheet conformation that
favors the aggregation in the extracellular space.[9] This
process is thermodynamically favorable as b-sheet layers are
the most stable proteinaceous superstructure in nature.[10]

To understand aggregation phenomena, oligopeptides
may be designed and prepared either to mimicking[11–16] or
to interfere with[17–19] these processes. Indeed, the potential
applications of such supramolecular assemblies exceed those

of synthetic polymers since the building blocks may intro-
duce biological functions in addition to mechanical
properties.[20]

Nearly 10 years ago we found out that our 4-methyl-5-
carboxy-oxazolidin-2-one moiety (that we will call Oxd from
now on) could be successfully utilized in the formation of
supramolecular materials. This little molecule, that mimics a
proline group, may form oligomers having stable secondary
structures in solution, due to its ability to block the peptide
bond always in the trans conformation.[21–23] This outcome
does not take place in the prolyl bonds that can also adopt
the cis conformation.[24–28]

This property induces a local constraint in the pseudo-
peptide chain that may cause the formation of supramolecu-
lar materials, provided that it is combined with other factors,
like p-stacking interactions and intermolecular NAH···O@C
bonds. Thus the L-Phe-D-Oxd (L-Phe5 L-phenylalanine) moi-
ety displays all these effects and may be considered a privi-
leged scaffold for the formation of supramolecular materials
(Figure 1).
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This review article is a critical overview of a variety of
Oxd-containing pseudopeptides which are able to form fibers
and supramolecular helices. Some derivatives are able to
form gels, so we report their applications as low-molecular-
weight gelators (LMWG), focusing our attention on the
importance of the Oxd moiety for the formation of these
supramolecular structures.

2 | FIBER-LIKE MATERIALS

2.1 | L-Phe-D-Oxd containing fiber-like materials

The first example of a molecule containing the L-Phe-D-Oxd
moiety and able to form a supramolecular material is Boc-L-
Phe-D-Oxd-OBn 1.[29] After overnight evaporation of a
25 mM solution containing the pseudopeptide in a 1:1 mix-
ture of cyclohexane and ethyl acetate, the white solid shown
in Figure 2A is formed. This fiber-like material is stabilized
only by single hydrogen bonds between dipeptide units, as
demonstrated by the X-ray crystal structure reported in Fig-
ure 2B. Such an assembly represents the absolute borderline
case of a sheet structure, as the second amino acid of the
dipeptide is not involved in further intermolecular
interactions.

Given these results that clearly demonstrate the impor-
tance of a phenyl ring in the backbone, Boc-L-Phe-D-Pro-
OBn 2 was prepared, replacing the D-Oxd moiety with a D-
Pro (D-Pro5 D-proline) unit, to check if the presence of the
Oxd moiety is essential for the formation of the supramolec-
ular material. In contrast with the behavior of 1, no material
is even obtained with 2, that is a colorless liquid (Figure 3).

This outcome suggests that the L-Phe-D-Oxd moiety is
essential for the formation of supramolecular materials and
may be used to induce selected properties in the solid state.
So a series of oligomers containing several L-Phe-D-Oxd
units was prepared using liquid phase conditions.[30] While
Boc-(L-Phe-D-Oxd)2-OBn 3 forms a fiber-like material with
an antiparallel b-sheet structure where the oligopeptide units
are connected by only one intermolecular hydrogen bond (an
SEM image and the X-ray crystal structure of 3 are shown in
Figure 4), the longer oligomers Boc-(L-Phe-D-Oxd)n-OBn
(n5 3–5) get organized in helices by formation of intramo-
lecular hydrogen bonds that prevent the formation both of
intermolecular hydrogen bonds and of fibers.

Much to our surprise, the epimeric oligomer Boc-(L-Phe-
L-Oxd)2-OBn 4 cannot form supramolecular materials on its
own, as it forms amorphous solids in any crystallization con-
dition. Interestingly very nice crystals suitable for X-ray dif-
fraction study were obtained on slow evaporation of a 1:1
diastereoisomeric mixture of Boc-(L-Phe-L-Oxd)2-OBn 4 and
Boc-L-Phe-L-Oxd-D-Phe-L-Oxd-OBn 5 in methyl t-butyl
ether. The preferential conformation of both oligomers was
fully elucidated in the solid phase and the X-ray crystal
structures of the two epimers are shown in Figure 5.[31]

The preferred conformation of Boc-(L-Phe-L-Oxd)2-OBn 4
ranges between a PPII helix and a b-strand, while the previously
reported Boc-(L-Phe-D-Oxd)2-OBn 3 forms infinite antiparallel
b2sheet structures (Figure 4), thus showing that the absolute

FIGURE 1 Chemical structure of the L-Phe-D-Oxdmoiety
that is a privileged structure for the formation of supramolecu-
lar materials

FIGURE 2 (A) String of pure Boc-L-Phe-D-Oxd-OBn 1 obtained after slow evaporation of the solvent from a 25mM solution.
(B) Crystal packing showing one chain running along the b axis generated by a single NAH···O@C interaction between the mole-
cules. Reproduced from Ref. 29 with permission fromWiley-VCH
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configuration reversal of the Oxd moieties has a strong effect on
the secondary structure of these oligomers. The same outcome
was retained in solution, as demonstrated by vibrational circular
dichroism (VCD) analysis coupled with DFT calculations.

If another crystallization solvent is used, the 1:1 epimeric
mixture of Boc-(L-Phe-L-Oxd)2-OBn 4 and Boc-L-Phe-L-
Oxd-D-Phe-L-Oxd-OBn 5 leads to the formation of other
materials, such as crystals, fibers and globules, that are
shown in Figure 6.

The precipitates from diethyl ether and methyl t-butyl
ether are formed by aggregates of plate-like crystals having a
variable area and thickness that ranges from 1 to 5 lm. In
contrast, the mixture precipitated from isopropanol shows a
fibrous structure, while the one precipitated from methanol
forms regular globular shapes that are unstable under the
electron beam generating a rough surface, thus suggesting
that these globes contain methanol that quickly evaporates if
the sample is heated.

2.2 | Derivatives of the L-Phe-D-Oxd moiety leading to
fiber-like materials

The L-Phe-D-Oxd moiety may be further derivatized without
losing its tendency to form supramolecular materials: the tri-
peptide Boc-(L-Phe)2-D-Oxd-OBn 6 was prepared to check if
it behaves like 1[32] or like Phe–Phe, that forms nanotubes in
the solid state.[33] Figure 7 shows the X-ray crystal structure
of 6 that forms parallel b-sheet structure where the oligopep-
tide units are connected by two intermolecular hydrogen
bonds. This structure resembles 1, thus demonstrating that
molecules containing one or two Phe residues show the same
behavior in solid.

Then the two epimers Boc-L-Phe-D-Oxd-(S)-b3-hPhg-
OBn 7 and Boc-L-Phe-D-Oxd-(R)-b3-hPhg-OBn 8 have been
prepared by standard methods in solution, coupling b3-hPhg-
OH in both enantiomeric forms to the L-Phe-D-Oxd moiety.
The conformation of 7 and 8 was analyzed both in solution

FIGURE 3 Comparison between the behaviors of Boc-L-Phe-D-Oxd-OBn 1 and Boc-L-Phe-D-Pro-OBn 2

FIGURE 4 (A) An SEM picture of Boc-(L-Phe-D-Oxd)2-OBn 3; (B) view down the crystallographic b axis of the crystal packing
of Boc-(L-Phe-D-Oxd)2-OBn 3 showing the intermolecular NH. . .CO hydrogen bond running along the a axis. Reproduced from
Ref. 30 with permission fromWiley-VCH
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and in the solid state[34]: while in solution Boc-L-Phe-D-Oxd-
(S)-b3-hPhg-OBn 7 shows a random coil structure, 8 tends
to assume a g-turn conformation that is nearly retained in the
solid state. In both cases, crystals are obtained, rather than

fiber-like materials, but the reversal of the stereogenic center
absolute configuration of the hPhg moiety produces a differ-
ent crystal morphology due to a different crystal packing.
Molecules of 7 associate in the solid state, generating a helix

FIGURE 5 Crystal structure of Boc-(L-Phe-L-Oxd)2-OBn 4 and Boc-L-Phe-L-Oxd-D-Phe-L-Oxd-OBn 5. Reproduced from
Ref. 31 with permission fromWiley-VCH

FIGURE 6 (A) Perspective view of the crystal packing of the epimeric pair of Boc-(L-Phe-L-Oxd)2-OBn 4 and Boc-L-Phe-L-Oxd-
D-Phe-L-Oxd-OBn 5 showing two of the columns running along the a axis (the solvent molecules are not represented for the sake of
clarity); (B) SEMpictures of the epimericmixture precipitated frommethanol (I), isopropanol (J), diethyl ether (K), or methyl t-butyl
ether (L). The insets report high magnification of details. Reproduced fromRef. 31 with permission fromWiley-VCH
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that involves the formation of elongated crystals with hexag-
onal cross-section. This effect is not observed in the crystals
formed by Boc-L-Phe-D-Oxd-(R)-b3-hPhg-OBn 8 that forms
a 1D H-bonded polymer of tape that crystallizes in different
polymorphs, depending on the evaporation solvent. In Figure
8, some pictures of the crystals obtained by crystallization of
7 (Figures 8A and 8B) and 8 (Figures 8C and 8D) are
shown, together with their chemical structures.

The crystal packing of 7 therefore consists of parallel
chains with a helical arrangement (Figure 9) running along

the c-axis. The formation of a ternary helix[35] in the solid
state is in agreement with the SEM analysis as the crystals of
7 from methanol appear elongated in one direction with a
hexagonal cross-section (Figure 8c).

3 | LOW-MOLECULAR-WEIGHT
GELATORS

Gels may be divided into chemical gels and physical gels:
the internal structure of chemical gels is made of chemical

FIGURE 7 (A) SEM images of Boc-(L-Phe)2-D-Oxd-OBn 6; (B) X-ray molecular structure and crystal packing of Boc-(L-Phe)2-
D-Oxd-OBn 6. Reproduced fromRef. 32 with permission fromWiley-VCH

FIGURE 8 (A) Optical micrographs of Boc-L-Phe-D-Oxd-(S)-b3-hPhg-OBn 7 precipitated from cyclohexane/ethyl acetate. The
elongated growth of the crystal is observable together with their high lateral aggregation. (C) Single crystals of Boc-L-Phe-D-Oxd-
(S)-b3-hPhg-OBn 7 precipitated from ethanol, they are birefrangent and have a hexagonal cross-section. (B) and (D) crystals of
Boc-L-Phe-D-Oxd-(R)-b3-hPhg-OBn 8 precipitated from ethanol observed bymeans of an optical and an electron microscope,
respectively. Reproduced fromRef. 34 with permission from the American Chemical Society
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bonds, while physical gels are characterized by dynamic
cross-links that are constantly created and broken.[36–39] The
molecule able to form physical gels may be an inorganic or
an organic compound, the latter having a molecular weight
usually �500 Dalton. These compounds are generally called
“low-molecular-weight gelators” (LMWGs).[40] The mecha-
nism through which LMWGs operate depends on a hierarch-
ical self-assembly process which occurs through the

following sequence of steps: (i) multiple noncovalent interac-
tions (eg, hydrogen bonds, p2p interactions, Van der Waals
interactions) between molecular scale building blocks allow
them to self-assemble into supramolecular fibrils; (ii) the
fibrils often assemble into nanoscale bundles, called fibers;
(iii) the fibers tangle and interact with one another to form a
self-supporting, sample-spanning “solid-like” network,
which underpins the macroscopic gel.[41,42]

3.1 | Bolamphiphilic LMWGs

Three factors can favor the formation of a gel: (i) the pres-
ence of hydrogen bonding and p–p stacking interactions,
which are the principle interactions involved in gel aggrega-
tion; (ii) the tendency of the molecule head to organize into a
network, that influences the gel formation; (iii) the presence
of a long aliphatic chain connected with a polar head, such
as cholesteric acids. Following these guidelines, compounds
9a–d have been prepared by derivatization of the L-Phe-D-
Oxd moiety with azelaic acid [HOOC-(CH2)7-COOH], a
long chain dicarboxylic acid (Figure 10).[32] These molecules
may be defined as synthetic “bolaamphiphiles.”[43] Four

FIGURE 9 Space filling model showing the helical arrangement of one of the chains of Boc-L-Phe-D-Oxd-(S)-b3-hPhg-OBn 7:
(A) top view, (B) view along the c-axis. The molecules are represented in different colors for clarity. The hydrogen atoms involved
in NAH···CO hydrogen bonds are represented as white cups. Reproduced from Ref. 34 with permission from the American Chemi-
cal Society

FIGURE 10 General molecular structure of bolaamphi-
philic derivatives.

FIGURE 11 (A) Photograph of a gel obtained with a 10mM solution of BnO-D-Oxd-L-Phe-OOC-(CH2)7-COO-L-Phe-D-Oxd-
OBn 9a in a 1:1 mixture of dichloromethane and ethyl acetate; (B) OM image of the same sample. Reproduced from Ref. 32 with
permission fromWiley-VCH
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more compounds 10a–d have been prepared, replacing the
Oxd moiety with Pro units.

The propensity of all these compounds to form gels was
checked. The samples were placed in a small test tube and
dissolved in a suitable solvent in 10 mM concentration. Soni-
cation was used to speed dissolution, by breaking intermo-
lecular interactions, then the tubes were left stand still
overnight. The most common diagnostic test of gelation is
tube inversion: in this test, a sample tube containing the mix-
ture of compound and solvent is inverted to ascertain if the
sample would flow under its own weight (Figure 11). A gel
is assumed to be a sample that has a yield stress that prevents
it from flowing down the tube. Most compounds containing
the L-Phe-D-Oxd moiety form gels, while the Pro-containing
molecules never form gels in any condition, thus confirming
that the Oxd moiety is required also for the gels formation,
among this class of molecules.

Keeping this information in mind, the bolaamphiphilic
derivatives 11a–d and 12a–d were prepared, to make gels with
other solvents and in the presence of several metal ions (Figure
12).[44] These compounds are four benzyl esters and four car-
boxylic acids, all containing both a moiety of azelaic acid and
four different pseudopeptides sharing the same skeleton (a phe-
nyl group one atom apart from the oxazolidin-2-one carboxylic
group): they form gels both as pure compounds and as stechio-
metric mixtures with metal ions. Very good results have been
obtained with Zn(II) and Cu(II) ions, that form gels in several
conditions, while the formation of gels in the presence of Cu
(I), Al(III), and Mg(II) affords less satisfactory results.

3.2 | Fmoc containing LMWGs

Recently, the gelation behavior of Fmoc-protected dipeptides
has been studied and reported.[45–49] A small library of 13

FIGURE 12 General molecular structure of bolaamphiphilic gelators

FIGURE 13 Molecular structure and log P values ofN-protected pseudopeptides designed to gelate water and organic solvents
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FIGURE 14 Photographs of hydrogels prepared in 0.5, 1.0, 1.5, and 2.0 concentrations in water (% w/w): (A) Fmoc-L-Tyr-D-
Oxd-OH 20; (B) Fmoc-L-Tyr-D-pGlu-OH 21; (C) Fmoc-L-Trp-D-Oxd-OH 22; (D) Fmoc-L-Trp-D-pGlu-OH 23. Reproduced from
Ref. 53 with permission from the American Chemical Society
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molecules containing either the L-Phe-D-Oxd core or the
isosteric L-Phe-pGlu core (pGlu5 pyroglutamic acid) is
shown in Figure 13.[50] These molecules should behave as
gelators able to form reversible gels with the phosphate-
buffered saline (PBS), that is a buffer solution commonly
used in biological research. In biomedicine, there is signifi-
cant interest in exploiting self-assembly to construct
mimics of the extracellular matrix (ECM) for cell-culture
applications.[51]

The compounds have been all prepared in solution in
excellent yields and have been tested as organogelators and/
or hydrogelators in 10 mM concentration with a variety of
solvents or solvent mixtures. Among them, only Fmoc-L-
Phe-D-pGlu-OH 19b is a hydrogelator that efficiently form
gels with the phosphate-buffered saline (PBS 13), hence it is
an excellent candidate for the preparation of novel materials
for applications such as drug release, biological assays, and

tissue engineering. Moreover, Boc-L-Phe-D-Oxd-L-Phe-OBn
15a is a good organogelator.

A rationale to explain the gelation behavior of these mol-
ecules takes into consideration their hydrophobicity
expresses as log P (octanol/water partition coefficient), that
is calculated as a sum of fragment-based contributions and
correction factors.[52] Taking into consideration the log P
values of all the compounds shown in Figure 13, an interme-
diate value of log P (about 6.5 for organogels and 3.5 for
hydrogels) is a good starting point for the design of new
LMWGs.

Four new LMWGs with a log P value that ranges
between 3.26 and 4.24 have been prepared in multigram
scale and their attitude to form hydrogels has been tested:
Fmoc-L-Tyr-D-Oxd-OH 20, Fmoc-L-Tyr-D-pGlu-OH 21,
Fmoc-L-Trp-D-Oxd-OH 22, and Fmoc-L-Trp-D-pGlu-OH 23
(Figure 14).[53] All these compounds are good hydrogelators

FIGURE 15 (A) Strain dependence of storagemodulus (square) and loss modulus (triangle) at 2%w/w gelator concentration of
Fmoc-L-Tyr-D-Oxd-OH 20. The analyses were performed on the gels about 20 h after the gelation begun. (B) Temperature depend-
ence ofG0 (squares) andG00 (triangles) for gels obtained from Fmoc-L-Tyr-D-Oxd-OH 20. Continuous line represents the heating
and cooling ramp. Reproduced fromRef. 53 with permission from the American Chemical Society

FIGURE 16 Chemical structure of compounds 9b, 24, 25, and 26
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when the gelation trigger is pH variation, obtained exploiting
the slow hydrolysis of glucono-d-lactone (GdL) added to a
basic aqueous solution of the gelator.[54] The resulting gels are
strong, transparent, and viscoelastic, as shown in Figure 14.

The gels have been characterized with several techni-
ques: measurement of the melting point (Tgel) and of the
viscoelastic properties, electronic circular dichroism (ECD),
analysis of the transparency, and gelation time. Fmoc-L-Tyr-
D-Oxd-OH 20 is an excellent gelator as UV–visible analysis
demonstrated that it forms gels that possess high transpar-
ency, with a transmittance up to 25.6% at a wavelength of
600 nm.

Moreover, results of rheological experiments on the gel
formed by 20 showed that the elastic response component
(G0) was approximately an order of magnitude larger than
the viscous component (G00, loss modulus) in any case, indi-
cating a “solid-like” attitude of the gels (Figure 15A). The
thermal behavior of the gel formed by Fmoc-L-Tyr-D-Oxd-
OH 20 was characterized performing an “ad-hoc” rheological
temperature sweep experiment that is shown in Figure 15B.
It indicates that G0 is almost constant from 238C up to about

658C while G00, increased in the same temperature range. At
higher temperatures, both G0 and G00 values start to slightly
decrease without displaying a crossover point. This result
confirms that 20 forms a well-built and thermoreversible gel.

4 | APPLICATIONS

4.1 | Bolaamphiphilic LMWGs as Trojan horses

In Chapter we demonstrated that some bolamphiphiles of the
series 11a–d and 12a–d efficiently gelate solutions containing
metal ions.[44] Thus, if these materials are biocompatible,
they may behave as “Trojan horses” and carry drug molecules
into the cells.[55,56] To check the ability of these gels to cross
the membrane barrier of ovarian cancer cells line IGROV-1
by confocal laser scanning microscopy, some fluorescent
hydrogels have been prepared using the bolamphiphic gelator
9b together with compounds 3.1, 24, 25, and 26, all contain-
ing the fluorescent dansyl group (Figure 16).

Some images of confocal laser scanning micrographs of
IGROV1 cells exposed to different hydrogels are shown in

FIGURE 17 Confocal laser scanning micrographs of IGROV1 exposed to different hydrogels using 9b as gelator, doped by lit-
tle amount of the dansyl containing compounds 24, 25, and 26. The dansyl group fluorescence is shown in green. Scale bar 50 lm.
Reproduced fromRef. 55 with permission from the Beilstein Institute
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Figure 17. These gels have been prepared using 9b as gela-
tor, doped with little amounts of 24, 25, or 26.

The green fluorescence in the cytoplasm clearly demon-
strate that all the hydrogels are internalized in IGROV-1
cells, thus the gels prepared with 9b may behave as an excel-
lent Trojan horse as they are biologically inactive, are inter-
nalized by cells and cargo on it molecules of different sizes.

4.2 | Shaping calcite crystals by bolamphiphilic
LMWGs

We selected CH2(C3H6CO-L-Phe-D-Oxd-OH)2 9b that is an
hydrogelator and CH2(C3H6CO-L-Phe-D-Pro-OH)2 10b, to

compare their efficiency to shape calcite crystals.[57] As 10b
is soluble and does not promote the gel formation, its behav-
ior was investigated by dynamic light scattering (DLS), that
demonstrated that this molecule assembles in big structures
having a diameter ranging from 100 nm to about 1 lm in
1 mM solution. In Figure 18C, the size distribution by vol-
ume of the particles from a 1 mM solution of 10b in a
10 mM CaCl2 solution in 9:1 (v/v) mixture of H2O/EtOH is
shown, together with picture of the hydrogel and of the xero-
gel formed by 9b in the same experimental conditions.

Both 9b and 10b were used for CaCO3 precipitation
experiments without applying any filtration procedure. In
Figure 19, some optical and scanning electron microscopy

FIGURE 19 Optical (A, D) and scanning electron microscopy (B, C, E, F) pictures of calcite crystals precipitated from the 9/1
(v/v) H2O/EtOHmixture in the presence of 10mM 9b (A–C) or 10b (D–F). These pictures are representative of the entire popula-
tion of crystals. Reproduced from Ref. 57 with permission from The Royal Society of Chemistry

FIGURE 18 (A) Photograph of hydrogel obtained from a 10mM solution of molecule CH2(C3H6CO-L-Phe-D-Oxd-OH)2 9b in a
10mMCaCl2 solution in 9:1 (v/v) mixture of H2O/EtOH; (B) scanning electron microscopy picture of the corresponding xerogel.
(C) Size distribution by volume of the particles from a 1mM solution of molecule CH2(C3H6CO-L-Phe-D-Pro-OH)2 10b in a 10mM
CaCl2 solution in 9:1 (v/v) mixture of H2O/EtOH. Reproduced fromRef. 57 with permission from The Royal Society of Chemistry
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pictures of calcite crystals precipitated from a H2O/EtOH
mixture in the presence of 10 mM 9b or 10b are shown.
Both molecules are able to modify the shape of single crys-
tals of calcite, but 9b favors the formation of modified rhom-
bohedral calcite showing new crystalline faces, while 10b
induced the formation of cavities and curvatures.

These two bolamphiphilic pseudopeptides diversely act
as crystal growth modifiers, according to minor structural
changes that mutate their self-assembling. As their physical
state brings at a different space distribution of the interacting
ionizable carboxylic groups, a diverse interaction with
CaCO3 is expected.[58] This outcome is in agreement with
the behavior of some biomineralization proteins that are
assumed to adopt an ordered conformation and geometry of
ionizable functional groups, when they interact with
biominerals.[59,60]

4.3 | Interaction of lipid derivatives of L-Phe-D-Oxd
moiety with lipid membranes

In the final part of this survey, we describe the application of
the L-Phe-D-Oxd derivatives 27a,b and 28a,b, that contain a
lipid chain moiety coupled with the N-terminus (Figure
20).[61] Lipid modifications are known to play a decisive role
in the formation of micelles, membranes, and other supramo-
lecular structures due to the hydrophobic effect.[62]

We studied whether the self-assembly of the lipopeptides
can be influenced by the presence of lipid membranes by
means of solid-state NMR spectroscopy under magic-angle
spinning (MAS) conditions, which has proven to success-
fully characterize peptide aggregates and membrane-
associated peptides.[63] Addition of the N-terminal lipid mod-
ification did not cause a major disturbance of the structures
these molecules form. The lipid modifications themselves
showed highly rigid structures as inferred from solid-state 2H
NMR. The peptide backbone showed 13C NMR chemical
shifts in agreement with b-sheet secondary structures.

As addition of a lipid modification to the N-terminus is a
common motif in biology to attach proteins to the mem-
brane,[64] the lipopeptides 27a,b and 28a,b were investigated
in the presence of synthetic phospholipid (POPC) bilayers.
Two different molecular species were detected under these
circumstances: (i) lipopeptide monomers that showed chain
order parameters similar to those of the host membrane and
(ii) lipopeptide aggregates that exhibited very similar struc-
tures and dynamics as the crystalline aggregates (Figure 21).
Only part of the peptide aggregates are dissolved in the
membrane and will most likely occur in a monomeric form.

Overall, the study showed that the general molecular
architecture of peptides comprising the building block L-Phe-
D-Oxd is not altered by N-terminal lipid modifications if
investigated in the crystalline state. However, in the presence

FIGURE 21 This cartoon summarizes that (A) in the absence of membranes, lipopeptides form highly ordered b-sheet like
nanofibers with the lipid modifications in a rigid all trans conformation; (B) when lipid membranes are present, larger peptide
aggregates can bind to the membrane surface or insert into the membrane, but also dissociate and insert into the membrane asmono-
mers. Reproduced fromRef. 61 with permission from The Royal Society of Chemistry

FIGURE 20 Molecular structure of the investigated lipopeptides in the different 13C and 15N labeled forms (labeled atoms are
marked by asterisks)
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of lipid membranes, the nanofibered structure only partially
prevails, as the molecules can also disaggregate and be
immersed in the lipid membrane as many lipidated proteins
and peptides do.

5 | CONCLUSIONS

In this article, we demonstrated that L-Phe-D-Oxd moiety
may be considered as a privileged scaffold for the formation
of supramolecular materials, due to its tendency to aggregate
in fibers regardless the substituents both at the N-terminus
and at the C-terminus. The presence of the Oxd moiety is
essential for the material formation: when Oxd is replaced
with Pro, only liquids or amorphous solids are obtained.

Starting from Boc-L-Phe-D-Oxd-OBn 1 that gets organ-
ized into a very stable fiber-like material, several derivatives
have been described: they may form either materials organ-
ized in b-sheets or in supramolecular helices. For instance,
lipidated derivatives containing the L-Phe-D-Oxd moiety
form fibers that effectively interact with lipid membrane.

Some derivatives of the L-Phe-D-Oxd moiety are
LMWGs as they promote the formation of organogel and
hydrogels. These LMWGs may be divided into two families
according to the side chain structure: either bolamphiphilic
gelators or Fmoc-derived gelators. Rheological studies dem-
onstrated that these materials are very strong gels with inter-
esting viscoelastic and thermoreversible properties.

These LMWGs may form both organogels and hydro-
gels, useful for several applications: metal containing gels,
liposomes capable of affecting the growth of calcite crystals
and Trojan horses able to carry organic compounds into the
cells. These hydrogelators may represent a new tool for the
controlled release of drugs into specific cells, as they are (i)
responsive to external stimuli, (ii) not toxic and able to be
internalized by cell, and (iii) easy to functionalize to be tar-
geted into different substrates. The formation of self-
assembled gels containing anticancer agents, such as plati-
num(II)-based anticancer agents could furnish an innovative
answer to the problem of delivery of these compounds,
reducing their high toxicity toward “normal” tissues.
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