
06 October 2026

______________________________________________________________________________________________________________

Bioadhesive supramolecular hydrogel from unprotected, short d,l-peptides with Phe-Phe and Leu-Asp-Val
motifs / Cringoli, M.C., Romano, C., Parisi, E., Waddington, L.J., Melchionna, M., Semeraro, S., De Zorzi, R.,
Gronholm, M., Marchesan, S.. - In: CHEMICAL COMMUNICATIONS. - ISSN 1359-7345. - 56:20(2020), pp.
3015-3018. [10.1039/c9cc09947f]

Original

Bioadhesive supramolecular hydrogel from unprotected, short d,l-peptides with Phe-Phe and Leu-Asp-Val
motifs

Publisher:

Published
DOI:10.1039/c9cc09947f
Terms of use:

Publisher copyright

(Article begins on next page)

Some rights reserved. More details in the PostPrint rights section below.

Availability:
This version is available at: 11368/2969082 since: 2020-07-12T14:12:03Z

This is the peer reviewed (post-print) version of the following article:

License:
Attribution-NonCommercial-NoDerivatives 4.0 International

-.-

http://creativecommons.org/licenses/by-nc-nd/4.0/


Bioadhesive supramolecular hydrogel from
unprotected, short D,L-peptides with Phe-Phe and
Leu-Asp-Val motifs†

Maria Cristina Cringoli, a Chiara Romano,a Evelina Parisi, a

Lynne J. Waddington,b Michele Melchionna, a Sabrina Semeraro, a

Rita De Zorzi, a Mikaela Grönholm *c and Silvia Marchesan *a

The uncapped tripeptide DPhe-Phe-Leu acts as self-assembly template

to yield supramolecular hydrogel biomaterials. As an example, self-

assembling DPhe-Phe-Leu-Asp-Val contains the LDV bioadhesive

motif for b1 integrin activation. Hydrogels made of the two peptides

successfully mimic fibronectin of the extracellular matrix and lead to

high cell viability, adhesion, and spreading.

Adhesion to the extracellular cell matrix (ECM) is crucial for cell
survival.1 The ECM displays a complex structure, thus simple
peptides are convenient alternatives to induce cell attachment
onto biomaterials.2–5 Despite several years of research, most
studies rely on one ECM-derived motif, i.e., Arg-Gly-Asp or RGD,
which activates integrin proteins6 leading to cell adhesion.7,8

This approach was successfully applied to gels of short peptides
with aromatic N-caps (e.g., fluorenylmethyloxycarbonyl or Fmoc,
naphthalene or Nap derivatives) as self-assembly templates.9–11

However, concerns exist over their biocompatibility.12–16 Supra-
molecular hydrogels from unprotected short peptides could be
an attractive alternative, yet their assembly is far more difficult
to predict.17–19 Thus, there is scope to investigate the largely
unexplored chemical space of uncapped short peptides and
bioadhesive motifs beyond RGD. Rational design of simple
gelators could open new avenues for biomaterials with precise
chemical definition.

In this work, we designed a bioadhesive hydrogel based on
uncapped short peptides to fill this gap. Phe-Phe forms fibrils20

or metastable hydrogels.21,22 Addition of Leu yields stable
hydrogels at physiological conditions and without organic

solvents, as long as the sequence contains D- and L-amino
acids to favour an amphipathic supramolecular structure, as
in DLeu-Phe-Phe, Phe-DLeu-Phe, or their enantiomers.23,24

Thus, the unreported sequence DPhe-Phe-Leu (1 in Scheme 1)
was designed for self-assembly, with the Leu strategic position
at the C-terminus. In this way, a simple addition of just two
amino acids yields DPhe-Phe-Leu-Asp-Val (2 in Scheme 1),

Scheme 1 (A) Chemical structures of DPhe-Phe-Leu (1) and DPhe-Phe-Leu-
Asp-Val (2) with the bioadhesive LDV motif (light blue square). (B) Schematic of
the gelation protocol.
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whereby the structural scaffold is fused with the bioactive motif
Leu-Asp-Val (LDV).25 This fibronectin-derived motif is known
to activate b1 integrins leading to cell adhesion, also in nano-
structured materials.26 Applications range from anti-inflammatory
to anti-metastatic activities.27,28 The LDV motif has been only
recently applied to polymer, not supramolecular, hydrogels.29

Following a pH trigger as shown in Scheme 1, DPhe-Phe-Leu
(1) gelled phosphate buffer at pH 7.3 with a minimum gelling
concentration (MGC) of 5 mM (0.2 wt%) to yield a dense
network of fibril bundles with variable helical pitch as revealed
by TEM, cryo-TEM and AFM (Fig. 1). Nucleation areas were
composed of short, individual fibrils (5.3 � 1.4 nm wide,
n = 100) entangling into nuclei (Fig. 1A), from which fragments

of bundles emerged and eventually fused into micron-long fibers
(Fig. 1B and C). The fibrillar network (Fig. 1D) contained twisted
bundles (Fig. 1E and F) that AFM confirmed to be right-handed
(Fig. 1G and ESI†). The viscoelastic properties of the system were
assessed by rheology (Fig. 1H, I and ESI†). Time sweeps (Fig. 1H)
confirmed rapid gelation kinetics with the elastic modulus
G0 higher than the viscous modulus G00 as expected for gels.
The hydrogel displayed a high resistance against stress, with a
gel-to-sol transition occurring at nearly 100 Pa (Fig. 1I).

The secondary structure was investigated by circular dichroism
(CD) and FT-IR spectroscopy, as shown in Fig. 2 and ESI.† CD
spectra of the precursor solution at pH B 12 did not change over
time (see ESI†), while at pH 7.3 they evolved with assembly, and
were characterised by two maxima at 203 and 219 nm (Fig. 2A),
similarly to self-assembling D,L-tripeptides with a kinked backbone
conformation.18 Upon heating, the CD signature returned to the
disassembled state with a Tm = 50 1C (Fig. 2B). Visual observations
confirmed hydrogel melting at 52 � 2 1C. The amide I region of
the FT-IR spectrum revealed two peaks at 1641 and 1689 cm�1

compatible with b-structures and turns (Fig. 2C). The hydrogel
was positive to the Thioflavin T assay, a common test for amyloid
structures based on b-sheets (see ESI†).30

Having identified a suitable hydrogel scaffold, we prepared
DPhe-Phe-Leu-Asp-Val (2) for bioadhesion. Single-crystal XRD
analysis (see ESI†) revealed an antiparallel b-sheet conforma-
tion, held together by an extended network of hydrogen bond-
ing between the amide groups, and ionic interactions between
termini. Adjacent stacks interact via a hydrogen bond between
the C-termini (Fig. S25A, ESI†). The two Phe side chains, being
adjacent and in opposite stereoconfiguration, lie on the same
side of the stacked peptide backbones (Fig. S25B, ESI†). This is
the first XRD crystal structure of the bioactive LDV motif in a
linear peptide, while the structure of this motif on the fibronectin

Fig. 1 (A–C) TEM images of DPhe-Phe-Leu (1) nucleation with short fibrils
merging into bundles. (D) cryoTEM image of 1 fibril network. (E) cryoTEM
and (F) TEM images of 1 twisted bundles. Scale bars = 200 nm. (G) AFM of 1
revealed right-handed twists. Rheology time (H) and stress (I) sweeps of 1.

Fig. 2 (A) CD spectra of DPhe-Phe-Leu (1) over 1 h of assembly. (B) CD
signal of 1 over a heating ramp revealed a Tm of 50 1C. (C) Amide I region of
FT-IR of 1.

Communication ChemComm

View Article Online

2

https://doi.org/10.1039/c9cc09947f


This journal is©The Royal Society of Chemistry 2020 Chem. Commun., 2020, 56, 3015--3018 | 3017

protein, or a fragment thereof, is not yet available. The peptide
was tested for cell adhesion at different concentrations, and it
proved to be bioactive already at 0.5 mM (see ESI†). DPhe-Phe-
Leu-Asp-Val (2) gelled phosphate buffer at concentrations
Z50 mM, which were high for a convenient biomaterial scaffold.

Mixtures of the tripeptide 1 and the pentapeptide 2 yielded
hydrogels when used in the ratio of 4 : 1 or higher (e.g., 10 : 1.5,
12 : 3, or 15 : 3 mM). High concentrations of 1 lead to more
durable hydrogels in cell culture conditions, while low concen-
trations of 2 are preferable for a cost-effective biomaterial.
Therefore, amongst the various concentrations tested (see
ESI†), the most advantageous was 15 mM of 1 with 1.5 mM of
2 (10 : 1 ratio). At these conditions, presence of the pentapep-
tide 2 did not significantly alter the spectroscopic properties of
the hydrogel formed by 1, as shown by CD and FT-IR spectra
(see Fig. 3A and B). Rheology showed that presence of 2 led to
slower gelation kinetics, while the hydrogel maintained a good
resistance to stress (see Fig. 3C, D and ESI†). TEM and AFM
confirmed fibril morphology was retained, and also the right-
handed twists, though less bundling occurred, leading to a
more uniform fibril network (Fig. 4 and ESI†).

Cells displayed high viability in all cases, but cell spreading
occurred only in the presence of the bioactive peptide 2 (Fig. 5
and ESI†). Cells were viable also within the tripeptide 1 hydrogel
(Fig. 5A, centre), where they retained a round morphology. In the
presence of 2 (Fig. 5A, B, left and Fig. 5C), cells adhered and
spread to a greater extent than in the hydrogel of 1 (Fig. 5A, B,
centre and Fig. 5C) or the control (Fig. 5A, B right and Fig. 5C).
Addition of integrin b1 blocking-antibody inhibited cell adhesion
(Fig. 5C), thus confirming integrin engagement. Cell adhesive
response to 2 was enhanced by Mn++ (Fig. 5C), a known integrin
co-activator,6 from which we inferred successful ECM biomimicry
by the LDV motif of 2, leading to cell adhesion.

In conclusion, we report DPhe-Phe-Leu (1) as an unprotected
tripeptide able to self-assemble into right-handed twisted fibers

that yield stable hydrogels at physiological conditions. Spectro-
scopic analysis confirmed a b-structure compatible with a
kinked backbone. Importantly, the motif could be extended
by two amino acids to yield DPhe-Phe-Leu-Asp-Val (2), which is a
minimalistic bioadhesive peptide scaffold capable of ECM mimicry.
Single-crystal XRD data confirmed antiparallel b-sheets for 2. Hydro-
gels formed by both peptides activated b1 integrin proteins and led
to cell adhesion and spreading, and overall high cell viability. To our
knowledge, this is the first report of a bioactive and self-assembling
short peptide that mimics an ECM protein and forms a bioadhesive
hydrogel without the need for end-caps to template self-assembly.
We think this work is a useful addition to the range of applications
of uncapped, short D,L-peptide biomaterials.31–33 Importantly, it
provides new principles for the rational design of bioactive motifs
that go beyond existing strategies in supramolecular hydrogels.

Fig. 3 Two-component gel (1 + 2). Circular dichroism (A) and FT-IR (B)
spectra after 1 h of self-assembly. Rheometry time sweep (C) and stress
sweep after 1 h of assembly (D).

Fig. 4 Microscopy images of the two-component gel (1 + 2). AFM height
(A) and amplitude (B) images. Profile scans 1–4 in (A) revealed 5.1 � 0.9 nm-
high fibrils (see ESI†). (C) TEM image of a twisted bundle. Scale bar = 200 nm.
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Fig. 5 (A) Brightfield (top row) and fluorescence microscopy images (scale
bars = 20 mm) of fibroblasts grown on and in the gels of 1 + 2 (left), 1 (centre),
or on albumin control (right) for 48 h reveal viable cells (green) that spread
especially in the presence of 2 (left). (B) Quantification of average cell area
confirmed spreading due to adhesion to 2 (left). (C) iCELLigence assay
showed cell adhesion in response to 2 was increased by Mn++ and inhibited
by b1 integrin-blocking antibody (Ab), confirming ECM biomimicry.
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