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We have synthesized and characterized a self-assembling tri-
peptide hydrogelator Ac-L-Phe-L-Phe-L-Ala-NH,. A series of
experiments showed that the hydrogel material could serve as a
stabile and biocompatible physical support as it improves the sur-
vival of HEK293T cells in vitro, thus being a promising biomaterial
for use in tissue engineering applications.

Hydrogel biomaterials, closely mimicking the three-dimen-
sional extracellular matrix (ECM), are considered to be ideal
materials for cell and tissue scaffolding applications due to
their biocompatibility, hydrophilic character, mechanical pro-
perties (lower micromechanical modulus) and structural diver-
sity." The dynamic nature of the noncovalent hydrogel fibril
network allows the hydrogel material to spontaneously adjust
to the surrounding environment and the cells to migrate
through the matrix compared to covalent hydrogels whose
pores are chemically constrained and relatively inflexible.’
Short self-assembling peptides made from natural amino acids
with alternating hydrophobic and hydrophilic amino acids
undergo spontaneous self-assembly into nanofiber hydrogel
scaffolds under physiological conditions.” The weak non-
covalent interactions such as hydrogen bonding, n—x stacking,
electrostatic and van der Waals interactions are mainly respon-
sible for the self-assembly process. These scaffolds consisting
of nanofiber networks surround cells in a manner similar to
the ECM and the process is triggered by the addition of cell
suspensions to the aqueous solutions.® Ultrashort peptide
hydrogels made of two or three amino acids are especially
suitable for biomedical applications because they are cost-
effective, simple to prepare and accessible to production on a
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large-scale.” A large number of such scaffolds described in the
literature require the use of synthetic protecting groups (such
as Fmoc, naphthalene, etc.) and/or small amounts of organic
solvents (e.g. DMSO) needed for peptide dissolution and self-
assembly.® However, neither of these approaches are suitable
for biomedical applications because it is advisable to avoid
toxic organic solvents and some aromatic molecules (e.g
Fmoc) when dealing with cells as it may lead to reduced cell
viability in vitro.” Continuing the long lasting research of the
IRB group on supramolecular gelation® we developed a new
type of self-assembling tripeptide hydrogel Ac-i-Phe-L-Phe-r-
Ala-NH, for use in tissue engineering approaches. Ac-.-Phe-1-
Phe-1-Ala-NH,, self-assembles at physiological pH without the
need for any organic solvent. This tripeptide derivative con-
tains an aromatic diphenylalanine moiety (Phe-Phe) as a mini-
malistic building block to drive the self-assembly of short
peptides into nanostructures and hydrogels of high stability.’

The tripeptide hydrogelator Ac-i-Phe-i-Phe-1-Ala-NH, was
prepared in five synthetic steps (Scheme S-11). The starting
Boc-1-Phe-1-Ala-OMe dipeptide was prepared from commer-
cially available reagents by a procedure described in the litera-
ture.'® Boc-deprotection was achieved using TFA' to give an
unprotected dipeptide r-Phe-r-Ala-OMe. r-Phe-1-Ala-OMe was
then coupled to an activated Boc-protected phenylalanine
succinimide ester to give the Boc-r-Phe-L-Phe-L-Ala-OMe tri-
peptide. After Boc-deprotection, the tripeptide was acetylated
with acetyl chloride to give the acetyl tripeptide methyl ester,
Ac-1-Phe-1-Phe-1-Ala-OMe. In the last step, ammonolysis of the
acetyl tripeptide methyl ester with dry ammonia in methanol
resulted in a final product, Ac-L-Phe-i.-Phe-1-Ala-NH, in 98%
yield.

Minimal gelation concentration (MGC) was the lowest con-
centration of the gelator in the solution that could form a
hydrogel. Ac-i-Phe-1-Phe-1-Ala-NH, can gel saline at a
minimum gelation concentration of 0.7%, w/v. The tripeptide
hydrogel maintains a stable self-supporting structure under
physiological conditions over weeks at a very low concentration
of 2.64 mg ml™" (Fig. 1).
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Fig.1 Chemical structure of hydrogelator and a picture of the
hydrogel formed by Ac-L-Phe-L-Phe-L-Ala-NH, in saline (pH = 6.12,
2.64 mg ml™).

Transmission Electron Microscopy (TEM) images of the
nanofibrous hydrogel network show the presence of a mixture
of fibers and straight ribbons with diameters in the range of
50-500 nm and lengths in the range of micrometers (Fig. 2).

FTIR and NMR investigation pointed toward the cross-f
structure type of hydrogen bonding of the tripeptide in the gel
aggregates.’” Intramolecular hydrogen bonding and non-
covalent interactions between molecules of hydrogelators are
responsible for the formation of the 3D gel network."?

The mechanical properties of the tripeptide hydrogel were
investigated by basic rheological measurements, in order to
determine the suitability of the hydrogel for use in tissue
engineering applications. The storage modulus (G') is 6 fold
greater than the loss modulus (G") under constant strain at 2%
(Fig. S-12%) which indicates the viscoelastic properties of the
proposed hydrogel biomaterial. The rheological studies
confirm that our hydrogel satisfies criteria similar to other
small peptide hydrogels described in the literature.'*"?

The tripeptide hydrogel is transparent and therefore suit-
able for microscopy analysis. A series of experiments have
been performed in order to assess in vitro biocompatibility of
the novel material.

Human embryonic kidney cells (HEK293T) have been used
as a reproducible model cell line and were cultured following
established proliferation protocols. These cells were found to
be a simple model cell line used for hydrogel-based biomater-
ial cytocompatibility evaluations.'® In addition, they show

Fig. 2 TEM images of the tripeptide hydrogel network (a) PWK-stained
and (b) Pd-shadowed (saline, ¢ = 2.64 mg ml™3).
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properties of immature neurons, thus being suitable for bio-
logical screening in neural tissue engineering.'” HEK293T
cells were encapsulated in vitro within a three-dimensional
network of nanofibers formed by self-assembly of peptide
molecules. The self-assembly was triggered by mixing cell
suspensions in media with a physiological saline solution of
the peptide molecules and the cells survived the growth of the
nanofibers around them. The results of the PicoGreen assay
showed that HEK293T cells proliferate when cultured within
Ac-1-Phe-1-Phe-1-Ala-NH, hydrogel fibers, as the total
cell number was significantly higher on day 5 compared to
day 0 (Fig. 3).

As expected, the total cell number also increased signifi-
cantly in two positive control groups (Matrigel and medium)
and decreased in a negative control group (latex rubber). Sur-
prisingly, the cell number was significantly higher in Ac-L-Phe-
t-Phe-1-Ala-NH, hydrogel samples compared to Matrigel on the
5th day (549.20 + 25.17 vs. 296.40 + 92.11, t-test, p < 0.05). The
novel supramolecular hydrogel was shown to be effective in
enhancing cell proliferation up to 5 days of culturing. In
addition, the obtained results reveal the advantages of the
novel tripeptide hydrogel compared to Matrigel. A small pro-
portion of the cells precipitated during this time at the bottom
of the wells in both Ac-i-Phe-1-Phe-1-Ala-NH, hydrogel and
Matrigel, but the majority of the cells remained in gels and
formed agglomerates. Matrigel was previously proved to be a
suitable scaffolding support for culturing cells. Being a natu-
rally-derived material, Matrigel cannot match requirements for
reproducibility, but this can be overcome by the use of syn-
thetic materials like the Ac-L-Phe-1-Phe-1-Ala-NH, hydrogel.

Viability was assessed with the LIVE/DEAD assay and was
expressed as the percentage of living cells in the total cell
number. Viability of HEK293T cells was high in all samples
except in latex rubber, where no viable cells were observed on
day 5 (Fig. 4-6).

There were no significant differences in the percentage of
live cells between HEK293T cells cultured with Matrigel
(82.7 = 5.79%), medium (83.78 + 2.37%) or Ac-L-Phe-L-
Phe--Ala-NH, hydrogel (89.78 + 1.43%). Morphology of the
HEK293T cells transfected with tubulin-mCherry grown in the

: mm{!mmz Matrigel medlumI
hydrogel

Fig. 3 HEK293T cells proliferate well encapsulated within the Ac-L-

Phe-L-Phe-L-Ala-NH, hydrogel scaffold. HEK293T cell number was

determined using Quant-iT™ PicoGreen® dsDNA Kit on day 0 and 5 for

cells grown in the peptide hydrogel scaffold, Matrigel, on latex or within

medium only. Results represent mean + SD of 4 independent experi-
ments performed in triplicate. p < 0.05.
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Fig. 4 HEK293T cells show high viability encapsulated within the Ac-L-
Phe-L-Phe-L-Ala-NH, hydrogel scaffold. Percentage of live cells was
determined using LIVE/DEAD viability/cytotoxicity assay on day 0 and 5
for cells encapsulated within the peptide hydrogel scaffold, or grown on
Matrigel, latex or in medium only. Results are shown as percentage of
live cells and represent mean + SD of 4 independent experiments per-
formed in triplicate.

Fig. 5 HEK293T cells in: (A) Ac-L-Phe-L-Phe-L-Ala-NH,, (B) Matrigel, (C)
medium, (D) latex. On the 0 day of the experiment. Live cells are green,
and dead cells are red. Magnification 10x, scale bar applies to all.

Fig. 6 HEK293T cells in: (A) Ac-L-Phe-L-Phe-L-Ala-NH,, (B) Matrigel, (C)
medium, (D) latex. On the 5% day of the experiment. Live cells are green,
and dead cells are red. Magnification 10X, scale bar applies to all.
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Ac-1-Phe-1-Phe-1-Ala-NH, hydrogel compared to the cells grown
in medium was observed by using a confocal microscope. The
cells grown in the Ac-r-Phe-i-Phe-r-Ala-NH, hydrogel form
aggregates that are visible in a range of different z planes,
while the cells grown in medium adhere to the well surface
and are all visible in the same z planes (Fig. S-13} and Fig. 7).
In addition, the cells were visualised under bright light, and
the cells belonging to one aggregate within the hydrogel could
be clearly distinguished from the cells grown in other aggre-
gates, being the only ones in the clear focus of the microscope,
while the others appeared blurred (Fig. 8).

Fig. 7 HEK293T cells transfected with tubulin-mCherry, grown in Ac-L-
Phe-L-Phe-L-Ala-NH; hydrogel and observed under a confocal micro-
scope after 72 h. Cells formed aggregates within the hydrogel and are
visible in different z planes. Magnification 100x, scale bar applies to all.

Fig. 8 HEK293T cells grown in: (A) Ac-L-Phe-L-Phe-L-Ala-NH; hydrogel
and (B) medium and observed 72 h after encapsulation. Bright field
microscopy shows that cells form aggregates within the hydrogel, while
cells grown in medium adhered to the surface. Magnification 20x.

Conclusions

In this study we have developed a new type of noncovalent
supramolecular self-assembling tripeptide hydrogel, Ac-L-Phe-
t-Phe-1-Ala-NH, and evaluated its physicochemical and biologi-
cal properties in vitro. We found that the tripeptide Ac-L-Phe-L-
Phe-1-Ala-NH, self-assembles into nanofiber hydrogel scaffolds

This journal is © The Royal Society of Chemistry 2016
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under physiological conditions. The obtained material was
established as a stabile and biocompatible physical support
for HEK293T cells in vitro. Ac-i.-Phe--Phe-1-Ala-NH, efficiently
supported survival and promoted proliferation of HEK293T
cells encapsulated within a three-dimensional nanofiber
network. Furthermore, these results suggest the need for
further evaluation of in vitro biocompatibility and bioactivity of
this tripeptide on neural stem cells upon encapsulation
in order to investigate for possible tissue engineering
application.
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