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Hydrogels are of great interest as a class of materials for tissue engineering, axonal regeneration, and controlled
drug delivery, as they offer 3D interwoven scaffolds to support the growth of cells. Herein, we extend the family
of the aromatic Fmoc-dipeptides with a library of new Fmoc-peptides, which include natural and synthetic amino
acids with an aromatic nature. We describe the self-assembly of these Fmoc-peptides into various structures and
characterize their distinctive molecular and physical properties. Moreover, we describe the fabrication of the
bioactive RGD sequence into a hydrogel. This unique material offers new opportunities for developing cell-
adhesive biomedical hydrogel scaffolds, as well as for establishing strategies to modify surfaces with bioactive

materials.

Introduction

The molecular self-assembly process of biological building
blocks enables the formation of complex architectures and
machinery; hence, it offers a new direction for the design and
fabrication of novel materials that can be used in various
applications, such as, microelectronics, microelectromechanical
systems (MEMS), drug delivery, and tissue engineering.' ®
Designed and well-ordered structures can be formed by in vitro
self-assembly of nucleic acids, phospholipids, and polypeptide
building blocks.” ' Diverse chemical and structural species
integrated into proteins and polypeptides may confer upon them
some advantages over other building blocks for constructing
complex architectures.>*''~'* One example is the use of simple
proteins as templates for the fabrication of metallic nanowires
by using molecular-biology tools to insert metal-binding ele-
ments into the protein sequences.'* Similar to proteins and large
polypeptides, short peptides can also self-assemble into various
nanostructures such as spheres, tubes, and tapes.“5 =23 These
nanostructures can form unique materials at macroscopic as well
as nanoscopic scales, such as, nanoscale ordered hydrogels.>*~®

Hydrogels are frequently used as 3D scaffolds to support the
growth of cultured cells for tissue engineering and regener-
ation.?* 3! A variety of natural polymers may be used as
hydrogel-forming materials. These polymers are appealing for
medical use owing to their similarity to the natural extracellular
matrix (ECM), which allows cell adhesion while maintaining
very good biocompatible and biodegradable properties.*> Pro-
tein- or peptide-based scaffolds represent a very important
biocompatible group of materials that can support cell
growth.>*~26-2833-34 peptide-based hydrogels exhibit the advan-
tages of both synthetic and naturally derived hydrogel forming
materials. They are easy to manufacture in large quantities and
can also be easily decorated chemically and biologically. Such
decoration gives the ability to design an ultrastructure that
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presents ligands, as well as other biological functional groups,
hence, promoting cell adhesion and growth.>*** The study of
the gelation process of short peptides with an aromatic nature
is highly essential. It had been found that the cell nuclear pore
complexes are equipped with permeability barriers, which
contain short clusters of aromatic amino acids, such as, Phe-
Ser-Phe-Gly (FSFG). Those clusters form 3D meshwork with
hydrogel-like properties, which enable the nuclear pores’
specificity.*® In their pioneering work, Zhang and colleagues
described the use of short peptides with alternating charged and
hydrophobic amino acids to generate hydrogels for cultures of
various cell lines.** Their later work showed the ability of these
peptides to form axonal growth through a site of treated lesion
and the return of functional vision.*® Stupp and co-workers
showed selective differentiation of neural progenitor cells by
the bioactive peptide Ile-Lys-Val-Ala-Val (IKVAV) modified
with spacers and aliphatic tails which spontaneously form
nanofibrous scaffolds.* In 1995, Vegners et al. reported for the
first time the formation of hydrogels with fluorenylmethoxy-
carbonyl (Fmoc)-protected amino acids and dipeptides.>’ The
Fmoc moiety is widely used as a protecting group in peptide
synthesis and it was even reported by Burch et al. that a number
of Fmoc-amino acids show anti-inflammatory properties.*®

We previously reported the efficient self-assembly, under mild
conditions, of the Fmoc-Phe-Phe (Fmoc-FF) into a rigid
hydrogel with remarkable physical properties.>® We suggested
that aromatic interactions may have a key role in the formation
of tubular structures, as they contribute free energy of formation,
as well as order and directionality to the self-assembly process.
This suggestion was supported by a parallel independent work
done by Ulijn et al., which used spectroscopic techniques to
show that Fmoc-FF forms fiber structures due to the formation
of antiparallel [5-sheets. The [-sheets are stabilized by the
fluorenyl groups that are on alternating sides.*® In this study
we extend the family of the aromatic Fmoc-dipeptides™®#*4%43
with a library of new Fmoc-peptides. We characterize their
distinctive molecular and physical properties as well as examine
their possible use in vitro, using a cell culture model.

© 2009 American Chemical Society

Published on Web 08/25/2009



Fmoc-Peptides for the Formation of Hydrogels

Materials and Methods

Hydrogels and Solution Preparation. Lyophilized Fmoc-FF, Fmoc-
f-(2-naphthyl)-L-alanine (Fmoc-2-Nal), Fmoc-phenylalanine-proline
(Fmoc-FP), Fmoc-phenylalanine-serine(tBu) (Fmoc-FS(tBu)), Fmoc-
phenylalanine-glycine (Fmoc-FG), Fmoc-glycine-phenylalanine (Fmoc-
GF) (Bachem, Bubendorf, Switzerland), Fmoc-arginine-glycine-aspartic
acid (Fmoc-RGD), Fmoc-phenylalanine-arginine-glycine-aspartic acid
(Fmoc-FRGD), and Fmoc-arginine-glycine-aspartic acid-phenylalanine
(Fmoc-RGDF) (Peptron, Daejeon, South Korea) were dissolved in
dimethyl sulfoxide (DMSO) at concentrations of 100 or 25 mg mL ™.
The hydrogels were prepared by diluting the stock solution in ultra
pure water (Biological Industries, Beit Haemeck, Israel) at a final
peptide concentration of 5 mg mL~!. Different hydrogel concentrations
were prepared by using different peptide-solution-to-water ratios. To
avoid any preaggregation and premature assembly, the stock solutions
were prepared fresh for each experiment.

Congo Red Staining and Birefringence. A 20 uL aliquot was
allowed to dry on a glass microscope slide. Staining was performed
by the addition of a solution of 80% ethanol saturated with congo red
and NaCl. Birefrigence was determined with a SZX-12 Stereoscope
(Olympus, Hamburg, Germany) equipped with a polarizing stage.

Rheological Analysis. The in situ hydrogel formation, mechanical
properties, and cross-linking kinetics were characterized by an AR-G2
rheometer (TA Instruments). Time-sweep oscillatory tests in parallel-
plate geometry were performed on 210 uL of fresh solution (resulting
in a gap size of 0.6 mm), 1 min after its preparation, at room
temperature. Each Fmoc-peptide was tested six times and their average
is shown. Oscillatory strain (0.01—100%) and frequency sweeps
(0.01—100 Hz) were conducted to find the linear viscoelastic region,
wherein the time sweep oscillatory tests were performed.

Fourier Transform Infrared (FTIR) Spectroscopy. FTIR spectra
were collected using a Nicolet Nexus 470 FTIR spectrometer with a
DTGS (deuterated triglycine sulfate) detector. Hydrogel samples were
formed directly on a CaF, plate, resuspended with D,O, and vacuum-
dried. Measurements were taken using a 4 cm™ ! resolution and by
averaging 2000 scans. The absorbance maxima values were determined
using an OMNIC analysis program (Nicolet). The obtained absorption
spectra were smoothed by applying the Savitzky-Golay function to
eliminate noise and operating the second derivative transformation on
the spectra using the Peakfit software version 4.12 (SYSTAT Software
Inc., Richmond, CA).

Transmission Electron Microscopy (TEM) Analysis. A total of
100 uL of hydrogel was prepared and a part of it was placed on a
400-mesh copper grid. After 1 min, the piece of gel and excess fluid
were removed. Negative staining was obtained by covering the grid
with 10 uL of 2% uranyl acetate in water. After 2 min, excess uranyl
acetate solution was removed. Samples were viewed using a JEOL
1200EX TEM operating at 80 kV.

Scanning Electron Microscopy (SEM) Analysis. A piece of freshly
formed gel was placed on a microscope glass coverslip, dried at room
temperature, and then spattered with gold. Images were obtained with
a JSM JEOL 6300 SEM operating at 5.0 kV.

Atomic Force Microscopy (AFM) Analysis. For AFM analysis,
an aliquot of low concentration hydrogel was deposited on freshly
cleaved mica surface. The samples were probed by a Digital Instrument
(DI) MultiModeTM NanoScope IV AFM, using Mikromasch NSC15/
Si3N4 cantilever (resonant frequency f = 325 kHz, spring constant k
= 40 N/m) in a tapping mode.

Viability Analysis. For cell growth in vitro experiments, Chinese
hamster ovary (CHO) cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal calf serum, 100 U
mL ™! penicillin, 100 U mL ™! streptomycin, and 2 mmol L™ L-glutamine
(all from Beit Haemeck, Israel). Cells were maintained at 37 °C in a
humidified atmosphere containing 5% CO,. Subconfluent cells were
harvested by trypsinization, counted, and diluted in the culture medium
to 2 x 10° cells mL~". The hydrogels were swelled overnight with 0.1
mL DMEM. The next day, DMEM was removed and 100 uL of the
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Figure 1. (a) Molecular structure of the nine Fmoc-peptides. (b) A
macroscopic image of the hydrogels: (1) Fmoc-FRGD; (2) Fmoc-
RGDF; (3) Fmoc-2-Nal; (4) Fmoc-FG; (5) Fmoc-FF.

CHO cells (2 x 10* cells) were placed overtop the hydrogel. After a
24 h incubation period at 37 °C, the viability of the cells was determined
using a 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide
(MTT) assay.41

Results and Discussion

The new library of the Fmoc-peptides includes natural and
synthetic amino acids with an aromatic nature (Figure 1). Two
of these new Fmoc-peptides designed for enhanced biocom-
patibility, contained the Arg-Gly-Asp (RGD) sequence. The
RGD sequence is a critical part of the cell attachment site in a
large number of ECM proteins. As such, it can influence cell
migration, growth, differentiation, and apoptosis. The interaction
between cell-surface adhesion molecules and ECM proteins can
be mimicked using short synthetic peptides containing the RGD
sequence. Thus, extensive research has been done on cell—surface
interactions with peptide modified biomaterials.**~*’

Hydrogel Preparation. All the Fmoc-peptides were first
dissolved in DMSO and then diluted in water to their final
concentration. The dilution of the DMSO solutions into water
leads to substantial self-assembly of these peptides. As previ-
ously reported by Ulijn and co-workers, Fmoc-FG forms a
hydrogel.*’ In addition, Fmoc-FRGD, Fmoc-RGDF, and Fmoc-
2-Nal (Figure 1) formed hydrogels, and the gelation process
was accompanied by a change in the optical properties of the
specimen from a turbid viscous solution (opaque) to a transpar-
ent hydrogel. It should be noted that after a few hours, the Fmoc-
FG hydrogel contained aggregates and it was not stable for
prolonged durations in aqueous solution. Conversely, Fmoc-
RGD, Fmoc-Fmoc-FP, Fmoc-FS(tBu), and Fmoc-GF did not
form hydrogels and their solution remained turbid, except to
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Figure 2. TEM and SEM images of the studied hydrogels: (a,b) Fmoc-
2-Nal; (c,d) Fmoc-FG; (e,f) Fmoc-FRGD; (g,h) Fmoc-RGDF; (i)
Fmoc-FF exhibit tangled fibrous structures.

Fmoc-RGD, which remained clear. However, it should be noted
that recently it has been shown that Fmoc-RGD can form a
transparent hydrogel at pH = 3.*® Thus, it appears that the
hydrogel formation is pH dependent.

Stability Tests. We tested the stability of the hydrogels in
keeping their 3D structure and the ability to support their own
weight in an overturned test tube, under extreme pH conditions,
by using buffer solutions suspended on the upper side of the
hydrogels. Fmoc-FF and Fmoc-2-Nal were stable at broad pH
levels (3—12), while Fmoc-FG, Fmoc-FRGD, and Fmoc-RGDF
were not stable above pH = 6.5.

Morphology Characterization. To gain more insight about
the molecular organization of the self-assembled structures of
each peptide, we used TEM and SEM analysis. All Fmoc-
peptides that formed hydrogels were arranged as branching,
flexible fibrous structures (Figure 2). AFM measurements of
the hydrogel structures were conducted for accurate evaluation
of their diameter, as the native sample was being tested with
no vacuum or external stain, and showed fibers with an average
diameter ranging from 10 to 30 nm, for the different Fmoc-
peptides (Supporting Information, Figure S1). Fmoc-FP and
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Figure 3. TEM and SEM images of the nonhydrogel forming Fmoc-
peptides: (a,b) Fmoc-FP; (c,d) Fmoc-FS(tBu) exhibit spheres; (e,f)
Fmoc-RGD; (g,h) Fmoc-GF exhibit discrete tubes.

Fmoc-FS(tBu) formed spheres, whereas Fmoc-RGD and Fmoc-
GF formed tubular structures (Figure 3). Based on these results,
we suggest that the formation of spheres or tubes does not allow
the water to cage and form the hydrogel in the same manner as
with the fibrous structure, at the tested conditions. These results
also support the notion that the aromatic interactions play a key
role in the self-assembly process,*® which was supported by
theoretical studies.>® Thus, we speculate that the number and
location of the aromatic groups in the peptide chain have a direct
influence on the structure of the self-assembled product. While
Fmoc-FRGD and Fmoc-RGDF, which contain two aromatic
moieties (Fmoc and phenylalanine), self-assemble to form a
fibrous network, Fmoc-RGD, which contains only one aromatic
moiety (Fmoc), forms nanotubes with a very low yield.
Additionally, Fmoc-FG, which contains two adjacent aromatic
groups also forms a fibrous network, whereas Fmoc-GF forms
large tubes having a diameter of several micrometers. Next, we
used a birefringence visualization method to further investigate
the properties of the observed fibrillar structures. The dehydrated
hydrogels and nanostructured peptide assemblies were stained
with congo red dye. All of the hydrogels showed some degree
of birefringence, indicating on amyloid-like structure, whereas
the peptides that did not form hydrogels did not show any
birefringence (Supporting Information, Figure S2).

Rheology Characterization. The mechanical properties of
the hydrogels are important for determining their suitability in
various applications. Hence, rheological characterization was
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Table 1. Morphological Properties of the Various Fmoc-Peptides

10000 | — secondary
compound structure diameter  hydrogel structure
1000
_ Fmoc-FF-OH fibrous 10—30 nm v p-sheet
I 100 4 Fmoc-FG-OH fibrous 10—30 nm N non-f-sheet
® - Fmoc-2-Nal fibrous 10—30 nm v p-sheet
10 4 Fmoc-GF-OH microtubes 1— 5 um X
Fmoc-FRGD-OH  fibrous 10—30 nm v p-sheet
14 Fmoc-RGDF-OH fibrous 10—-30 nm vV p-sheet
Fmoc-RGD-OH nanotubes 10—20 nm X
0.1 ; ‘ " ‘ " ‘ Fmoc-FS(tBu)-OH spheres 20 nm—20 um X
0 50 1000 1800 200 200 3000 Fmoc-FP-OH spheres 20 nm—20 um x
Time [Sec]
Fmoc-FF Fmoc-FG Fmoc-2-Nal =s===Fmoc-FRGD Fmoc-RGDF

Figure 4. Storage shear modulus of the hydrogel forming Fmoc-
peptides.

conducted to study the kinetics of hydrogel formation and the
viscoelastic properties of the materials (Figure 4). The complex
shear modulus (G*) of the hydrogels showed that the elastic
response component (G, storage modulus) exceeded the viscous
response component (G”, loss modulus, not shown) by at least
one order of magnitude, indicating a phase transition into a
viscoelastic material had taken place. Although the G’ values
of all the hydrogels reached the plateau value after 30 min, the
kinetics of hydrogel formation of each peptide were quite
different. The Fmoc-peptides which formed hydrogels the fastest
(i.e., G’ reached its plateau value the fastest) were Fmoc-FF
and Fmoc-FG; with these rapidly forming hydrogels, the
rheometry protocol was unable to measure the initial portion
of the G’ slope associated with the beginning of the phase
transition. Fmoc-FRGD, Fmoc-2-Nal, and Fmoc-RGDF all
exhibited a slower process of hydrogel phase transition, which
was captured almost entirely by the rheometry time-sweep.
These results are consistent with the aromatic nature of these
peptides; Fmoc-FF and Fmoc-FG have adjacent aromatic
moieties and can self-assemble rapidly. Fmoc-RGDF and Fmoc-
FRGD have two aromatic moieties on a longer backbone and,
hence, may require more time for the molecules to arrange
properly during self-assembly to reach their viscoelastic equi-
librium. Fmoc-2-Nal exhibits hydrogel formation kinetics similar
to the longer peptides, despite its shorter length and two adjacent
aromatic moieties; this is possibly owing to steric hindrances
caused during self-assembly by the bulky naphthalene systems.

The rheological analysis also showed how the number of
aromatic groups and their location on the peptide backbone
affected the mechanical properties of the respective hydrogel.
Fmoc-FF, which contains three aromatic moieties, showed the
highest G'piacan value, indicating that these were the stiffest
hydrogels. Fmoc-FG, Fmoc-FRGD, and Fmoc-2-Nal, all having
two adjacent aromatic moieties, demonstrated similar G’piaeau
values, while Fmoc-RGDF exhibited the lowest G’pjaean Value.

Peptide Mixtures Effect on the Hydrogel Formation
Process. Next we formed a mixture of hydrogels using
combinations of two different peptides to examine the possibility
of precisely controlling the hydrogel’s mechanical properties.
Interestingly, the Fmoc-FF with Fmoc-2-Nal combination
required prolonged times (4 h) for the optical transition to
culminate, even though the duration of the optical transition of
the individual peptides was after 3.5 and 2 min, respectively.
This behavior was also observed for the Fmoc-FF mixed with
Fmoc-FG (Supporting Information, Figure S3) that required 1 h
for the optical transition to culminate, where the individual
peptides showed an optical transition after 3.5 min and 30 s,
respectively. In agreement, the rheological data showed that the
hydrogel self-assembly kinetics and viscoelastic properties were

very different for the mixed solutions when compared to the
individual Fmoc-peptides (Supporting Information, Figure S4).
It appeared that the hydrogel formation of the individual peptides
was a two-step process, whereas the optical transition was
mostly evident during the initial step of the hydrogel formation
when G’ increases exponentially. We hypothesize that the time
required for the optical transition corresponds to the duration
of the molecules initial organization from many irregular
aggregates of dimension at the range of the visible wavelength,
into a crystalline form, through the process of self-assembly.
Thus, it seems that the slower kinetics of the peptide mixtures
may be the result of the intricacies of forming more complex
supermolecular structures made from the two types of peptides
or, alternatively, it may be due to the diffusional effects involved
in the coformation of two distinct populations.

Secondary Structure Studies. Next we examined the nature
of the secondary structures of the nanoassemblies using FTIR
spectroscopy. Fmoc-FG wavenumber amide I bands were
located with a major maximum peak at 1651 cm™! and at 1700
cm™!. These vibrational peaks are consistent with supramolecu-
lar organization of peptide in a non 3-sheet conformation. Fmoc-
FF wavenumber amide I bands were located with a major
maximum peak at 1653 cm™! and a minor peak at 1690 cm ™',
Fmoc-2-Nal with a major maximum peak at 1690 cm ™!, Fmoc-
RGDF with a major maximum peak at 1638 cm™!' and minor
peaks at 1658 and 1680 cm™!, Fmoc-FRGD with a major
maximum peak at 1660 cm™! and minor peaks at 1674 and 1689
cm™! all indicating a high amount of S-conformations (Sup-
porting Information, Figure S5). Fmoc-FP, Fmoc-FS(tBu),
Fmoc-GF, and Fmoc-RGD did not exhibit any signal.”’ A
summary of the Fmoc-peptides morphological properties is
shown in Table 1.

Cell Viability Assay. To verify the ability of the new
hydrogels to be used in biological applications, we tested their
biocompatibility using an in vitro cell culture experiment. CHO
cells were cultivated on top of the gels after their formation in
a 96-well culture plate. The cell viability was analyzed following
1, 3, and 7 day incubation periods. CHO cells cultured on
uncoated wells were used as control (Figure 5). Cell viability
was analyzed using an MTT assay. When MTT was added to
the cell culture medium, the mitochondrial dehydrogenase
enzyme, which is present only in live cells, changed the color
of the yellow MTT to dark-blue crystals, which accumulated
inside the living cells and give a clear indication of cell viability.

After one day, the cultured cells on Fmoc-FRGD and Fmoc-
RGDF showed a very high viability, whereas the cells on Fmoc-
2-Nal showed low viability. However, the number of cells on
Fmoc-FRGD and Fmoc-RGDF decreased after three days,
whereas Fmoc-2-Nal showed a moderate increase. Seven days
after incubation, the number of cultured cells on Fmoc-RGDF
remained stable, while a decrease was observed on Fmoc-2-
Nal and Fmoc-FRGD. The discrepancy between Fmoc-FRGD
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Figure 5. Cell viability test of the new hydrogels for 1, 3, and 7 days.

and Fmoc-RGDF in the viability tests may imply a different
arrangement of the Fmoc-peptides and consequently lead to a
weaker or stronger cell adhesion capability, respectively.
Additionally, the viabilty decrease in the peptides with the RGD
sequence was consistent with other observations, which showed
a similar decrease in viability during the first seven days.*®
Furthermore, the fact that Fmoc-2-Nal is a synthetic amino acid
could contribute to the low viability.

Conclusions

We designed self-assembling peptides by flanking peptides
with aromatic moieties. We described and characterized the self-
assembly of nine different Fmoc-peptides into various structures
with distinctive molecular and physical properties. Each of these
nanostructured materials are formed under mild conditions in
an aqueous solution using low-molecular weight building blocks.
In most cases, their properties enable the utilization in different
biomedical applications including drug delivery, tissue engineer-
ing, and tissue regeneration, owing to their biocompatibility and
assembly into 3D networks. Moreover, we described the
fabrication of bioactive RGD peptide hydrogels through their
flanking with aromatic moieties. These unique materials offer
new opportunities to develope cell-adhesive biomedical hydrogel
scaffolds, as well as to establish strategies to modify surfaces
with bioactive materials. Electron microscopy analysis revealed
a pattern between the micrometer-scaled self-assembled struc-
tures of each peptide solution and the bulk viscoelastic properties
of their respective final forms. Specifically, fibrous structures
formed continuous hydrogels with viscoelastic properties,
whereas spheres and discrete tubes remained in a state of viscous
solutions. The macro-structure of the hydrogel resembled that
of a sponge, which imbibes water along its branched fibers. By
comparing a variety of Fmoc-peptides, we have also demon-
strated the critical role of aromatic groups in regulating the self-
assembly process and consequently influencing the structural
and physical properties of the resulting hydrogels. As the number
of aromatic groups on the peptide backbone increases, the
stiffness of the hydrogels increases and the structural formation
occurs with elevated yields. Additional work will be required
to appreciate the full potential of this novel class of peptide-
based materials in biomedicine and bionanotechnology.
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