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SELF-ASSEMBLED HYDROGELS AND METHODS FOR GENERATING AND
USING SAME

FIELD AND BACKGROUND OF THE INVENTION

The present invention relates to novel, remarkably rigid hydrogels and, more

particularly, to peptide-based hydrogels, to methods of generating same, to
compositions containing same and to uses thereof in applications such as drug
delivery, cell growth, tissue engineering, tissue regeneration, cosmetics, implantation,
packaging and more.

Biological building blocks construct complex architectures and machinery
through the process of molecular self-assembly. This process offers a new direction
for the design and fabrication of novel materials that can be used in various
applications such as microelectronics, drug delivery, and tissue engineering. Designed
and well-ordered structures are formed by in viiro self-assembly of nueleic acid,
phospholipid and polypeptide building blocks. Furthermore, the structural and
chemical diversity of natural and nonstandard residues that could be integrated into
proteins and polypeptides confers upon them some advantages over other building
blocks for constructing complex architectures-{Reches M. ef al., Nano Lett. 4, 581
(2004)].

One example of the use of simple proteins as building blocks is the
technological application of the proteinaceous supermolecular structures of amyloid
fibrils for the fabrication of composite nanomaterial.

Amyloid fibrils are naturally occurring self-assembled nanostructures
associated with various diseases of unrelated origin. Amyloid fibrils can serve, for
example, as natural templates for the fabrication of metallic nanowires by using
molecular biology tools to insert metal binding elements into the amyloid forming
protein sequences.

Such an incorporation of metal binding residues into fibrous assemblies is even
simpler when short peptides are used as building blocks. Like proteins and large
polypeptides, short peptides, too, can self-assemble into various nanostructures such as
spheres, tubes, and tapes. These self-assembled nanostructures can be designed to

contain organic or inorganic binding domains and other functional groups for the
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purpose of novel composites fabrication [Petka, W.A. ef al., Science. 281, 389
(1998)].

PCT International Patent Application Nos. PCT/IL03/01045 (WO
2004/052773) and PCT/IL2004/000012 (WO 2004/060791) disclose that a remarkably
short peptide, the diphenylalanine aromatic core of the B-amyloid polypeptide,
efficiently self-assembles into a novel class of peptide nanotubes. These peptide
nanotubes spontaneously self-assemble in aqueous solution into individual entities
with long persistence length and unique mechanical properties. These peptide
nanotubes can serve, for example, as a casting mold for metal nanowires and for the
fabrication of peptide-nanotube platinum-nanoparticle composites. In addition, these
nanotubes can also be used in electrochemical biosensing platforms. It has been
suggested that aromatic interactions may have a key role in the formation of these
tubular structures as they contribute free energy of formation as well as order and
directionality to the self-assembly process.

PCT International Patent Application No. PCT/IL2005/000954 and Reches and
Gazit [Israel J. Chem. 45, 363-371 (2005)] disclose the assembly of similar tubular

and fibrillar (amyloid-like) structures by non-charged, end-capping modified aromatic

~peptides and; particularly, by diphenylalanine analogs suchas, for example, Boc-Phe--

Phe-COOH and Fmoc-Phe-Phe-COOH peptides. Most intriguingly, it has been shown
that the Fmoc-Phe-Phe peptide forms fibrillar structures that are very similar in their
ultra-structure and molecular dimensions to the amyloid fibrils formed by other, much
longer, polypeptides. Thus, this modified dipeptide represents the smallest structural
unit that can form typical amyloid-like fibrils.

Hydrogels are networks made of water-soluble natural or synthetic polymer
chains and which typically contain more than 99 % water. Hydrogels are of great
interest as a class of materials for tissue engineering and regeneration, as they offer
three dimensional (3D) scaffolds to support the growth of cultured cells.

A variety of synthetic materials, such as, for example, poly(ethylene oxide)
(PEO), poly(vinyl alcohol) (PVA) and furmarate-co-ethylene glycol (P(PF-co-EG),
may be used as hydrogel forming materials. These synthetic building blocks offer

controllability and reproducibility, but their drawbacks lie in their production, which

PCT/IL2006/001174
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often involves extreme temperatures and pressures and complex techniques, as well as
in the low biocompatibility of the formed hydrogel.

Another class of building blocks for hydrogel formation includes natural
polymers such as agarose, collagen, fibrin, alginate, gelatin, and hyaluronic acid (HA).
These polymers are appealing for medical use (e.g., medical devices or portions
thereof, stents, anastomosis, adhesives etc.) due to their similarity to a natural
extracellular matrix (ECM), which allows for cell adbesion while maintaining very
good biocompatible and biodegradable qualities.

Protein or peptide-based scaffolds represent another very important
biocompatible material that can support cell growth. Peptide-based hydrogels
incorporate the advantages 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 allows the design of an ultra-
structure that presents ligands, as well as other functional groups, hence promoting
cell adhesion and growth [Silva et al., Science 303, 1352 (2004); Holmes et al. Proc.
Natl. Acad. Sci. U. S. A. 97, 6728 (2000)].

Proteins and peptides can also form unique materials at macroscopic along

“with ‘nanoscopic levels, suchas -nano-scale-ordered-hydrogels-[see, for -example,

Holmes et al. 2000 (supra)l.

Zhang et al. [J. Am. Chem. Soc. 125, 13680-13681 (2003)] have reported that
supramolecular hydrogels can be formed from various Fmoc-dipeptides, at a low pH
value of 3 - 5, and a temperature below 74 °C.

The Fmoc-dipeptides practiced in this study by Zhang et al. have no aromatic
substituent, apart from the Fmoc group. In the absence of aromatic substituents, the
dipeptides composing the hydrogel can freely interact, via hydrogen bonding, with an
external ligand. Indeed, it was reported that in the presence of an external ligand such
as vancomycin, the ligand interacts with the gel through four to five hydrogen bonds,
leading to its transition into a sol. Therefore, some of these hydrogels, such as those
formed from Fmoc-D-Ala-D-Ala, have been shown to exhibit gel-sol transition upon
binding to an external ligand such as vancomycin via a ligand-receptor interaction that
can disturb the delicate balance between hydrophobic interactions and hydrogen bonds

within the gel and induce a gel-sol transition.

PCT/IL2006/001174
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Amino acid-derived anti-inflammatory agents have also been used to form
hydrogels [Yang Z. et al., Chem. Commun. 208-209 (2004)]. In this case, a hydrogel
was formed by the combination of two N-(fluorenyl methoxycarbonyl) amino acids:
NPC 15199 and Fmoc-L-lysine, which belong to a novel class of anti-inflammatory
agents. According to this study, NPC 15199 serves as the structural component which
offers anti-inflammatory function and hence can possibly serve as a “self-delivery”
system. Neither NPC 15199 nor Fmoc-L-lysine, however, can form a hydrogel
independently because of their limited solubility in water. Therefore, addition of
Na,COs to the suspension of either of the building blocks is required, forming salt type
hydrogel building blocks. The pH value of the resulting hydrogel is about 9.1 and a
temperature below 51 °C is required to maintain gelation.

A commercial PuraMatrix  hydrogel (from BD  Biosciences,
http://www.bdbiosciences.com/discovery_labware/Products/tissue_engineering/PuraM
atrix/index.shtml) is also available and is used to create defined three-dimensional
(3D) microenvironments for a variety of cell culture experiments. The PuraMatrix
hydrogel is based on peptides that have six or more amino acid residues, for example

peptides based on the (RARADADA)n motif, that have positively charged arginines

“and negatively charged aspartic acids [Zhang S, Biotechnology Advances, 321-339-

(2002)]. The peptide building blocks used form beta sheet structures in aqueous
solution as they contain two distinct surfaces, one hydrophilic, the other hydrophobic.
These peptides therefore form complementary ionic bonds with regular repeats on the
hydrophilic surface [Zhang S. et al., Proc. Natl. Acad. Sci. USA 90, 3334-3338 (1993);
Zhang S. et al., Biomaterials 16, 1385-1393 (1995)]. However, as is indicated in the
manufacturer's website (supra) this hydrogel forms a soft fibrous network that exhibits
a relatively weak mechanical strength, and hence its handling and use in various

applications is limited. For example, it was reported that the ionic peptide [COCH;]-

RADARADARADARADA-[CONH;] undergoes molecular self-assembly into

nanofibers and eventually a scaffold hydrogel. Rheological analyses for this hydrogel
showed an increase of scaffold rigidity as a function of nanofiber length. However, a
G' value of only about 50 Pa at 1 Hz frequency was measured for this gel [Zhang S. et
al. Proc. Natl. Acad. Sci. USA 102, 8414-8419 (2005)].

PCT/IL2006/001174
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Hence, while the advantageous use of peptide-based hydrogels has been widely
recognized, the presently known peptide-based hydrogels are characterized by
relatively low rigidity, instability under certain conditions and/or the complexity of the
preparation thereof.

There is thus a widely recognized need for, and it would be highly
advantageous to have, novel peptide-based hydrogels and articles made therefrom,

which are devoid of the above limitations.

SUMMARY OF THE INVENTION

The present inventors have now suri)risingly uncovered that short peptides,
having no more than 6 amino acid residues and one or more aromatic amino acid
residues readily form hydrogels upon contacting an aqueous solution. These
hydrogels are characterized by exceptional chemical, physical and mechanical
properties which render them highly suitable in various applications.

Thus, according to one aspect of the present invention there is provided a
hydrogel comprising a fibrous network of a plurality of peptides, wherein each peptide

in the plurality of peptides has an amino acid sequence not exceeding 6 amino acids in

“Tength, whereas the -amino acid sequence-comprises at least one -aromatic amino acid -

residue. Each of the peptides in the plurality of peptides can therefore have two, three,
four, five or six amino acid residues.

According to further features in preferred embodiments of the invention
described below, at least one peptide in the plurality of peptides is an end-capping
modified peptide.

According to still further features in the described preferred embodiments each
peptide in the plurality of peptides is an end-capping modified peptide.

According to still further features in the described preferred embodiments the
end capping modified peptide comprises at least one end capping moiety, the end
capping moiety being selected from the group consisting of an aromatic end capping
moiety and a non-aromatic end-capping moiety.

According to still further features in the described preferred embodiments the
aromatic end capping moiety is selected from the group consisting of 9-

fluorenylmethyloxycarbonyl (Fmoc) and benzyloxycarbonyl (Cbz).

PCT/IL2006/001174
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According to still further features in the described preferred embodiments at
least one peptide in the plurality of peptides consists essentially of aromatic amino
acid residues.

According to still further features in the described preferred embodiments each
peptide in the plurality of peptides consists essentially of aromatic amino acid
residues.

According to still further features in the described preferred embodiments at
least one peptide in the plurality of peptides is a dipeptide.

According to still further features in the described preferred embodiments each
peptide in the plurality of peptides is a dipeptide.

According to still further features in the described preferred embodiments at
least one of the dipeptides is a homodipeptide.

According to still further features in the described preferred embodiments each
of the dipeptides is a homopeptide.

According to still further features in the described preferred embodiments the
aromatic amino acid residue comprises an aromatic moiety selected from the group
consisting of substituted or unsubstituted naphthalenyl, substituted or unsubstituted
phenanthrenyl, substituted -or- unsubstituted--anthracenyl, substituted -or unsubstituted-
[1,10]phenanthrolinyl, substituted or unsubstituted [2,2']bipyridinyl, substituted or
unsubstituted biphenyl and substituted or unsubstituted phenyl.

According to still further features in the described preferred embodiments the
substituted phenyl is selected from the group consisting of halophenyl,
pentahalophenyl, aminophenyl, dialkylaminophenyl, alkoxyphenyl,
trihalomethylphenyl, biphenyl and nitrophenyl.

According to still further features in the described preferred embodiments the
homodipeptide is selected from the group consisting of naphthylalanine-
naphthylalanine dipeptide, phenanthrenylalanine-phenanthrenylalanine dipeptide,
anthracenylalanine-anthracenylalanine  dipeptide,  [1,10]phenanthrolinylalanine-
[1,10]phenanthrolinylalanine dipeptide, [2,2"bipyridinylalanine-
[2,2']bipyridinylalanine dipeptide, (pentahalo-phenylalanine)-(pentahalo-
phenylalanine)  dipeptide,  phenylalanine-phenylalanine  dipeptide,  (amino-
phenylalanine)-(amino-phenylalanine)  dipeptide, (dialkylamino-phenylalanine)-(
dialkylamino-phenylalanine)  dipeptide,  (halophenylalanine)-(halophenylalanine)
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dipeptide, (alkoxy-phenylalanine)-(alkoxy-phenylalanine) dipeptide, (trihalomethyl-
phenylalanine)-( trihalomethyl-phenylalanine) dipeptide, (4-phenyl-phenylalanine)-(4-
phenyl-phenylalanine) dipeptide and (nitro-phenylalanine)-(nitro-phenylalanine)
dipeptide.

According to still further features in the described preferred embodiments the
concentration of the plurality of peptides is less than 1 weight percent of the total
weight of the gel.

According to still further features in the described preferred embodiments the
fibrous network comprises a plurality of fibrils, whereas an average diameter of the
fibrils ranges from about 10 nm to about 100 nm.

According to still further features in the described preferred embodiments the
hydrogel is characterized by a storage modulus G' to loss modulus G" ratio that is
greater than 3.

According to still further features in the described preferred embodiments the
hydrogel is characterized by a storage modulus G' higher than 1,000 Pa at 1 Hz
frequency.

According to still further features in the described preferred embodiments the

~hydrogel-is-characterized -by-a-storage modulus G'-higher-than -10,000 Pa at 1- Hz

frequency.

According to still further features in the described preferred embodiments the
hydrogel is stable at a temperature range of from about 0 °C to about 90 °C.

According to still further features in the described preferred embodiments the
hydrogel is stable upon contacting, for at least 24 hours, a medium selected from the
group consisting of an acidic solution, a basic solution and an organic solvent.

According to still further features in the described preferred embodiments the
fibrous network of peptides comprises microscopic hollow cavities capable of
entrapping therein a biological or chemical agent.

According to another aspect of the present invention there is provided a
composition-of-matter comprising the hydrogel described herein and at least one agent
being attached thereto or encapsulated therein.

According to further features in preferred embodiments of the invention
described below, the agent is selected from the group consisting of a therapeutically

active agent, a diagnostic agent, a biological substance and a labeling moiety.
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According to still further features in the described preferred embodiments the
agent is selected from the group consisting of a drug, a cell, a nucleic acid, a
fluorescence compound or moiety, a phosphorescence compound or moiety, a protein,
an enzyme, a hormone, a growth factor, a bacterium and a radioactive compound or
moiety.

According to still another aspect of the present invention there is provided a
process of preparing the hydrogel described herein, which is effected by contacting the
plurality of peptides with an aqueous solution.

According to further features in preferred embodiments of the invention
described below, the contacting comprises dissolving the plurality of peptides in the
aqueous solution.

According to still further features in the described preferred embodiments the
concentration of the plurality of peptides in the aqueous solution ranges from about 0.1
mg/ml to about 50 mg/ml, preferably from about 0.5 mg/ml to about 20 mg/ml.

According to still further features in the described preferred embodiments the
contacting is performed at room temperature.

According to still further features in the described preferred embodiments the
“process further comprises, prior to the contacting “the plurality of peptides with-an -
aqueous solution, dissolving the plurality of peptides in a water-miscible organic
solvent.

According to still further features in the described preferred embodiments the
solvent is selected from the group consisting of acetone, dimethylsulfoxide and
hexafluoroisopropanol.

According to still further features in the described preferred embodiments the
contacting is effected ex-vivo or in-vivo, namely, before or upon applying the
hydrogel in or on a desired site of application. When the contacting is effected upon
applying the hydrogel to a desired site of application, the plurality of peptides and the
aqueous solution are each individually applied and the hydrogel is formed upon
contacting the peptides and the aqueous solution at the desired site of application.

Hence, according to a further aspect of the present invention there is provided
a kit for forming the hydrogel or composition-of-matter described herein, the kit
comprising a plurality of peptides and an aqueous solution, each being individually

packaged within the kit, wherein each peptide in the plurality of peptides has an
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amino acid sequence not exceeding 6 amino acids in length, whereas the amino acid
sequence comprises at least one aromatic amino acid residue, and further wherein the
plurality of peptides and the solution are selected such that upon contacting the
plurality of peptides and the solution, the hydrogel or the composition-of-matter is
formed.

In cases where the kit is for forming the composition-of-matter described
herein, the kit preferably further comprises the active agent described herein, wherein
the plurality of peptides, the solution and the active agent are selected such that upon
contacting the plurality of peptides, the active agent and the solution, the composition-
of-matter is formed.

According to an additional aspect of the present invention there is provided a
pharmaceutical, cosmetic or cosmeceutical composition comprising the hydrogel
described herein and/or the composition-of-matter described herein.

The composition may further comprise a pharmaceutically acceptable carrier.

According to still an additional aspect of the present invention there is
provided an article-of-manufacture comprising the hydrogel, the composition-of-
matter or the composition described herein.

The article-of-manufacture can be, forexample; a medicament, a drug delivery -
system, a cosmetic agent, a cosmeceutical agent, an implant, an artificial body part, a
cell culture matrix, a protein microarray chip, a biosensor, a stent, a vibration damping
device and a packaging material.

The present invention successfully addresses the shortcomings of the presently
known configurations by providing novel peptide-based hydrogels, which are
characterized by physical properties far superior to presently known peptide-based
hydrogels and particularly by remarkably improved rigidity and elasticity and thus can
be beneficially used in a variety of applications.

Unless otherwise defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to which
this invention belongs. Although methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the present invention, suitable
methods and materials are described below. In case of conflict, the patent
specification, including definitions, will control. In addition, the materials, methods,

and examples are illustrative only and not intended to be limiting.
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As used herein, the singular form "a," "an," and "the" include plural references
unless the context clearly dictates otherwise. For example, the term "a compound" or
"at least one compound" may include a plurality of compounds, including mixtures
thereof.

Throughout this disclosure, various aspects of this invention can be presented
in a range format. It should be understood that the description in range format is
merely for convenience and brevity and should not be construed as an inflexible
limitation on the scope of the invention. Accordingly, the description of a range
should be considered to have specifically disclosed all the possible subranges as well
as individual numerical values within that range. For example, description of a range
such as from 1 to 6 should be considered to have specifically disclosed subranges
such as from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6 etc.,
as well as individual numbers within that range, for example, 1, 2, 3,4, 5, and 6. This
applies regardless of the breadth of the range.

Whenever a numerical range is indicated herein, it is meant to include any
cited numeral (fractional or integral) within the indicated range. The phrases
“ranging/ranges between” a first indicate number and a second indicate number and
herein interchangeably and are meant to include the first and second indicated
numbers and all the fractional and integral numerals therebetween.

Herein throughout, the term "about" refers to + 10 %.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only, with reference to
the accompanying drawings. With specific reference now to the drawings in detail, it
is stressed that the particulars shown are by way of example and for purposes of
illustrative discussion of the preferred embodiments of the present invention only, and
are presented in the cause of providing what is believed to be the most useful and
readily understood description of the principles and conceptual aspects of the
invention. In this regard, no attempt is made to show structural details of the invention

in more detail than is necessary for a fundamental understanding of the invention, the
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description taken with the drawings making apparent to those skilled in the art how the
several forms of the invention may be embodied in practice.

In the drawings:

FIGs. la-f are images showing macroscopic and microscopic analysis of a
representative example of a hydrogel according to the present embodiments, composed
of Fmoc-diphenylalanine self-assembled upon diluting a HFIP stock solution thereof
in water to a final concentration of 5 mg/ml. Figure 1a demonstrates that the hydrogel
retains a stable rigid conformation as observed in an inverted cuvette. Figure 1b
illustrates the letters TAU (Tel Aviv University) written by injecting the gel from a
syringe onto a plastic substrate. Figure 1c presents a low magnification transmission
elecfron microscopy (TEM) image demonstrating the fibrous structure of the hydrogel.
Figure 1d illustrates the high magnification image of the hydrogel fibrils obtained by
cold field emission gun (CFEG) high- resolution scanning electron microscope (HR-
SEM). Figures le and 1f illustrate environmental scanning electron microscope
images demonstrating the three dimensional, natural, spacious structure of the
hydrogel;

FIG. 2 presents an image showing microscopic analysis of a representative

‘example of a hydrogel according to the present embodiments, composed of Fmoc-

diphenylalanine self-assembled upon diluting a DMSO stock solution thereof in water
to a final concentration of 1 mg/ml. This low magnification transmission electron
microscopy (TEM) image demonstrates the fibrous structure of the hydrogel;

FIGs. 3a-c present graphs illustrating rheology analysis of a representative
example of a hydrogel according to the present embodiments, formed by the Fmoc-
diphenylalanine upon diluting a stock solution of the peptide in HFIP with water to a
final concentration of 5 mg/ml. Figure 3a illustrates the mechanical spectra of the
hydrogel, whereby triangles denote storage modulus G* and circles denote loss
modulus G*’. Figure 3b illustrates the large deformation steady shear study of the
hydrogel. Figure 3¢ illustrates the effect of the final peptide concentration on the
storage modulus G’ of a hydrogel prepared by diluting a stock solution of the peptide
in acetone with water;

FIGs. 4a-c present an image and graphs illustrating encapsulation of
fluorescent molecules in the hydrogel. Figure 4a illustrates a macroscopic image of

fluorescein-containing hydrogel covered with water. Figure 4b illustrates fluorescence
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measurements of the water covering the fluorescein-containing hydrogel, upon
replacing the water every five minutes, indicating a diffuse-type release of the
fluorescent molecules into the water. Figure 4c illustrates the percentage of
fluorescent molecules released to water covering an Insulin-FITC-containing (black)
or a fluorescein-containing (gray) gel during different durations of time;

FIG. 5 is an image showing Chinese Hamster Ovary (CHO) cells cultured on
the surface of a peptide-based hydrogel according to the present embodiments. The
image was digitally acquired using an inverted light microscope; and

FIGs. 6a-b present images, digitally acquired using an inverted light
microscope, showing Chinese Hamster Ovary (CHO) cells cultured on poly lysine
(Figure 6a) and cultured on a peptide-based hydrogel generated according to the
present embodiments from a DMSO stock solution that was further diluted in water to

a final DMSO concentration of 1 % (Figure 6b).

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention is of hydrogels composed of relatively short peptides

having one or more aromatic amino acid residues and optionally being end-capping

‘modified peptides.— The present -invention-is- further -of methods -of generating such

hydrogels and of uses thereof in various applications, such as, but not limited to, as
attachment or encapsulation matrices of materials such as therapeutically active
agents, diagnostic agents, bioactive agents, labeling moieties and radioactive agents;
and formation of articles and devices such as protein microarray chips, vibration
damping devices and packaging materials. The present invention is further of uses of
these peptide hydrogels in medical and biological applications, such as, but not limited
to, medicaments, drug delivery, implants, tissue regeneration, artificial body parts, cell
culture matrices, cosmetic or cosmeceutical compositions, biosensors, molecule
monitoring and the like. The hydrogels of the present invention are characterized by
rtheological properties that render them exceptionally suitable for use in such
applications.

The principles and operation of the present invention may be better understood
with reference to the drawings and accompanying descriptions.

Before explaining at least one embodiment of the invention in detail, it is to be

understood that the invention is not limited in its application to the details set forth in
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the following description or exemplified by the Examples. The invention is capable of
other embodiments or of being practiced or carried out in various ways. Also, it is to
be understood that the phraseology and terminology employed herein is for the
purpose of description and should not be regarded as limiting.

Hydrogels are of great interest as a class of materials for tissue engineering and

regeneration, as they offer three dimensional (3D) scaffolds to support the growth of

cultured cells. Hydrogels can be formed of a variety of synthetic or natural materials.

However, while hydrogels formed of synthetic materials often express low

" biocompatibility, natural polymers and protein or peptide-based scaffolds represent

important classes of biocompatible materials that can support cell growth.
Peptide-based hydrogels incorporate the advantages 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. Proteins and
peptides can also form unique materials at macroscopic along with nanoscopic levels,-
such as nano-scale ordered hydrogels.
The present inventors have previously uncovered that a remarkably short

peptide, the diphenylalanine aromatic core of the B-amyloid polypeptide, efficiently

“self-assembles into a novel class of peptide nanotubes [see, PCT International Patent

Application Nos. PCT/IL03/01045 (WO 2004/052773) and PCT/IL2004/000012 (WO
2004/060791)]. The present inventors have further previously uncovered that these
peptide nanotubes spontaneously self-assemble in aqueous solution into individual
entities with long persistence length and unique mechanical properties. It was
suggested that aromatic interactions may have a key role in the formation of these
tubular structures as they contribute free energy of formation as well as order and
directionality to the self-assembly process.

The present inventors have further previously uncovered that similar tubular
and amyloid-like structures are assembled when non-charged end-capping modified
aromatic peptides such as for example, Boc-Phe—Phe-COOH, and Fmoc-Phe-Phe-
COOH peptides are utilized [see, for example, PCT International Patent Application
No. PCT/IL2005/000954]. Most intriguingly, the present inventors have further
previously uncovered that the Fmoc-Phe-Phe-COOH dipeptide forms fibrillar
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structures that are very similar in their ultra-structure and molecular dimensions to the
amyloid fibrils that are formed by other, much longer, polypeptides.

In the course of exploring the generation of these self-assembled
nanostructures it has now been surprisingly found that upon preparing diluted aqueous
solutions of short aromatic peptides such as, for example, the Fmoc-Phe-Phe-COOH
dipeptide, exceptionally rigid hydrogels were formed. As is demonstrated in the
Examples section that follows, these hydrogels were characterized by high storage
modulus, high storage modulus to loss modulus ratio, and exhibited high
biocompatibility as a cell growth matrix.

Thus, according to one aspect of the present invention there is provided a
hydrogel comprising a fibrous network of a plurality of peptides. The peptides
composing the hydrogel are relatively short peptides, each having an amino acid
sequence not exceeding 6 amino acids in length, whereby at least one amino acid
residue in the sequence is an aromatic amino acid residue.

As used herein and is well-known in the art, the term “hydrogel” refers to a
material that comprises fibrous networks formed of water-soluble natural or synthetic
polymer chains, typically containing more than 99 % water.

‘As used herein the phrase "fibrous network" refers-to- a-set-of connections
formed between the plurality of fibrous components. Herein, the fibrous components
are composed of peptide fibrils, each formed upon self-assembly of short peptide
building blocks.

According to preferred embodiments of the present invention, the peptide
fibrils composing the hydrogel have an average diameter or a cross-section of less than
1 pm. Preferably, the peptide fibrils have an average diameter that ranges from about
1 nm to about 500 nm, more preferably from about 10 nm to about 500 nm, more
preferably from about 10 nm to about 200 nm and more preferably from about 10 nm
to about 100 nm. As is demonstrated in the Examples section that follows, the
diameter of the peptide fibrils composing an exemplary hydrogel according to the
present invention was found to be in the range of from about 10 nm to about 100 nm.

The term "peptide" as used herein encompasses native peptides (either
degradation products, synthetically synthesized peptides or recombinant peptides) and
peptidomimetics (typically, synthetically synthesized peptides), as well as peptoids

and semipeptoids which are peptide analogs, which may have, for example,
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modifications rendering the peptides more stable while in a body or more capable of
penetrating into cells. Such modifications include, but are not limited to, N-terminus
modification, C-terminus modification, peptide bond modification, including, but not
limited to, CHo-NH, CH,-S, CH»-S=0, O=C-NH, CH,-O, CH,-CH, S=C-NH,
CH=CH or CF=CH, backbone modifications, and residue modification. Methods for
preparing peptidomimetic compounds are well known in the art and are specified, for
example, in Quantitative Drug Design, C.A. Ramsden Gd., Chapter 17.2, F. Choplin
Pergamon Press (1992), which is incorporated by reference as if fully set forth herein.
Further details in this respect are provided hereinunder.

Peptide bonds (-CO-NH-) within the peptide may be substituted, for example,
by N-methylated bonds (-N(CH3)-CO-), ester bonds (—C(R)H—C-O-O-C(R)—N-),‘
ketomethylen bonds (-CO-CHy-), o-aza bonds (-NH-N(R)-CO-), wherein R is any
alkyl, e.g., methyl, carba bonds (-CH,-NH-), hydroxyethylene bonds (-CH(OH)-
CH,-), thioamide bonds (-CS-NH-), olefinic double bonds (-CH=CH-), retro amide
bonds (-NH-CO-), peptide derivatives (-N(R)-CHz-CO-), wherein R is the "normal”
side chain, naturally presented on the carbon atom. These modifications can occur at
any of the bonds along the peptide chain and even at several (2-3) at the same time.

As used herein throughout, the term "amino acid" or "amino acids" is
understood to include the 20 naturally occurring amino acids; those amino acids often
modified post-translationally in vivo, including, for example, hydroxyproline,
phosphoserine and phosphothreonine; and other unusual amino acids including, but
not limited to, 2-aminoadipic acid, hydroxylysine, isodesmosine, nor-valine, nor-
leucine and ornithine. Furthermore, the term "amino acid" includes both D- and L-
amino acids.

Tables 1 and 2 below list naturally occurring amino acids (Table 1) and non-

conventional or modified amino acids (Table 2) which can be used with the present

invention.
Table 1
Amino Acid Three-Letter Abbreviation One-letter Symbol
Alanine Ala A

Arginine Arg R

PCT/IL2006/001174
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Amino Acid Three-Letter Abbreviation One-letter Symbol
Asparagine Asn N
Aspartic acid Asp D
Cysteine Cys C
Glutamine Gin Q
Glutamic Acid Glu E
Glycine Gly G
Histidine His H
isoleucine lie I
Leucine Leu L
Lysine Lys K
Methionine Met M
phenylalanine Phe F
Proline Pro P
Serine Ser S
Threonine Thr T
~ tryptophan Trp W
tyrosine Tyr 7 " - Y 7
Valine Val vV
Any amino acid as above Xaa X
Table 2
Non-conventional amino Code Non-conventional amino Code
acid acid
o~-aminobutyric acid Abu L-N-methylalanine Nmala
a-amino-o-methylbutyrate | Mgabu L-N-methylarginine Nmarg
aminocyclopropane- Cpro L-N-methylasparagine Nmasn
carboxylate L-N-methylaspartic acid Nmasp
aminoisobutyric acid Aib L-N-methylcysteine Nmcys
aminonorbornyl- Norb L-N-methylglutamine Nmgin
carboxylate L-N-methylglutamic acid Nmglu
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Non-conventional amino Code Non-conventional amino Code
acid acid
cyclohexylalanine Chexa L-N-methylhistidine Nmbhis
cyclopentylalanine Cpen L-N-methylisolleucine Nmile
D-alanine Dal L-N-methylleucine Nmleu
D-arginine Darg L-N-methyllysine Nmlys
D-aspartic acid Dasp L-N-methylmethionine Nmmet
D-cysteine Dcys L-N-methylnorleucine Nmnle
D-glutamine Dgin L-N-methylnorvaline Nmnva
D-glutamic acid Dglu L-N-methylornithine Nmorn
D-histidine Dhis | L-N-methylphenylalanine Nmphe
D-isoleucine Dile L-N-methylproline Nmpro
D-leucine Dleu L-N-methylserine Nmser
D-lysine Dlys L-N-methylthreonine Nmthr
D-methionine Dmet L-N-methyltryptophan Nmtrp
D-ornithine Dorn L-N-methyltyrosine Nmtyr
D-phenylalanine Dphe L-N-methylvaline Nmval
Dproline  |Dpro |L-N-methylethylglycine | Nmelg
D-serine Dser L-N-methyl-t-butylglycine |Nmtbug
D-threonine Dthr L-norleucine Nle
D-tryptophan Dtrp L-norvaline Nva
D-tyrosine Dtyr o-methyl-aminoisobutyrate  |Maib
D-valine Dval a-methyl-y-aminobutyrate | Mgabu
D-a-methylalanine Dmala a-methylcyclohexylalanine | Mchexa
D-a-methylarginine Dmarg o-methylcyclopentylalanine | Mcpen
D-o-methylasparagine Dmasn o-methyl-a-napthylalanine | Manap
D-o-methylaspartate Dmasp o~ methylpenicillamine Mpen
D-a-methylcysteine Dmcys N-(4-aminobutyl)glycine Nglu
D-o-methylglutamine Dmgln N-(2-aminoethyl)glycine Naeg
D-a-methylhistidine Dmbhis N-(3-aminopropyl)glycine  |Norn
D-o-methylisoleucine Dmile N- amino-o-methylbutyrate |Nmaabu
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Non-conventional amino Code Non-conventional amino Code
acid acid
D-a-methylleucine Dmleu o-napthylalanine Anap
D-o-methyllysine Dmlys N-benzylglycine Nphe
D-o-methylmethionine Dmmet N-(2-carbamylethyl)glycine |Ngln
D-a-methylornithine Dmorn N-(carbamylmethyl)glycine |Nasn
D-a-methylphenylalanine |Dmphe N-(2-carboxyethyl)glycine  |Nglu
D-a~methylproline Dmpro N-(carboxymethyl)glycine | Nasp
D-o-methylserine Dmser N-cyclobutylglycine Ncbut
D-a-~-methylthreonine Dmthr N-cycloheptylglycine Nchep
D-a-methyltryptophan Dmtrp N-cyclohexylglycine Nchex
D-o-methyltyrosine Dmty N-cyclodecylglycine Nedec
D-o-methylvaline Dmval N-cyclododeclglycine Ncdod
D-a-methylalnine Dnmala N-cyclooctylglycine Ncoct
D-a-methylarginine Dnmarg N-cyclopropylglycine Ncpro
D-o-methylasparagine Dnmasn N-cycloundecylglycine Ncund
D-o-methylasparatate _ |Dnmasp | N-(2,2-diphenylethyDglycine | Nbhm
D-a-methylcysteine Dnmcys N-(3,3- Nbhe
diphenylpropyl)glycine
D-N-methylleucine Dunmleu N-(3-indolylyethyl) glycine |Nhtrp
D-N-methyllysine Dnmlys | N-methyl-y-aminobutyrate | Nmgabu
N- Nmchexa |D-N-methylmethionine Dnmmet
methylcyclohexylalanine
D-N-methylornithine Dnmorn N-methylcyclopentylalanine |Nmcpen
N-methylglycine Nala D-N-methylphenylalanine Dnmphe
N-methylaminoisobutyrate | Nmaib D-N-methylproline Dnmpro
N-(1-methylpropyl)glycine | Nile D-N-methylserine Dnmser
N-(2-methylpropyl)glycine | Nile D-N-methylserine Dnmser
N-(2-methylpropyl)glycine | Nleu D-N-methylthreonine Dnmthr
D-N-methyltryptophan Dnmtrp N-(1-methylethyl)glycine Nva




WO 2007/043048 PCT/1L2006/001174
19
Non-conventional amino Code Non-conventional amino Code
acid acid
D-N-methyltyrosine Dnmtyr N-methyla-napthylalanine Nmanap
D-N-methylvaline Dnmval N-methylpenicillamine Nmpen
y-aminobutyric acid Gabu N-(p-hydroxyphenyl)glycine |Nhtyr
L-¢-butylglycine Tbug N-(thiomethyl)glycine Ncys
L-ethylglycine Etg penicillamine Pen
L-homophenylalanine Hphe L-a-methylalanine Mala
L-o-methylarginine Marg L-o~-methylasparagine Masn
L-a-methylaspartate Masp L-o-methyl-t-butylglycine | Mtbug
L-a-methylcysteine Mcys L-methylethylglycine Metg
L-o~-methylglutamine Mgln L-a-methylglutamate Mglu
L-a-methylhistidine Mhis L-a-methylhomo Mhphe
phenylalanine
L-o-methylisoleucine Mile N-(2-methylthioethyl)glycine | Nmet
D-N-methylglutamine Dnmgln N-(3- Narg
o | guanidinopropyl)glycine— - - |-

D-N-methylglutamate Dnmglu N-(1-hydroxyethyl)glycine |Nthr
D-N-methylhistidine Dnmbhis N-(hydroxyethyl)glycine Nser
D-N-methylisoleucine Dnmile N-(imidazolylethyl)glycine |Nhis
D-N-methylleucine Dnmleu N-(3-indolylyethyl)glycine  |{Nhtrp
D-N-methyllysine Dnmlys N-methyl-y-aminobutyrate | Nmgabu
N- Nmchexa |D-N-methylmethionine Dnmmet
methylcyclohexylalanine

D-N-methylornithine Dnmorn N-methylcyclopentylalanine |Nmcpen
N-methylglycine Nala D-N-methylphenylalanine Dnmphe
N-methylaminoisobutyrate {Nmaib D-N-methylproline Dnmpro
N-(1-methylpropyl)glycine | Nile D-N-methylserine Dnomser
N-(2-methylpropyl)glycine | Nleu D-N-methylthreonine Dnmthr
D-N-methyltryptophan Dnmtrp N-(1-methylethyl)glycine Nval
D-N-methyltyrosine Dnmtyr N-methyla-napthylalanine | Nmanap
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Non-conventional amino Code Non-conventional amino Code
acid acid
D-N-methylvaline Dnmval N-methylpenicillamine Nmpen
y-aminobutyric acid Gabu N-(p-hydroxyphenyl)glycine |Nhtyr
L-t-butylglycine Thug N-(thiomethyl)glycine Nceys
L-ethylglycine Etg Penicillamine Pen
L-homophenylalanine Hphe L-a-methylalanine Mala
L-o-methylarginine Marg L-o-methylasparagine Masn
L-o-methylaspartate Masp L-o-methyl-t-butylglycine | Mtbug
L-a-methylcysteine Mcys L-methylethylglycine Metg
L-a-methylglutamine Mgln L-o-methylglutamate Mglu
L-o-methylhistidine Mhis L-o- Mhphe
methylhomophenylalanine
L-o-methylisoleucine Mile N-(2-methylthioethyl)glycine | Nmet
L-a-methylleucine Mleu L-a-methyllysine Mlys
| L-o-methylmethionine Mmet L-a-methylnorleucine Mnle
‘[L-o-methylnorvaline ~~ |Mnva |L-c-methylornithine — --'Morn- -
L-a-methylphenylalanine |Mphe L-a-methylproline Mpro
L-o-methylserine mser L-a-methylthreonine Mthr
L-o~-methylvaline Mtrp L-o-methyltyrosine Mtyr
L-o-methylleucine Muval L-N- Nmbhphe
Nnbhm methylhomophenylalanine
N-(N-(2,2-diphenylethyl) N-(N-(3,3-diphenylpropyl)
carbamylmethyl-glycine | Nnbhm carbamylmethyl(1)glycine  |Nnbhe
1-carboxy-1-(2,2-diphenyl {Nmbc
ethylamino)cyclopropane

Natural aromatic amino acids, Trp, Tyr and Phe, may be substituted for

synthetic unnatural acids such as phenylglycine, TIC, naphthylalanine (Nal), ring-

methylated derivatives of Phe, halogenated derivatives of Phe or O-methyl-Tyr, and §

amino-acids.



10

15

20

25

30

WO 2007/043048 PCT/IL2006/001174

21

In addition to the above, the peptides may also include one or more modified
amino acids (e.g., biotinylated amino acids) or one or more non-amino acid monomers
(e.g. fatty acids, complex carbohydrates etc).

The peptides used for forming the hydrogels described herein preferably have
at least two amino acid residues and up to 6 amino acid residues, provided that at least
one amino acid residue, in each peptide of the plurality of peptides used, is an aromatic
amino acid. Thus, each of the peptides used for forming the hydrogels described
herein can have two, three, four, five or six amino acid residues.

The peptides used for forming the hydrogels described herein are therefore
relatively short peptides. Using such relatively short peptides is highly advantageous,
allowing the formation of complex peptide nanostructures and fibrous networks from
relatively cheap and readily available simple building blocks. As discussed
hereinabove and is further demonstrated in the Examples section that follows, it is
shown herein that the hydrogels described herein, while being formed from such short
peptides, are nonetheless characterized by superior mechanical characteristics as
compared with hydrogels formed from larger peptides.

Each peptide in the plurality of peptides used for forming the hydrogel
comprises at least one aromatic amino acid residue.” These ‘aromatic functionalities™
built into the peptide backbone allow the various peptide building blocks to interact
also through attractive aromatic interactions.

In a preferred embodiment of the present invention, at least one peptide in the
plurality of peptides used for forming the hydrogel is a polyaromatic peptide,
comprising two or more aromatic amino acid residues. In a more preferred
embodiment, at least one peptide in the plurality of peptides consists essentially of
aromatic amino acid residues. In another preferred embodiment, each peptide in the
plurality of peptides consists essentially of aromatic amino acid residues.

Thus, for example, the peptides used for forming the hydrogel can include any
combination of: dipeptides composed of one or two aromatic amino acid residues;
tripeptides including one, two or three aromatic amino acid residues; tetrapeptides
including two, three or four aromatic amino acid residues; pentapeptides including
two, three, four or five aromatic amino acid residues; and hexapeptides including two,

three, four, five or six aromatic amino acid residues.
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In a preferred embodiment, one or more peptides in the plurality of peptides
used for forming the hydrogel include two amino acid residues, and hence is a
dipeptide.

In another preferred embodiment, each of the peptides used for forming the
hydrogel comprises two amino acid residues and therefore the hydrogel is formed
from a plurality of dipeptides.

Each of these dipeptides can include one or two aromatic amino acid residues.
Preferably, each of these dipeptides includes two aromatic amino acid residues. The
aromatic residues composing the dipeptide can be the same, such that the dipeptide is
a homodipeptide, or different.  Preferably, the hydrogel is formed from
homodipeptides.

Henée, according to the presently most preferred embodiment of the present
invention, each peptide in the plurality of peptides used for forming the hydrogel is a
homodipeptide composed of two aromatic amino acid residues that are identical with
respect to their side-chains residue.

Interestingly, in spite the short building block size used in the preferred

embodiments of the present invention, the resulting hydrogel has physical properties

(eg. rigidity) that exceed ~those “of hydrogels~ formed by longer -polypeptides:

Moreover, although the hydrogel described hereinabove contains less than 1 % peptide
material, it keeps its three dimensional spacious volume exceptionally well. Without
being bound to any particular theory, it is suggested that this rigidity is facilitated by
the aromatic nature of the peptide building block.

The phrase “aromatic amino acid residue”, as used herein, refers to an amino
acid residue that has an aromatic moiety in its side-chain.

As used herein, the phrase "aromatic moiety" describes a monocyclic or
polycyclic moiety having a completely conjugated pi-electron system. The aromatic
moiety can be an all-carbon moiety or can include one or more heteroatoms such as,
for example, nitrogen, sulfur or oxygen. The aromatic moiety can be substituted or
unsubstituted, whereby when substituted, the substituent can be, for example, one or
more of alkyl, trihaloalkyl, alkenyl, alkynyl, cycloalkyl, aryl, heteroaryl,

heteroalicyclic, halo, nitro, azo, hydroxy, alkoxy, thiohydroxy, thioalkoxy, cyano and

amine.
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Exemplary aromatic moieties include, for example, phenyl, biphenyl,
naphthalenyl, phenanthrenyl, anthracenyl, [1,10]phenanthrolinyl, indoles, thiophenes,
thiazoles and, [2,2']bipyridinyl, each being optionally substituted. Thus, representative
examples of aromatic moieties that can serve as the side chain within the aromatic
amino acid residues described herein include, without limitation, substituted or
unsubstituted naphthalenyl, substituted or unsubstituted phenanthrenyl, substituted or
unsubstituted anthracenyl, substituted or unsubstituted [1,10]phenanthrolinyl,
substituted or unsubstituted [2,2'Tbipyridinyl, substituted or unsubstituted biphenyl and
substituted or unsubstituted phenyl. The aromatic moiety can alternatively be
substituted or unsubstituted heteroaryl such as, for example, indole, thiophene,
imidazole, oxazole, thiazole, pyrazole, pyridine, pyrimidine, quinoline, isoquinoline,
quinazoline, quinoxaline, and purine.

As used herein, the term "alkyl" refers to a saturated aliphatic hydrocarbon
including straight chain and branched chain groups. Preferably, the alkyl group has 1
to 20 carbon atoms. The alkyl group may be substituted or unsubstituted. When -
substitutéd, the substituent group can be, for example, trihaloalkyl, alkenyl, alkynyl,
cycloalkyl, aryl, heteroaryl, heteroalicyclic, halo, nitro, azo, hydroxy, alkoxy,
thiohydroxy, thioalkoxy, cyano, and amine.

A "cycloalkyl" group refers to an all-carbon monocyclic or fused ring (i.e.,
rings which share an adjacent pair of carbon atoms) group wherein one or more of the
rings does not have a completely conjugated pi-electron system. Examples, without
limitation, of cycloalkyl groups are cyclopropane, cyclobutane, cyclopentane,
cyclopentene, cyclohexane, cyclohexadiene, cycloheptane, cycloheptatriene, and
adamantane. A cycloalkyl group may be substituted or unsubstituted. When
substituted, the substituent group can be, for example, alkyl, trihaloalkyl, alkenyl,
alkynyl, cycloalkyl, aryl, heteroaryl, heteroalicyclic, halo, nitro, azo, hydroxy, alkoxy,
thiohydroxy, thioalkoxy, cyano, and amine.

An "alkenyl" group refers to an alkyl group which consists of at least two
carbon atoms and at least one carbon-carbon double bond.

An "alkynyl" group refers to an alkyl group which consists of at least two
carbon atoms and at least one carbon-carbon triple bond.

An "aryl" group refers to an all-carbon monocyclic or fused-ring polycyclic

(i.e., rings which share adjacent pairs of carbon atoms) groups having a completely
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conjugated pi-electron system. Examples, without limitation, of aryl groups are
phenyl, naphthalenyl and anthracenyl. The aryl group may be substituted or
unsubstituted. When substituted, the substituent group can be, for example, alkyl,
trihaloalkyl, alkenyl, alkynyl, cycloalkyl, aryl, heteroéryl, heteroalicyclic, halo, nitro,
azo, hydroxy, alkoxy, thiohydroxy, thioalkoxy, cyano, and amine.

A "heteroaryl" group refers to a monocyclic or fused ring (i.e., rings which
share an adjacent pair of atoms) group having in the ring(s) one or more atoms, such
as, for example, niirogen, oxygen and sulfur and, in addition, having a completely
conjugated pi-electron system. Examples, without limitation, of heteroaryl groups
include pyrrole, furane, thiophene, imidazole, oxazole, thiazole, pyrazole, pyridine,
pyrimidine, quinoline, isoquinoline and purine. The heteroaryl group may be
substituted or unsubstituted. When substituted, the substituent group can be, for
example, alkyl, trihaloalkyl, alkenyl, alkynyl, cycloalkyl, aryl, heteroaryl,
heteroalicyclic, halo, nitro, azo, hydroxy, alkoxy, thiohydroxy, thioalkoxy, cyano, and
amine.

A "heteroalicyclic" group refers to a monocyclic or fused ring group having in
the ring(s) one or more atoms such as nitrogen, oxygen and sulfur. The rings may also
have one or more double bonds.  However, the rings do mot have a completely -
conjugated pi-electron system.  The heteroalicyclic may be substituted or
unsubstituted. When substituted, the substituted group can be, for example, lone pair
electrons, alkyl, trihaloalkyl, alkenyl, alkynyl, cycloalkyl, aryl, heteroaryl,
heteroalicyclic, halo, nitro, azo, hydroxy, alkoxy, thiohydroxy, thioalkoxy, cyano, and
amine. Representative examples are piperidine, piperazine, tetrahydrofurane,
tetrahydropyrane, morpholino and the like.

A "hydroxy" group refers to an -OH group.

A "thio” group (also referred to herein, interchangeably as “thiol” or
“thiohydroxy™) refers to a -SH group.

An "azide" group refers to a -N=N=N group.

An "alkoxy" group refers to both an -O-alkyl and an -O-cycloalkyl group, as
defined herein.

An "aryloxy" group refers to both an -O-aryl and an -O-heteroaryl group, as

defined herein.
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A "thioalkoxy" group refers to both an -S-alkyl group, and an -S-cycloalkyl
group, as defined herein.

A "thioaryloxy" group refers to both an -S-aryl and an -S-heteroaryl group, as
defined herein.

A "halo" or “halide” group refers to fluorine, chlorine, bromine or iodine.

A "halophenyl" group refers to a phenyl substituted by two, three, four or five
halo groups, as defined herein.

A "trihaloalkyl" group refers to an alkyl substituted by three halo groups, as
defined herein. A representative example is trihalomethyl.

An "amino" group refers to an -NR’R’’ group where R’ and R’ are hydrogen,
alkyl, cycloalkyl or aryl.

A "nitro" group refers to an -NO; group.

A "cyano" group refers to a -C=N group.

The hydrogels of the present invention can be composed of linear or cyclic
peptides (e.g., cyclic di-peptides of phenylalanine).

According to preferred embodiments of the present invention, one or more
peptides in the plurality of peptides used to form the hydrogel described herein is an
end-capping modified peptide.

The phrase “end-capping modified peptide”, as used herein, refers to a peptide
which has been modified at the N-(amine)terminus and/or at the C-(carboxyl)terminus
thereof. The end-capping modification refers to the attachment of a chemical moiety
to the terminus, so as to form a cap. Such a chemical moiety is referred to herein as
an end-capping moiety and is typically also referred to herein and in the art,
interchangeably, as a peptide protecting moiety or group.

The phrase "end-capping moiety", as used herein, refers to a moiety that when
attached to the terminus of the peptide, modifies the end-capping. The end-capping
modification typically results in masking the charge of the peptide terminus, and/or
altering chemical features thereof, such as, hydrophobicity, hydrophilicity, reactivity,
solubility and the like. Examples of moieties suitable for peptidé end-capping
modification can be found, for example, in Green et al., "Protective Groups in
Organic Chemistry", (Wiley, 2.sup.nd ed. 1991) and Harrison et al., "Compendium of
Synthetic Organic Methods", Vols. 1-8 (John Wiley and Sons, 1971-1996).
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Representative examples of N-terminus end-capping moieties include, but are
not limited to, formyl, acetyl (also denoted herein as “Ac”), trifluoroacetyl, benzyl,
benzyloxycarbonyl (also denoted herein as "Cbz"), tert-butoxycarbonyl (also denoted
herein as "Boc"), trimethylsilyl (also denoted "TMS"), 2-trimethylsilyl-ethanesulfonyl
(also denoted "SES"), trityl and substituted trityl groups, allyloxycarbonyl, 9-
fluorenylmethyloxycarbonyl (also denoted herein as "Fmoc"), and nitro-
veratryloxycarbonyl ("NVOC").

Representative examples of C-terminus end-capping moieties are typically
moieties that lead to acylation of the carboxy group at the C-terminus and include, but
are not limited to, benzyl and trityl ethers as well as alkyl ethers, tetrahydropyranyl
ethers, trialkylsilyl ethers, allyl ethers, monomethoxytrityl and dimethoxytrityl.
Alternatively the -COOH group of the C-terminus end-capping may be modified to
an amide group.

Other end-capping modifications of peptides include replacement of the amine
and/or carboxyl with a different moiety; such as hydroxyl, thiol, halide, alkyl, aryl,
alkoxy, aryloxy and the like, as these terms are defined herein.

In a preferred embodiment of the present invention, all of the peptides that

" comprise the hydrogels are end-capping modified only at the N-fermini.

However, other combinations of N-terminus end capping and C-terminus end
capping of the various peptides composing the hydrogel are also included within the
scope of the present invention. These include, for example, the presence of certain
percents of end-capping modified peptides, whereby the peptides are modified at the
N-termini and/or the C-termini.

Another chemical property of an end-capping of a peptide is its
hydrophobic/hydrophilic nature, which when unmodified, is hydrophilic in peptides.
Altering the hydrophobic/hydrophilic property of one or both of the end-capping of the
peptide may result, for example, in altering the morphology of the resulting fibrous
network.

End-capping moieties can be further classified by their aromaticity. Thus, end-
capping moieties can be aromatic or non-aromatic.

Representative examples of non-aromatic end capping moieties suitable for N-
terminus modification include, without limitation, formyl, acetyl trifluoroacetyl, tert-

butoxycarbonyl, trimethylsilyl, and 2-trimethylsilyl-ethanesulfonyl. Representative
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examples of non-aromatic end capping moieties suitable for C-terminus modification
include, without limitation, amides, allyloxycarbonyl, trialkylsilyl ethers and allyl
ethers.

Representative examples of aromatic end capping moieties suitable for N-
terminus modification include, without limitation, fluorenylmethyloxycarbonyl
(Fmoc). Representative examples of aromatic end capping moieties suitable for C-
terminus modification include, without limitation, benzyl, benzyloxycarbonyl (Cbz),
trityl and substituted trityl groups.

In a preferred embodiment of the present invention, the end-capping modified
peptides are rhodiﬁed by an aromatic (e.g. Fmoc) end-capping moiety. It is assumed
that such an aromatic end-capping moiety also participates in the aromatic
interactions, thus contributing to the formation and strength of the hydrogel.

The end-capping modified peptides utilized according to the present

embodiments can be collectively represented by the following general Formula I:

Ri-[A1]-[Az]-...[An]-R2
Formula I
“wherein:

n is an integer from 2 to 6;

A1, Ay, ..., Ay are each independently an amino acid residue as this term is
defined herein, providing that at least one of Aj, Ay, ..., Ay is an aromatic amino acid
residue as this term is defined herein;

Rj is an N-terminus end-capping moiety or absent; and

R, is a C-terminus end-capping moiety or absent.

As described hereinabove, according to preferred embodiments of the present
invention, the hydrogel comprises one or more end-capping modified homodipeptide.

Representative examples of end-capping modified homodipeptides include,
without limitation, an end-capping modified naphthylalanine-naphthylalanine

dipeptide, phenanthrenylalanine-phenanthrenylalanine dipeptide, anthracenylalanine-

anthracenylalanine dipeptide, [1,10]phenanthrolinylalanine-
[1,10]phenanthrolinylalanine dipeptide, [2,2"Tbipyridinylalanine-
[2,2"Tbipyridinylalanine dipeptide, (pentahalo-phenylalanine)-(pentahalo-

phenylalanine)  dipeptide,  phenylalanine-phenylalanine  dipeptide, = (amino-
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phenylalanine)-(amino-phenylalanine)  dipeptide, (dialkylamino-phenylalanine)-(
dialkylamino-phenylalanine)  dipeptide, (halophenylalanine)-(halophenylalanine)
dipeptide, (alkoxy-phenylalanine)-(alkoxy-phenylalanine) dipeptide, (trihalomethyl-
phenylalanine)-(trihalomethyl-phenylalanine) dipeptide, (4-phenyl-phenylalanine)-(4-
phenyl-phenylalanine) dipeptide and (nitro-phenylalanine)-(nitro-phenylalanine)
dipeptide, whereby these homodipeptides are preferably end-capping modified by an
aromatic moiety, and more preferably, are end-capping modified at the N-terminus
thereof by an aromatic moiety such as Fmoc.

Cyclic peptides constitute a unique end-capping modified peptide as the
modification may be the cyclizing bond (between the amine of the N-terminus and the
carboxyl of the C-terminus), and can either be synthesized in a cyclic foﬁn or
configured so as to assume a cyclic form under desired conditions (e.g., physiological
conditions).

The end-capping modification of the peptides forming the fibrous network
described herein can be further utilized for incorporating into the hydrogel a labeling
moiety, as is detailed hereinbelow. Thus, according to an embodiment of the present

invention, the one or more end-capping modified peptide comprises a labeling moiety.

~The labeling moiety can form a part of the end-capping moiety or can be the end-

capping moiety itself.

As mentioned hereinabove, the hydrogels presented herein are formed upon
placing a plurality of peptides in an aqueous solution. Thus, the hydrogels are formed
by allowing an aqueous solution of the peptides described hereinabove to self-
assemble under mild conditions.

Thus, according to another aspect of the present invention there is provided a
process of preparing the hydrogels described herein. Preferably, the process is
effected by contacting a plurality of peptides, as is described in detail hereinabove,
with an aqueous solution.

Contacting the plurality of peptides in an aqueous solution is preferably
effected by dissolving the peptides in the aqueous solution, whereby the concentration
of the plurality of peptides in the aqueous solution can range from about 0.1 mg/ml to
about 50 mg/ml and preferably ranges from about 0.5 mg/ml to about 20 ng/ml, more
preferably from about 1 mg/ml to about 10 mg/ml. As is exemplified in the Examples

section that follows, it was found that the peptide final concentration influences the
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hydrogel strength, such that the value of G, the elastic storage modulus, increased
with the increasing peptide concentration, in the range of from 2 mg/ml to 10 mg/ml
(see, for example, Figure 3c).

The process of generating the hydrogel described hereinabove is preferably
performed at room temperature. Forming the hydrogels in such mild conditions is
highly advantageous, since the intramolecular interactions between the various
building blocks that form the peptides are maintained, preserving the peptide
secondary structure (e.g. peptide folding). Moreover, at these low temperafures,
stronger and more selective/specific intermolecular interactions are formed between
the various peptides comprising the hydrogel, allowing a more efficient generation of
the hydrogels, and also possibly allowing a more specific/unique 3D structure. These
mild conditions further allow the hydrogel to form in the presence of various
biomolecules, so as to attach or entrap these biomolecules to or within the hydrogel,
while maintaining the activity and-viability of the biomolecules.

The process of generating the hydrogel described herein preferably further
comprises, prior to contacting the plurality of peptides with an aqueous solution,
dissolving the plurality of peptides in a water-miscible organic solvent and then further
diluting the resulting stock solution in water.

The phrase “water-miscible organic solvent”, as used herein, refers to organic
solvents that are soluble in water. Several factors inherent in the structure of the
solvent molecules can affect the miscibility of organic solvents in water, such as for
example, the length of the carbon chain and the type of functional groups therein.
Hydrogen bonding plays a key role in making organic solvents miscible in water. For
example, in alcohols, the hydroxyl group can form hydrogen bonding with water
molecules. In addition, aldehydes, ketones and carboxylic acids can form hydrogen
bonding via the carbonyl oxygen. Hydrogen bonding between ether and water
molecules is also possible, enabling some degree of miscibility of simple ethers in
water.

Examples of water-miscible organic solvents include, without limitation,
simple alcohols, such as, methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, 2-
butanol, 2-methyl-1-propanol, 2-methyl-2-propanol, 2,2-dimethyl-1-propanol and their
halogen substituted analogues, ethylene glycol, acetone, dimethylsulfoxide, acetic acid

diethyl ether, tetrahydrofuran etc.



10

15

20

25

30

WO 2007/043048

30

Representative examples of organic solvents that were successfully practiced in
generating exemplary hydrogels according to the present invention include, acetone,
dimethylsulfoxide and hexafluoroisopropanol (e.g., 1,1,1,3,3,3-hexafluoro-2-propanol,
abbreviated herein as HFIP).

As is shown in the Examples section that follows, only small amounts of the
water-miscible organic solvent were used to prepare the stock solutions. As is further
shown in the Examples section that follows, it was found that the solvent type used in
the various stock solutions does not affect the hydrogels' chemical and physical
properties. For example, it was found that an exemplary self-assembled peptide
hydrogel according to the present embodiment showed similar mechanical spectrum
and rigidity when prepared from stock solutions of the peptide in either HFIP or
acetone (see, for example, Figures 3a and 3¢ and Table 3 hereinbelow).

In an exemplary process, the hydrogel presented herein is generated by first
preparing a stock solution of Fmoc-diphenylalanine dipeptide in 1,1,1,3,3,3-
hexafluoro-2-propanol, acetone or DMSO, at concentrations of 100 mg/ml or 25
mg/ml. The stock solution is then further diluted in ultra-pure water under mild
conditions to a final peptide concentration of 0.1, 1 or 5 mg/ml, forming a rigid
material with macroscopic and physical characteristics of -a gel (see; for example;
Figures 1a and 3a-c and Table 3 hereinunder).

According to preferred embodiments of the present invention, the preparation
of the hydrogel is effected prior to its application to a desired application site. Thus,
for example, when the desired application site is a bodily organ or cavity, the hydrogel
is prepared ex-vivo, prior to its application, by contacting the plurality of peptides and
an aqueous solution, as described hereinabove, and is administered subsequent to its
formation.

Alternatively, the preparation of the hydrogel can also be performed upon its
application, such that the plurality of peptides and the aqueous solution are each
applied separately to the desired site and the hydrogel is formed upon contacting the
peptides and the aqueous solution at the desired site of application. Thus, for example,
contacting the peptides and the aqueous solution can be performed in vivo, such that
the plurality of peptides and the aqueous solution are separately administered.

According to these embodiments, the administration is preferably effected

locally, into a defined bodily cavity or organ, where the plurality of peptides and the

PCT/IL2006/001174
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aqueous solution become in contact while maintaining the desired ratio therebetween
that would allow the formation of a hydrogel within the organ or cavity. As discussed
hereinabove, the plurality of peptides can be utilized either per se, or, optionally and
preferably, be dissolved in a water-miscible organic solvent, or any other suitable
organic solvent, as described hereinabove.

Using such a route of preparing the hydrogel in vivo allows to beneficially
utilize the formed hydrogel in applications such as, for example, dental procedures, as
a dental implant or filling material, cosmetic or cosmeceutical applications, tissue
regeneration, implantation, and in would healing, as a wound dressing that is formed at
a bleeding site, as is further detailed hereinbelow.

The formation of the hydrogel can similarly be effected at other sites of
actions, other than a bodily organ or cavity, in which the hydrogel can be beneficially
utilized, according to the desired application. Such applications include, for example,
nanoelectro- or microelecto- mechanical systems (also known as NEMS or MEMS,
respectively).

Thus, according to another aspect of the present invention there is provided a
kit for forming the hydrogel described herein which comprises a plurality of peptides,
as described herein and an aqueous solution, as described herein, each being
individually packaged within the kit, wherein the plurality of peptides and the solution
are selected such that upon contacting the plurality of peptides and the solution, a
hydrogel comprising a fibrous network of the plurality of peptides, as described
herein, is formed.

Such a kit can be utilized to prepare the hydrogel described herein at any of
the desired site of actions (e.g., a bodily cavity or organ) described hereinabove.

The kit can be designed such that the plurality of peptides and the aqueous
solution would be in such a ratio that would allow the formation of the hydrogel at the
desired site of application.

As used herein, the phrases "desired site of application" and "desired
application site" describe a site in which application of the hydrogel described herein
is beneficial, namely, in which the hydrogel can be beneficially utilized for
therapeutic, diagnostic, cosmetic, cosmeceutical and/or mechanical applications, as

described in detail hereinbelow.
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Such a kit can further comprise an active agent, as is detailed hereinbelow,
which is to be attached to or encapsulated in the hydrogel, upon its formation, so as to
form the composition-of-matter described herein.

The active agent can be individually packaged within the kit or can be
packaged along with the plurality of peptides or along with the aqueous solution.

As is further demonstrated in the Examples section that follows, the hydrogels
formed according to the present invention are characterized by exceptional material
properties, which render them highly advantageous for use in applicative technologies.

Thus, for example, the hydrogels described herein are rigid materials with
macroscopic characteristics of a gel (see, for example, Figure 1a). Nevertheless, while
being rigid, these hydrogels are also injectable (see, for example, Figure 1b) and
therefore may be suitable for use in various medical applications, as further discussed
hereinbelow.

In addition, electronic and spectral analyses (e.g., TEM, SEM and IR) have
indicated that the peptide fibrous network of the hydrogel is a complex 3D construct
which comprises a plurality of fibrils, each having a diameter in the range of, for
example, from about 10 nm to about 100 nm (see, for example, Figures 1¢ and 2 and
further details in the Examples section that follows), as is furtherdetailed hereinabove. -

Furthermore, the fibrous network of the hydrogel, although formed from
relatively short peptides, also shows relative flexibility with branching characteristics,
as often seen with fibrils formed by much larger building blocks.

The complex 3D construct of the hydrogel was found to collapse upon drying,
as indicated by high resolution scanning electron microscopy (see, for example, Figure
1d). Without being bound to any particular theory, it is suggested that this
phenomenon is attributed to the disruption of the structural stability and the caving
inward of the fibrils to form a “spaghetti-like” pile upon the removal of water held
within the fibrous scaffold.

The existence of the fibrous network under humid conditions was further
confirmed by environmental scanning electron microspectra (see, for example, Figures
le and 1f, and further discussion in the Examples section which follows).

The conformational structure of the amide in the hydrogel was identified as

containing B-sheet and B-turn conformations of the peptide (as determined by FT-IR).
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Most importantly, the hydrogels presented herein are characterized by a storage
modulus G' value (also known and referred to in the art as an elastic modulus) of at
least 1000 Pa. Preferably, the hydrogel is characterized by a storage modulus greater
than 1000 Pa, more preferably greater than 2000 Pa, more preferably greater than 3000
Pa, more preferably greater than 4000 Pa, more preferably greater than 5000 Pa, more
preferably greater than 6000 Pa, more preferably greater than 7000 Pa, more
preferably greater than 8000 Pa, more preferably greater than 9000 Pa, and can have a
storage modulus of 10000 Pa (at, e.g., 1 Hz frequency).

The hydrogel of the present invention is much stronger and much more rigid
than other self-assembled peptide hydrogels (formed without chemical cross linking).
While other peptide hydrogels express a G' value of about 50 Pa at 1 Hz frequency
[see, for example, Zhang S. et al. (2005, supra)], the peptide hydrogels described
herein provide G' values that are 200-fold higher.

Furthermore, the hydrogels described herein are characterized by a storage
modulus (G') to loss modulus (G", also referred to in the art as frictional stress) ratio
that is preferably greater than 2, more preferably greater than 3, more preferably
greater than 5, and even of one order of magnitude.

In- many “inert -and living “materials, “the relationship between “elastic and
frictional stresses turns out to be very nearly invariant. The ratio between the elastic
(storage) and frictional (loss) moduli is called the hysteresivity, h, or, equivalently, the
structural damping coefficient. Thus, for each unit of peak elastic strain energy that is
stored during a cyclic déformation, 10 to 20 percents of that elastic energy is taxed as
friction and lost irreversibly to heat.

In systems conforming to the structural damping law, the hysteresivity h is
constant with or insensitive to changes in oscillatory frequency, and the loss modulus
G" becomes a constant fraction of the elastic modulus.

The hysteresivity represents the fraction of the elastic energy that is lost to
heat, and is an intensive property that is dimensionless.

The relatively high storage to loss modulus ratio therefore indicates the

formation of a remarkably strong and rigid hydrogel.
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The hydrogels described herein are further characterized by a large
deformation steady shear results (see, for example, Figure 3b), which show a power-
law relationship (n ~7y-°) which is typical to a structured hydrogel.

Exemplary self-assembled peptide hydrogels according to the present
embodiments showed similar mechanical spectrum and rigidity when prepared from
various stock solutions in various organic solvents (see, for example, Figure 3¢ and
Table 3 hereinunder), whereby the peptide final concentration influenced the hydrogel
strength; G’, the elastic storage modulus, increased with the increasing peptide
concentration, in the range of from 2 mg/ml to 10 mg/ml (see, for example, Figure 3c).

The hydrogels described herein are further characterized by remarkable
chemical and physical stability. More specifically, the hydrogels are highly robust
under extreme pH, in a wide range of temperatures and when contacted with organic
solvents.

Thus, it was found, for example, that the hydrogels remain in one piece even
after being contacted for 24 hours with concentrated basic solutions of e.g., NaOH,
urea, and guanidium hydrochloride, with concentrated acidic solutions of e.g., HCI and

with polar solvents such as, for example, acetonitrile (see, the Examples section that

“follows).

The hydrogels described herein are further stable in a wide range of
temperatures of from about 0 °C to about 90 °C.

By being composed of peptide building blocks, the hydrogels described herein
are further biocompatible and are therefore highly suitable for use in medical
applications, as is detailed hereinunder.

It should be noted that the structural, physical and chemical properties of the
hydrogel can be controlled and modified by employing different peptide building
blocks, by altering the types of functional groups therein, and by varying the type of
end-capping moiety used, as well as by manipulating various parameters in their
preparation.

As mentioned hereinabove and is further demonstrated and discussed in detail

in the Examples section that follows, the proteinaceous fibrous network of the

- hydrogels described herein contains microscopic hollow cavities. This structural

feature indicates that the hydrogel according to the present invention can be utilized as



10

15

20

25

30

WO 2007/043048 PCT/IL2006/001174

35

a matrix for encapsulating therein or attaching thereto various agents. Indeed, it was
shown that various substances can be embedded on and/or in the hydrogel, whereby
the release of these substances can be controlled by tailoring a hydrogel with the
desired characteristics, as is further detailed hereinunder and is exemplified in the
Examples section that follows. In addition, these hollow cavities further enable to
entrap therein biological substances such as cells (e.g., neural cells), allowing
expansion and elongation of the cells within the hydrogel.

Hence, according to another aspect of the present invention there is provided a
composition-of-matter, which comprises the hydrogel described herein and at least one
agent being attached thereto or encapsulated therein.

Agents that can be beneficially encapsulated in or attached to the hydrogel
include, for example, therapeutically active agents, diagnostic agents, biological
substances and labeling moieties. More particular examples include, but are not
limited to, drugs, cells, proteins, enzymes, hormones, growth factors, nucleic acids,
organisms such as bacteria, fluorescence compounds or moieties, phosphorescence
compounds or moieties, and radioactive compounds or moieties.

As used herein, the phrase “therapeutically active agent” describes a chemical

“substance, which exhibits a therapeutic activity when administered fo “a subject.

These include, as non-limiting examples, inhibitors, ligands (e.g., receptor agonists or
antagonists), co-factors, anti-inflammatory drugs (steroidal and non-steroidal), anti-
psychotic agents, analgesics, anti-thrombogenic agents, anti-platelet agents, anti-
coagulants, anti-diabetics, statins, toxins, antimicrobial agents, anti-histamines,
metabolites, anti-metabolic agents, vasoactive agents, vasodilator agents,
cardiovascular agents, chemotherapeutic agents, antioxidants, phospholipids, anti-
proliferative agents and heparins.

As used herein, the phrase "biological substance" refers to a substance that is
present in or is derived from a living organism or cell tissue. This phrase also
encompasses the organisms, cells and tissues. Representative examples therefore
include, without limitation, cells, amino acids, peptides, proteins, oligonucleotides,
nucleic acids, genes, hormones, growth factors, enzymes, co-factors, antisenses,
antibodies, antigens, vitamins, immunoglobulins, cytokines, prostaglandins, vitamins,

toxins and the like, as well as organisms such as bacteria, viruses, fungi and the like.
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As used herein, the phrase "diagnostic agent" describes an agent that upon
administration exhibits a measurable feature that corresponds to a certain medical
condition. These include, for example, labeling compounds or moieties, as is detailed
hereinunder.

As used herein, the phrase "labeling compound or moiety" describes a
detectable moiety or a probe which can be identified and traced by a detector using
known techniques such as spectral measurements (e.g., fluorescence,
phosphorescence), electron microscopy, X-ray diffraction and imaging, positron
emission tomography (PET), single photon emission computed tomography (SPECT),
magnetic resonance imaging (MRI), computed tomography (CT) and the like.

Representative examples of labeling compounds or moieties include, without
limitation, chromophores, fluorescent compounds or moieties, phosphorescent
compounds or moieties, contrast agents, radioactive agents, magnetic compounds or
moieties (e.g., diamagnetic, paramagnetic and ferromagnetic materials), and heavy
metal clusters, as is further detailed hereinbelow, as well as any other known
detectable moieties.

As used herein, the term “chromophore” refers to a chemical moiety or
compound that when attached to a substance renders the latter colored and thus visible
when various spectrophotometric measurements are applied.

A heavy metal cluster can be, for example, a cluster of gold atoms used, for
example, for labeling in electron microscopy or X-ray imaging techniques.

As used herein, the phrase “fluorescent compound or moiety” refers to a
compound or moiety that emits light at a specific wavelength during exposure to
radiation from an external source.

As used herein, the phrase “phosphorescent compound or moiety" refers to a
compound or moiety that emits light without appreciable heat or external excitation,
as occurs for example during the slow oxidation of phosphorous. |

As used herein, the phrase "radioactive compound or moiety" encompasses any
chemical compound or moiety that includes one or more radioactive isotopes. A
radioactive isotope is an element which emits radiation. Examples include a-radiation
emitters, B-radiation emitters or y-radiation emitters.

While a labeling moiety can be attached to the hydrogel, in cases where the one

or more of the peptides composing the hydrogel is an end-capping modified peptide,
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the end-capping moiety can serve as a labeling moiety per se.

Thus, for example, in cases where the Fmoc group described hereinabove is
used as the end-capping moiety, the end-capping moiety itself is a fluorescent labeling
moiety.

In another example, wherein the Fmoc described hereinabove further includes
a radioactive fluoro atom (e.g., °F) is used as the end-capping moiety, the end-
capping moiety itself is a radioactive labeling moiety.

Other materials which may be encapsulated by the hydrogel of the present

invention include, without limitation, conducting materials, semiconducting materials,

. thermoelectric materials, magnetic materials, light-emitting materials, biominerals,

polymers and organic materials.

Each of the agents described herein can be attached to or encapsulated in the
hydrogel by means of chemical and/or physical interactions. Thus, for example,
compounds or moieties can be attached to the external and/or internal surface of the
hydrogel, by interacting with functional groups present within the hydrogel via, e.g.,
covalent bonds, electrostatic interactions, hydrogen bonding, van der Waals

interactions, donor-acceptor interactions, aromatic (e.g., m-m interactions, cation-m

interactions and metal-ligand interactions. These interactions lead to the chemical

attachment of the material to the peptide fibrous network of the hydrogel.

As an example, various agents can be attached to the hydrogel via chemical
interactions with the side chains, N-terminus or C-terminus of the peptides composing
the hydrogel and/or with the end-capping moieties, if present.

Alternatively, various agents can be attached to the hydrogel by physical
interactions such as magnetic interactions, surface adsorption, encapsulation,
entrapment, entanglement and the likes.

Attachment of the various agents to the hydrogel can be effected either prior to
or subsequent to the hydrogel formation. Thus, for example, an agent or moiety can
be attached to one or more of the peptides composing the hydrogel prior to the
hydrogel formation, resulting in a hydrogel having the agent attached thereto.

Alternatively, an agent or moiety can be attached to surface groups of the hydrogel

upon its formation.
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Encapsulation, entrapment, or entanglement of the various agents is typically
effected by forming the hydrogel in a solution containing the encapsulated agent.

Hydrogels entrapping therein a biological or chemical agent can be beneficially
utilized for encapsulation and controlled release of the agent.

As is detailed in the Examples section that follows, it has been demonstrated
that the hydrogels described herein can be used as a reservoir of therapeutic or
diagnostic materials, whereby the release of these materials can be controlled by
manipulating the size of hollowed cavities within the hydrogel. Thus, for example, it
has been shown that the microscopic hollow cavities of a hydrogel formed by self
assembly of the Fmoc-diphenylalanine dipeptide, retain therewithin particles of 5 kDA
and higher and slowly release to the environment small molecules of a few hundred
Da. Such a characteristic can be beneficially utilized in drug or hormonal release
during medical treatment.

Hydrogels having a labeling moiety attached thereto or encapsulated therein
can be utilized in a variety of applications, including, for example, tracing and tracking
the location of the fibrous networks of the present invention in mechanical devices and
electronic circuitry; and tracing, tracking and diagnosing concentrations of the
hydrogels-of the-present invention in-a living tissue, cell or host. -

As is further detailed in the Examples section that follows, it has been shown
that the hydrogel described herein can be utilized as a highly efficient cell culture
matrix, allowing for the adhesion of cells thereto while maintaining the cells viability,
morphology and proliferation rate.

Hence, by being remarkably rigid, stable, biocompatible and further by being
readily subjected to chemical and physical manipulations that allow the attachment
thereto or the encapsulation therein of various agents, the hydrogels and composition-
of-matters described herein can be beneficially utilized in various applications, as is
detailed hereinunder.

The hydrogels or composition-of-matters described herein can, for example,
form a part of a pharmaceutical, cosmetic or cosmeceutical compositions, either alone
or in the presence of a pharmaceutically or cosmetically acceptable carrier.

As used herein, a “pharmaceutical, cosmetic or cosmeceutical composition”
refers to a preparation of the hydrogel or the composition-of-matter described herein,

with other chemical components such as acceptable and suitable carriers and
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excipients. The purpose of a pharmaceutical composition is to facilitate administration
of a compound to an organism. The purpose of a cosmetic or cosmeceutical
composition is typically to facilitate the topical application of a compound to an
organism, while often further providing the preparation with aesthetical propetties.

Hereinafter, the term “pharmaceutically, cosmetically or cosmeceutically
acceptable carrier” refers to a carrier or a diluent that does not cause significant
irritation to an organism and does not abrogate the biological activity and properties
of the applied compound. Examples, without limitations, of catriers include
propylene glycol, saline, emulsions and mixtures of organic solvents with water, as
well as solid (e.g., powdered) and gaseous carriers.

The compositions described herein may be formulated in conventional manner
using one or more acceptable carriers comprising excipients and auxiliaries, which
facilitate processing of the hydrogel into preparations. Proper formulation is
dependent upon the route of administration chosen.

Techniques for formulation and administration of drugs may be found in
“Remington’s Pharmaceutical Sciences,” Mack Publishing Co., Easton, PA, latest
edition.

- The pharmaceutical compositions described herein can be formulated for
various routes of administration. Suitable routes of administration may, for example,
include oral, sublingual, inhalation, rectal, transmucosal, transdermal, intracavemosal,
topical, intestinal or parenteral delivery, including intramuscular, subcutaneous and
intramedullary injections as well as intrathecal, direct intraventricular, intravenous,
intraperitoneal, intranasal, or intraocular injections.

Formulations for topical administration include but are not limited to lotions,
ointments, gels, creams, suppositories, drops, liquids, sprays and powders.
Conventional carriers, aqueous, powder or oily bases, thickeners and the like may be
necessary or desirable.

Compositions for oral administration include powders or granules,
suspensions or solutions in water or non-aqueous media, sachets, capsules or tablets.

Thickeners, diluents, flavorings, dispersing aids, emulsifiers or binders may be

desirable.
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Formulations for parenteral administration may include, but are not limited to,
sterile solutions which may also contain buffers, diluents and other suitable additives.
Slow release compositions are envisaged for treatment.

The compositions may, if desired, be presented in a pack or dispenser device,
such as an FDA (the U.S. Food and Drug Administration) approved kit, which may
contain the hydrogel. The pack may, for example, comprise metal or plastic foil, such
as, but not limited to a blister pack or a pressurized container (for inhalation). The
pack or dispenser device may be accompanied by instructions for administration. The
pack or dispenser may also be accompanied by a notice associated with the container
in a form prescribed by a governmental agency regulating the manufacture, use or sale
of pharmaceuticals, which notice is reflective of approval by the agency of the form
of the compositions for human or veterinary administration. Such notice, for
example, may be of labeling approved by the U.S. Food and Drug Administration for
prescription drugs or of an approved product insert.

The beneficial characteristics of the hydrogels described herein render them
highly suitable for use in various applications. Thus, each of the hydrogels,
composition-of-matters or compositions described herein can be utilized for forming
an article-of-manufacture, whereby the article-of-manufacture can be, for example, a-
cell culture matrix, a protein microarray chip, a biosensor, a medicament, a drug
delivery system, a cosmetic or cosmeceutical agent, an implant, an artificial body part,
a tissue engineering and regeneration system, and a wound dressing, as well as various
medical devices.

Herein, the phase "cell culture matrix" refers to biocompatible natural and
synthetic matrix that can be used to create defined three-dimensional (3D)
microenvironment which allows cell growth. The matrix optimally mimics the natural
environment of the cells. Cell culture matrices are often used in tissue engineering.

As used herein, the phrase "protein microarray chip" refers to a solid base, e.g.,
pieces of glass, on which different molecules of protein have been affixed at separate
locations in an ordered manner, thus forming a microscopic array. In general,
microarray chips are measurement devices used in biomedical applications to
determine the presence and/or amount of proteins in biological samples. Other
applications include, for example, the identification of protein-protein interactions, of

substrates of protein kinases, or of targets of biologically active small molecules.
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Another use is as a base for antibodies, where the antibodies are spotted onto the
protein chip and used as capture molecules to detect proteins from cell lysate
solutions. As will be familiar to one ordinarily skilled in the art, the formation of
high-density protein chips to fully understand protein function had previously been a
tremendous challenge. This is because proteins need to be in a wet environment in
order to remain structurally intact and carry out their biological functions. Since
hydrogels allow the proteins to remain in a wet environment as described hereinabove,
it is highly advantageous to use hydrogels in forming protein microarray chips.

Herein the term "biosensor" refers to a device that combines a biological
component with a physicochemical detector component and which is utilized for the
detection of an analyte.

As used herein, the term "medicament" refers to a licensed drug taken to cure
or reduce symptoms of an illness or medical condition.

- As used herein, the phrase "drug delivery system" refers to a system for
transportation of a substance or drug to a specific location, and more specifically, to a
desired bodily target, whereby the target can be, for example, an organ, a tissue, a
cell, or a cellular compartment such as the nucleus, the mitochondria, the cytoplasm,

‘etc.  This phrase also refers to a system for a controlled release of a substance or drug
at a desired rate.

As used herein, the term "implant" refers to artificial devices or tissues which
are made to replace and act as missing biological structures. These include, for
example, dental implants, artificial body parts such as artificial blood vessels or nerve
tissues, bone implants, and the like.

As used herein, the phrase "tissue engineering and regeneration" refers to the
engineering and regeneration of new living tissues in vitro, which are widely used to
replace diseased, traumatized or other unhealthy tissues.

As used herein, the phrase "cosmetic or cosmeceutical agent" refers to topical
substances that are utilized for aesthetical purposes. Cosmeceutical agents typically
include substances that further exhibit therapeutic activity so as to provide the desired
aesthetical effect. ~Cosmetic or cosmeceutical agents in which the hydrogels,
compositions-of-matter and compositions described herein can be beneficially utilized
include, for example, agents for firming a defected skin or nail, make ups, gels,

lacquers, eye shadows, lip glosses, lipsticks, and the like.
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Medical devices in which the hydrogels, compositions-of-matter and
compositions described herein can be beneficially utilized include, for example,
anastomotic devices (e.g., stents), sleeves, films, adhesives, scaffolds and coatings.

Anastomosis is the surgical joining of two organs. It most commonly refers to
a connection which is created between tubular organs, such as blood vessels (i.e.,
vascular anastomosis) or loops of intestine. Vascular anastomosis is commonly
practiced in coronary artery bypass graft surgery (CABG), a surgical procedure which
restores blood flow to ischemic heart muscle in which blood supply has been
compromised by occlusion or stenosis of one or more of the coronary arteries.

Stents comprising the hydrogels, compositions-of-matter or compositions

described herein can be used, for example, as scaffolds for intraluminal end to end

anastomoses; as gastrointestinal anastomoses; in vascular surgery; in transplantations
(heart, kidneys, pancreas, lungs); in pulmonary airways (trachea, lungs etc.); in laser
bonding (replacing sutures, clips and glues) and as supporting stents for keeping body
orifices open.

Sleeves comprising the hydrogels, compositions-of-matter or compositions

described herein can be used, for example, as outside scaffolds for nerves and tendon

~anastomoses.

Films comprising the hydrogels, compositions-of-matter or compositions
described herein can be used, for example, as wound dressing, substrates for cell
culturing and as abdominal wall surgical reinforcement.

Coatings of medical devices comprising the hydrogels, compositions-of-matter
or compositions described herein can be used to render the device biocompatible,
having a therapeutic activity, a diagnostic activity, and the like.

Other devices include, for example, catheters, aortic aneurysm graft devices, a
heart valve, indwelling arterial catheters, indwelling venous catheters, needles,
threads, tubes, vascular clips, vascular sheaths and drug delivery ports.

Other potential non pharmaceutical applications of the hydrogel of the present
invention are related to the exceptional material properties of the hydrogel. These
applications include, for example, employing the hydrogel in a vibration-damping

device or in a packaging material.
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As used herein, the term "vibration-damping device" refers to a device which
tends to reduce the amplitude of oscillations. Applications include for example the
reduction of electric-signal (and hence sound) distortion in audio-electrical devices.

As used herein, the term "packaging material" refers to material designated for

the enclosing of a physical object, typically a product which needs physical protection.

Additional objects, advantages, and novel features of the present invention will
become apparent to one ordinarily skilled in the art upon examination of the following
examples, which are not intended to be limiting. Additionally, each of the various
embodiments and aspects of the present invention as delineated hereinabove and as
claimed in the claims section below finds experimental support in the following

examples.

EXAMPLES
Reference is now made to the following examples, which together with the
above descriptions, illustrate the invention in a non limiting fashion. The procedures
therein are believed to be well known in the art and are provided for the convenience
of the reader.  All the information contained therein is incorporated ‘herein by

reference.

EXPERIMENTAL METHODS

Hydrogel formation: Lyophilized Fmoc-diphenylalanine peptide (Bachem,
Budendorf, Switzerland) was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP),
acetone or dimethylsulfoxide (DMSO) at concentrations of 100 and 25 mg/ml. The
hydrogel was prepared by diluting the stock solution in ultra-pure water. Dilution was
performed so as to obtain a final peptide concentration of 0.5 mg/ml, 1 mg/ml or 5
mg/ml, unless otherwise indicated. To avoid any pre-aggregation and assembly, fresh
stock solutions were prepared for each experiment.

Determination of water percentage in the gel was done by washing a freshly
formed hydrogel with water five times, each time for 15 minutes, followed by
weighing the gel, lyophilizing it and weighing the remaining peptide aggregate.

Hydrogels formed from Fmoc-dipeptides such as Fmoc-naphthylalanine-

naphthylalanine dipeptide and Fmoc-4-phenyl-phenylalanine-4-phenyl-phenylalanine
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are similarly prepared by dissolving a lyophilized dipeptide in 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP), acetone or dimethylsulfoxide (DMSO) at concentrations of 100
and 25 mg/ml and diluting the obtained stock solution in ultra-pure water, so as to
obtain a final peptide concentration of 0.5 mg/ml, 1 mg/ml or 5 mg/ml.

Transmission Electron Microscopy (TEM): A 100 pl of hydrogel was
prepared as described hereinabove. A piece of the gel was placed on a 400 mesh
copper grid. After one minute the piece of gel and excess fluid were removed.
Negative staining was obtained by covering the grid with 10 pl of 2 % uranyl acetate
in water for two minutes. Excess uranyl acetate was thereafter removed. Samples
were viewed using a JEOL 1200EX electron microscope operating at 80 kV.

High Resolution Scanning Electron Microscopy (HR-SEM): A piece of
freshly formed gel was placed on a microscope glass cover slip and dried at room
temperature. The glass cover slip was coated with gold. Images were obtained using
a JEOL JSM 6700 HR-SEM operating at 1.0 kV.

Environmental Scanning Electron Microscopy (E-SEM): Samples were
prepared either by placing a piece of gel on a microscope metal stand or by forming
the gel directly on a glass cover slip. Images were obtained using FEI QUANTA 200
E-SEM operating at-15.0-kV and with FEI XL 30 E=SEM-FEG at 5.0kV and 4.7 torr.

Fourier Transform Infrared spectroscopy: Infrared (IR) spectra were
recorded using Nicolet Nexus 470 FT-IR spectrometer with DTGS detector. Hydrogel
samples were formed directly on a CaF, plate and were vacuum dried for dry
measurements, or placed between two CaF, plates for wet measurements.
Measurements were performed using a 4 cm™ resolution and averaging 2000 scans.
The absorbance maxima values were determined using an OMNIC analysis program
(Nicolet).

Stability measurements: Gel stability was tested by forming a 200 pl gel in a
test tube. Then, in each test tube 2 ml of one of the following was added on top of the
gel: 1.0 M NaOH, 1 M urea, 6 M guanidium hydrochloride, 100 % HCI and 100 %
acetonitrile. After 24 hours the stability of the gel was determined by the ability to
remove the gel out of the test tube in one piece.

Rheological measurements: Rheological measurements were performed on
AR 2000 controlled stress rheometer (TA Instruments Ltd, Great Britain) operated in

cone-plate mode (cone angles 1 and 4 with diameters of 60 and 40 mm, respectively).



10

15

- 20

25

30

WO 2007/043048 PCT/IL2006/001174

45

Small-amplitude oscillatory shear experiments (0.1-10 Hz) were performed within the
linear viscoelastic limit. Frequency scans were performed at the lowest stress possible
to prevent damage to the sample. The linearity of response was monitored
continuously to ascertain linear viscoelasticity.

Fluorescent molecule encapsulation: Fluorescent molecule encapsulation was
tested by forming a hydrogel, as described hereinabove, while using water containing
fluorescent molecules. Two molecules were used: Fluorescein (Fluka, Buchs, United
Kingdom) and Insulin-FITC (Sigma, Steinheim, Germany). Fluorescein was pre-
dissolved in DMSO (0.25M) and was thereafter diluted in water and Insulin-FITC was
dissolved directly in the water. The stock solutions were diluted to 50 uM and the
solution was used to prepare the gel. A 300 pl gel was prepared in a quivette. Next,
1.5 ml of water was poured on top of the gel. The water was removed and its
fluorescence was recorded using a Jobin Yvon Horiba Fluoromax 3 fluorimeter
(excitation at 495 nm, 1 nm slit; emission at 512 nm for Fluorescein and 516 nm for
Insulin-FITC, 2 nm slit) and DataMax v2.20 (Instruments SA, 1td) software.

Cell growth experiments: 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/liter L-glutamine (all from Beit Haemek, Israel). Cells were
maintained at 37 °C in a humidified atmosphere containing 5 % CO,. Sub-confluent
cells were harvested by trypsinization, counted and diluted in the cells media to 1 x
10° cells/ml. The gel was washed three times with 0.5 ml water for 30 minutes at a
time and was then left overnight in 0.5 ml DMEM. The DMEM was thereafter
removed and 500 pl of CHO cells (5 x 10* cells) were added over the hydrogel. After
a 24 hour incubation period at 37 °C the viability of the cells was determined using a

MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay [Nowak et
al., Nature 417, 424 (2002)].

EXPERIMENTAL RESULTS
Hydrogel Formation and characterization:
As shown in Figures la and 1b, a rigid material with macroscopic

characteristics of a gel (Figure 1a), which is also injectable (Figure 1b), was obtained
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by dissolving a stock solution of Fmoc-diphenylalanine in HFIP, at a 5 mg/ml
concentration, under mild conditions, in an aqueous solution. The hydrogel water
content was found to be greater than 99 %.

In order to gain better insight about the molecular organization of the hydrogel,

transmission electron microscope (TEM) analysis was performed. As shown in Figure
Ic, it was revealed that the Fmoc-diphenylalanine gel consists of fibrous network with
fibrils diameters ranging from 10 to 100 nm. The network also shows relative
flexibility with branching characteristics, as often seen with fibrils formed by much
larger building blocks. The proteinaceous fibrous network contains microscopic
hollow cavities.
‘ As shown in Figure 1d, high resolution scanning electron microscopy (HR-
SEM) measurements indicate that the microscopic structure of the hydrogel is a
complex 3D construct that collapses upon drying. This phenomenon can be attributed
to the disruption of the structural stability and caves the fibrils inward to form a
“spaghetti-like” pile upon the removal of water held within the fibrous scaffold.

Since both TEM and HR-SEM analyses required dried samples, to view the

gel in its natural 3D conformation, environmental scanning electron microscopy (E-

‘SEM) measurements were performed. “As shown in Figures le and 1f, the existence"

of a fibrous network under humid conditions was confirmed. When the samples were
viewed under low humidity, and the gel was close to its dry form but remained in its
general spacious conformation, a 3D network was evident (Figure le). However,
viewing the gel at higher humidity, when it was almost fully tacked and only the
peripheral fibers emerged from the aqueous gel core, showed that the microscopic
structure consisted of fibers that varied in diameter and were suspended in space
(Figure 1f).

In order to study the secondary structures of the fibrils that constitute the gel,
Fourier-transformed infrared (FT-IR) spectroscopy was used. The amide I spectral
peak obtained from the gel was consistent with B-sheet and B-turn conformations,
with minima at 1607, 1658 and 1691 cm™. These data are in line with previous
publications of B-sheet conformations of other peptide-based scaffolds [Drury J. L. er
al., Biomaterial 24, 4337 (2003); and Holmes et al. 2000 (supra)] and the B-sheet
vibrational peak of diphenylalanine nanotubular structures [Reches and Gazit, 2003

(supra)].
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TEM analysis was further performed for a hydrogel formed upon diluting a
stock solution of Fmoc-diphenylalanine in DMSO, at a final concentration of 1
mg/ml. As shown in Figure 2, this Fmoc-diphenylalanine gel also consists of fibrous
network with fibrils diameters ranging from 10 to 100 nm.

To study the biomechanical characteristics of the novel hydrogel, rheology
measurements were performed. Small deformation oscillatory measurements were
used to evaluate the viscoelastic behavior of the self-assembled peptide hydrogel from
Fmoc-diphenylalanine and for studying the effects of solvent type and peptide final
concentration on hydrogel strength. Figure 3a shows the mechanical spectra of the
peptide hydrogel, when prepared from a stock solution of Fmoc-diphenylalanine in
hexafluoroisopropanol (HFIP) and then diluted with water to a final concentration of 5
mg/ml. As can be seen in Figure 3a, the value of the storage modulus G’ (the elastic
response) exceeds that of the loss modulus G*” (viscous response) by about one order
of magnitude, indicating the formation of a strong and rigid hydrogel.

As shown in Figure 3b, the large deformation steady shear results, presented as
a plot of viscosity (1) vs. shear rate (y), show a power-law relationship (1 ~vy )
which is typical of a structured hydrogel.

“As shownin Table 3 below and in Figure 3c, when the solvent for the stock
solution of Fmoc-diphenylalanine was acetone, the self assembled peptide hydrogel
showed similar mechanical spectrum and rigidity as the one prepared from HFIP. The
peptide final concentration influenced the hydrogel strength; G°, the elastic storage
modulus, increased with the increasing peptide concentration, in the range of from 2
mg/ml to 10 mg/ml (see, Figure 3c).

The G' values measured for hydrogels made from Fmoc-diphenylalanine
assemblies are 200-fold higher than those reported for other peptide hydrogels formed
by self assembly (without chemical cross linking). Table 3 below presents
comparative G' values measured for the various hydrogels prepared according to the
present invention, from stock solutions in various solvents and in varying
concentrations, compared with that of the PuraMatrix gel referenced supra.

As shown in Table 3, in the same peptide concentration of 5 mg/ml, a
relatively low storage modulus G' value of about 50 Pa at 1Hz was reported for the

PuraMatrix gel referenced supra, whereas a significantly higher storage modulus G'
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value of about 2 x 10* Pa at 1Hz was measured for the hydrogel generated herein from
the Fmoc-diphenylalanine dipeptide. These high G' values indicate the high rigidity of
the hydrogels presented herein.

Factors affecting the hydrogel strength, such as solvent type and peptide final
concentration were also studied. When prepared from stock solutions of HFIP,
acetone and DMSO, the self assembled peptide hydrogel showed similar mechanical
spectra and rigidity (see, Figure 3c and Table 3). For example, for hydrogels prepared
from a stock solution of either HFIP or acetone having a Fmoc-diphenylalanine
peptide final concentration of 5 mg/ml, a G' value of about 10" Pa at 1Hz was
measured (see, Table 3). In a second experiment, for hydrogels prepared from stock
solutions of either acetone or DMSO, where the peptide final concentration in the
hydrogel was 2 mg/ml (acetone stock solution) and 1 mg/ml (DMSO stock solution),
similar G' values of about 2 x 10° Pa at 1Hz (see, Figure 3c) and 1 x 10° Pa at 1Hz
(see, Table 3) were measured, respectively.

As expected, increasing the peptide final concentration led to greater hydrogel
strength; At peptide concentrations of 2 mg/ml, 5 mg/ml, and 10 mg/ml, G, the elastic

storage modulus, increased from about 2 x 10° Pa at 1Hz to about 1 x 10* Paat 1Hz to

about 2x 10*Pa at THz, respectively (see, Figure 3c). Nevertheless, even when the

concentration of the Fmoc-diphenylalanine peptide was as low as 1 mg/ml, a relatively

high G' value of 1000 Pa at 1Hz was measured for the hydrogel (see, Table 3).

Table 3
Hydrogel forming agent | Concentration | Stock Solution G'
Solvent
Fmoc-Phe-Phe 5 mg/ml HFIP 10,000
Fmoc-Phe-Phe 5 mg/ml Acetone 10,000
Fmoc-Phe-Phe 1 mg/ml DMSO 1,000
RADAI16 (Puramatrix) 5 mg/ml Tris HCI buffer 50

Stability measurements: Gel stability was tested by forming a 200 pl gel in a
test tube. Then, in each test tube 2 ml of one of the following was added on top of the
gel: 1.0 M NaOH, 1 M urea, 6 M guanidium hydrochloride, 100 % HCI and 100 %
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acetonitrile. After 24 hours the stability of the gel was determined by the ability to
remove the gel out of the test tube in one piece (data not shown).

Fluorescent molecule encapsulation:

As observed from the electron microscope micrographs, the proteinaceous
fibrous network contains microscopic hollow cavities. These structural features can be
utilized for encapsulation and controlled drug release [Nowak et al. (2002) supra]. In
order to explore its possible application as a reservoir for diagnostic or therapeutic
material, the gel was self-assembled in the presence of fluorescent particles of various
molecular dimensions. Two different fluorescent molecules were used: the first,
fluorescein, having a molecular mass of 332 Daltons (Da) and the second, Insulin-
FITC, with a molecular mass of 5733 Da. The results are presented in Figures 4a and
4b.

The fluorescent molecule-containing gel was covered with 1.5 ml of water to

determine diffusion from the gel into the bulk water surroundings (Figure 4a). Water

- was removed at 6 hours intervals and its fluorescence was recorded (Figure 4b).

In a separate experiment, the water covering the fluorescent gel was replaced

every 5 minutes and its fluorescence was also recorded (Figure 4c). The collected data

“clearly revealed that fluorescein, the smaller molecule of the two, was released from

the gel with a typical diffusion behavior. On the other hand, Insulin-FITC, which is of
a much higher dimension, was retained in the gel and almost no fluorescence was
recorded in the water.

These results suggest that the hydrogel can retain therewithin particles of 5
kDa and higher, whereby small molecules of a few hundred Da, such as small drugs,
can be slowly released from the gel to its environment. Such a characteristic can be
beneficially utilized in drug or hormonal release for medical treatment.

Cell Growth:

In order to exploit whether the peptide-based hydrogel described herein can
serve as a scaffold for tissue engineering applications, its biocompatibility was
examined using cellular in vitro experiments. Chinese Hamster Ovary (CHO) cells
were suspended above the hydrogel after its formation in a 24 cell culture plate. After
a one-day incubation period the cells were analyzed for viability.

Figure 5 presents an image obtained for a hydrogel formed upon diluting a

stock solution of the dipeptide in HFIP, and clearly shows that the CHO cells not only
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adhere to the self-assembled gel, but also spread on it. The adhered cells showed high
viability (greater than 80 %) with a normal cell morphology and normal rate of
proliferation.

Figures 6a-b present comparative images showing the growth of CHO cells
cultured on poly lysine (Figure 6a) and cultured on a peptide-based hydrogel generated
according to the present embodiments from a DMSO stock solution:that was further
diluted in water to a final DMSO concentration of 1 % (Figure 6b). As is clearly
shown in these figures, the hydrogel serves as an effective matrix for cell growth,

similarly to the well-known polylysine cell culture matrix.

Taken together, the formation of a novel self-assembled hydrogel, that has a
remarkable mechanical rigidity, by a very simple building block, is exemplified herein
for the Fmoc-diphenylalanine peptide.

The hydrogel has physical properties that are far superior to those of hydrogels
formed by longer polypeptides. Without being bound to any particular theory, it is
suggested that this rigidity is facilitated by the aromatic nature of the peptide building
block and can be very advantageous in applicative technologies.

T addition, the hydrogel is very stable -under extreme conditions, can be-
injected and can be shaped in accordance to the vessel it is assembled in. Overall, the
properties of the novel hydrogel allow its utilization in various technological

applications.

It is appreciated that certain features of the invention, which are, for clarity,
described in the context of separate embodiments, may also be provided in
combination in a single embodiment. Conversely, various features of the invention,
which are, for brevity, described in the context of a single embodiment, may also be

provided separately or in any suitable subcombination.

Although the invention has been described in conjunction with specific
embodiments thereof, it is evident that many alternatives, modifications and variations
will be apparent to those skilled in the art. Accordingly, it is intended to embrace all
such alternatives, modifications and variations that fall within the spirit and broad

scope of the appended claims. All publications, patents and patent applications
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mentioned in this specification are herein incorporated in their entirety by reference
into the specification, to the same extent as if each individual publication, patent or
patent application was specifically and individually indicated to be incorporated herein
by reference. In addition, citation or identification of any reference in this application

shall not be construed as an admission that such reference is available as prior art to

the present invention.
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WHAT IS CLAIMED IS:

1. A hydrogel comprising a fibrous network of a plurality of peptides,
wherein each peptide in said plurality of peptides has an amino acid sequence not
exceeding 6 amino acids in length, whereas said amino acid sequence comprises at

least one aromatic amino acid residue.

2. The hydrogel of claim 1, wherein at least one peptide in said plurality
of peptides is an end-capping modified peptide.

3. The hydrogel of claim 1, wherein each peptide in said plurality of
peptides is an end-capping modified peptide.

4. The hydrogel of any of claims 2 and 3, wherein said end capping
modified peptide comprises at least one end capping moiety, said end capping moiety
being selected from the group consisting of an aromatic end capping moiety and a

non-aromatic end-capping moiety.

5. The hydrogel of claim 4, wherein said aromatic end capping moiety is
selected from the group consisting of 9-fluorenylmethyloxycarbonyl (Fmoc) and

benzyloxycarbonyl (Cbz).

6. The hydrogel of claim 1, wherein at least one peptide in said plurality

of peptides consists essentially of aromatic amino acid residues.

7. The hydrogel of claim 1, wherein each peptide in said plurality of

peptides consists essentially of aromatic amino acid residues.

8. The hydrogel of claim 1, wherein at least one peptide in said plurality
of peptides is a dipeptide.

9. The hydrogel of claim 1, wherein each peptide in said plurality of
peptides is a dipeptide.
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10.  The hydrogel of claim 8, wherein at least one of said dipeptides is a

homodipeptide.

11.  The hydrogel of claim 8, wherein each of said dipeptides is a
homopeptide.

12. The hydrogel of claim 1, wherein said aromatic amino acid residue
comprises an aromatic moiety selected from the group consisting of substituted or
unsubstituted naphthalenyl, substituted or unsubstituted phenanthrenyl, substituted or
unsubstituted anthracenyl, substituted or unsubstituted [1,10]phenanthrolinyl,
substituted or unsubstituted [2,2"]bipyridinyl, substituted or unsubstituted biphenyl and
substituted or unsubstituted phenyl.

13. The hydrogel of claim 12, wherein said substituted phenyl is selected
from the group ‘consisting of halophenyl, pentahalophenyl, aminophenyl,
dialkylaminophenyl, alkoxyphenyl, trihalomethylphenyl, biphenyl and nitrophenyl.

“14. -~ The hydrogel of claim 10, wherein said homodipeptide is selected from ™
the group consisting  of  naphthylalanine-naphthylalanine dipeptide,

phenanthrenylalanine-phenanthrenylalanine dipeptide, anthracenylalanine-
anthracenylalanine dipeptide, [1,10]phenanthrolinylalanine-
[1,10]phenanthrolinylalanine dipeptide, [2,2"Tbipyridinylalanine-
[2,2"]bipyridinylalanine dipeptide, (pentahalo-phenylalanine)-(pentahalo-

phenylalanine)  dipeptide,  phenylalanine-phenylalanine  dipeptide,  (amino-
phenylalanine)-(amino-phenylalanine) ~ dipeptide,  (dialkylamino-phenylalanine)-(
dialkylamino-phenylalanine)  dipeptide,  (halophenylalanine)-(halophenylalanine)
dipeptide, (alkoky-phenylalanine)-(alkoxy-phenylalanine) dipeptide, (trihalomethyl-
phenylalanine)-( trihalomethyl-phenylalanine) dipeptide, (4-phenyl-phenylalanine)-(4-
phenyl-phenylalanine) ~dipeptide and (nitro-phenylalanine)-(nitro-phenylalanine)
dipeptide.
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15.  The hydrogel of claim 1, wherein a concentration of said plurality of

peptides is less than 1 weight percent of the total weight of the gel.

16.  The hydrogel of claim 1, wherein said fibrous network comprises a
plurality of fibrils, whereas an average diameter of said fibrils ranges from about 10

nm to about 100 nm.

17.  The hydrogel of claim 1, characterized by a storage modulus G' to loss

modulus G" ratio that is greater than 3.

18.  The hydrogel of claim 1, being characterized by a storage modulus G'
higher than 1,000 Pa at 1 Hz frequency.

19.  The hydrogel of claim 1, being characterized by a étorage modulus G'
higher than 10,000 Pa at 1 Hz frequency.

20.  The hydrogel of claim 1, being stable at a temperature range of from
- about 0 °C to-about 90°C. -

2]1.  The hydrogel of claim 1, being stable upon contacting, for at least 24
hours, a medium selected from the group consisting of an acidic solution, a basic

. solution and an organic solvent.

22.  The hydrogel of claim 1, wherein said fibrous network of peptides
comprises microscopic hollow cavities capable of entrapping therein a biological or

chemical agent.

23. A composition-of-matter comprising the hydrogel of any of claims 1-22

and at least one agent being attached thereto or encapsulated therein.

24.  The composition-of-matter of claim 23, wherein said agent is selected

from the group consisting of a therapeutically active agent, a diagnostic agent, a

biological substance and a labeling moiety.
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25.  The composition-of-matter of claim 24, wherein said agent is selected
from the group consisting of a drug, a cell, a nucleic acid, a fluorescence compound or
moiety, a phosphorescence compound or moiety, a protein, an enzyme, a hormone, a

growth factor, a bacterium and a radioactive compound or moiety.

26. A process of preparing the hydrogel of claim 1, the process comprising

contacting said plurality of peptides with an aqueous solution.

27.  The process of claim 26, wherein said contacting comprises dissolving

said plurality of peptides in said aqueous solution.

28.  The process of claim 27, wherein a concentration of said plurality of

peptides in said aqueous solution ranges from about 0.1 mg/ml to about 50 mg/ml.

29.  The process of claim 26, wherein said contacting is performed at room

temperature.

"~ 30.  The process of claim 26, further comprising, prior to said contacting,

dissolving said plurality of peptides in a water-miscible organic solvent.

31.  The process of claim 30, wherein said solvent is selected from the

group consisting of acetone, dimethylsulfoxide and hexafluoroisopropanol.
32.  The process of claim 26, wherein said contacting is effected ex-vivo.
33.  The process of claim 26, wherein said contacting is effected in-vivo.

34.  The process of claim 26, wherein said contacting is effected at a desired

site of application of the hydrogel.

35. A pharmaceutical, cosmetic or cosmeceutical composition comprising

the hydrogel of any of claims 1-22.
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36. The pharmaceutical, cosmetic or cosmeceutical composition of

claim 35, further comprising a pharmaceutically acceptable carrier.

37. A pharmaceutical, cosmetic or cosmeceutical composition comprising

the composition-of-matter of any of claims 23-25.

38.  An article-of-manufacture comprising the hydrogel, composition-of-

matter or composition of any of claims 1-25 and 35-37.

39.  The article-of-manufacture of claim 38, being selected from the group
consisting of a medicament, a drug delivery system, a cosmetic agent, a cosmeceutical
agent, an implant, an artificial body part, a cell culture matrix, a protein microarray

chip, a biosensor, a stent, a vibration damping device and a packaging material.

40. A kit for forming the hydrogel or composition-of-matter of any of

- claims 1-25, the kit comprising a plurality of peptides and an aqueous solution, each

being individually packaged within the kit, wherein each peptide in said plurality of
_peptides has an amino acid sequence not-exceeding 6 amino acids in length, whereas N

said amino acid sequence comprises at least one aromatic amino acid residue, and

further wherein said plurality of peptides and said solution are selected such that upon

contacting said plurality of peptides and said solution, the hydrogel or the

composition-of-matter is formed.

41.  The kit of claim 40, being for forming the composition-of-matter of
any of claims 23-25, the kit further comprising an active agent, wherein said plurality
of peptides, said solution and said active agent are selected such that upon contacting
said plurality of peptides, said active agent and said solution, the composition-of-

matter is formed.
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