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NOVEL HYDROGELS AND USES THEREOF

This work was supported in part by NIH grant no. 1 P20 RR17716-01. The U.S.
Government may have certain rights to the present invention. We thank the NIH (RO
DEQ016386-01) for support.

BACKGROUND OF THE INVENTION

Hydrogels are a class of materials that have significant promise for use in soft tissue
and bone engineering. The general characteristic of hydrogels that make them important
materials for these applications are their well hydrated, porous structure. The present
invention provides a new class of environmentally responsive peptide-based hydrogels that
fulfill critical matcrial requircments not currently met with cxisting technology. Hydrogels of
the invention may be designed to be compatible with the adhesion and proliferation of
various cell types, e.g., fibroblasts and osteoblasts, making them potential tissue engineering
scaffolds for generating connective tissue and bone. There is a demanding set of biological
and material properties required of hydrogels for use in tissue regeneration. Irrespective of
ultimate target tissue type, a hydrogel must exhibit a general set of biological properties.
First, the material must be cytocompatible. Cytocompatibility, defined herein, means that the
hydrogel must not be cytotoxic to desired cells. Second, the material must be bio compatible.
Biocompatible, defined herein, means that a scaffold does not cause a significant
immunological and inflammatory response if placed in vivo for tissue regeneration and is
preferably biodegradable affording non-toxic species. The present invention relates to the
development of new materials using novel self-assembly methodology and the assessment of

resultant material cytocompatibility.

Desired material properties are challenging to comprehensively incorporate into any
one material since some desired properties are seemingly mutually exclusive. For example,
the morphology of an ideal hydrogel contains a high level of porosity (spanning nanoscale to
microscale dimensions) for cell motility and nutrient/waste diffusion. Also, the hydrogel
should primarily be composed of aqueous media with as little solid material as possible in
order to allow ample volume for cell proliferation and ease of eventual scaffold
biodegradation. However, despite their dilute, porous nature, these well hydrated materials
must also be mechanically rigid. This apparent contradiction, rigidity from a dilute porous

scaffold, must be inherently addressed by the design of constituent molecular crosslinks
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(chemical and/or physical) formed during the hydrogelation process. However, introducing
chemical crosslinks may be biologically problematic since by-products from the crosslinking
chemistry may be toxic and difficult to remove from the scaffold. Ideally, benign,
biocompatible chemical or physical crosslinking methods should be used for either in vitro
gelation for eventual incorporation in the body or direct, rapid in vivo gelation where
formation of crosslinks are triggered by physiological stimuli (temperature, ionic strength,
pH, etc). The idea of using environmental triggers to initiate material formation via self-
assembly is being actively pursued. For example, it has been shown that peptide self-
assembly (and thus gelation) can be triggered by the release of salt from temperature and
light sensitive liposomes (Collier, et al., Journal of the American Chemical Society 2001,
123, 9463-9464). An additional design complication is that hydrogel rigidity seemingly
precludes any viable proccessibility in preformed scaffolds. For cxample, onc may wish to
form a rigid tissue engineering construct in vitro but subsequently inject it into a host for

tissue regeneration. Injection is not possible in a permanently crosslinked, rigid network.

[0004] Current hydrogel technology utilizes both naturally-derived macromolecules and
synthetic polymers. Generally, hydrogels prepared from natural polymers exhibit favorable
biological properties but may lack desired material properties, e.g. low sample rigidity. In
contrast, synthetic polymers can be engineered for desired material properties but may
display limited cytocompatibility. A common approach to increase the cytocompatibility of
synthetic polymers is to incorporate peptide epitopes, for example RGD motifs. However,
incorporating these motifs into preformed polymers in a regiospecifically controlled manner
is extremely difficult to impossible. As a result, controlling the material properties of the
polymcrs is problematic. For cxample, controlling the concentration of an cpitope displaycd
on the surface for cell adhesion or controlling the accessibility of the epitopes is a challenge.
In addition, these scaffolds are structurally homogeneous (not porous) on the microscale due
to their underlying molecular network structure, which can limit cell proliferation. These
systems must undergo additional processing (e.g. freeze-thaw cycling, particulate leaching,
microsphere sintering and non-woven fiber formation) in order to introduce microscale
porosity in the gel network. In short, there is currently no single hydrogel system that

successfully incorporates all requisite propertics of an ideal tissuc engincering scaffold.

[0005] An opportunity and need exists for the design of novel hydrogel scaffold strategies.
There remains a need for rigid, porous, easily processed, cytocompatible hydrogels that can

be rapidly formed in vitro or in vivo.
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SUMMARY OF THE INVENTION

[0006] The present invention provides novel hydrogels. In addition, the present invention
provides a novel process for the construction of hydrogels. As used herein, the term hydrogel
mcans a dilutc intcrconnected scaffold, preferably cncapsulating a large volume fraction of
water and mechanically self-supporting. As used herein, the term hydrogel also encompasses
dilute interconnected scaffolds encompassing aqueous organic mixtures and/or organic
solvents (e.g., DMF, DMSO, etc.). In one aspect, the present invention provides a
combination of a new process and novel peptides to construct a smart hydrogelation system.
Novel peptides (for example, MAX1) have been designed to undergo a change in secondary
structure in response to one or more environmental signals or stimuli (e.g., changes in one or
morc cnvironmental characteristics). In onc particular aspcct, peptides of the invention may
be in aqueous solution and one or more parameters of the solution may be altered in order to
induce a change in secondary structure of the peptides. In specific embodiments, one or more
of pH, ionic strength, specific ion concentration, and/or temperature of the solution may be
altered and may induce a change in the secondary structure of the peptides. Typically, after
the peptides have undergone a change in secondary structure as a result of a change in one or
more parameter of the solution, the peptides will assemble into a higher order structure, e.g.,
a hydrogel. In another aspect of the invention, an environmental signal may involve
electromagnetic radiation, e.g., light. For example, a peptide of the invention may undergo a
structural change, which may be a change in primary structure, secondary structure or both,
as a result of being subjected to electromagnetic radiation. Typically, after being exposed to
electromagnetic radiation, peptides embodying this aspect of the invention will assume a

desired secondary structure and self-assemble into a higher order structure, €.g., a hydrogel.

[0007] In one aspect, the transition from a low viscosity aqueous solution to a rigid hydrogel
material (essentially an infinite change in viscosity) via a self-assembly mechanism is
preferably predicated on individual peptides folding into a desired conformation. This
intramolecular folding process can be controlled to occur only with a desired environmental
signal. Environmental signals include, but are not limited to, physiological soltion
conditions (37 degrees Celsius, pH7.4, and high salt concentration). Due to robust,
chemically benign gelation at physiological conditions, these gels have major potential in the

field of tissue engineering and wound healing.
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[0008] In one particular embodiment, peptides may be designed to adopt a B-hairpin
secondary structure in response to one or more environmental signals. Typically, after
adopting a B-hairpin structure, peptides will self-assemble into a higher order structure, for
example a three dimensional network and, consequently, a hydrogel. In one aspect, the self-
assembly does not take place unless side chains on the peptide molecules are uniquely

presented in the B-hairpin conformation.

[0009] Thus, in one aspect, the present invention provides a process for designing peptides to
adopt a desired secondary structure in response to one or more environmental stimuli.
Further, the present invention provides a process for designing a peptide that will form a
higher order structure, e.g., a hydrogel, in response to one or more environmental stimuli.
The present invention also encompasses the higher order structures thus formed, e.g.,

hydrogels.

[0010] In some aspects, the adoption of a secondary structure and the formation of a higher
order structure are linked. Thus, peptide folding and self-assembly (e.g., gelation) are linked.
This aspect of the invention allows the control of gelation. In particular, this aspect permits
the control of the kinetics of hydrogel formation (i.e., how fast a gel is formed). Also, control
of the self-assembly process allows control of the physical characteristics of the hydrogel
thus formed (e.g., the stiffness of the resulting gel). Peptides may be designed and/or
environmental stimuli may be chosen such that, after application of one or more
environmental stimuli, hydrogel formation may take from about 1 second to about 5 hours,
from about 1 second to about 4 hours, from about 1 second to about 3 hours, from about 1
second to about 2 hours, from about 1 second to about 1 hour, from about 1 second to about
50 minutes, from about 1 second to about 40 minutes, from about 1 second to about 30
minutes, from about 1 second to about 20 minutes, from about 1 second to about 15 minutes,
from about 1 second to about 10 minutes, from about 1 second to about 5 minutes, from
about 1 second to about 2 minutes, from about 10 seconds to about 5 hours, from about 10
seconds to about 4 hours, from about 10 seconds to about 3 hours, from about 10 seconds to
about 2 hours, from about 10 seconds to about 1 hour, from about 10 seconds to about 50
minutes, from about 10 seconds to about 40 minutes, from about 10 seconds to about 30
minutes, from about 10 seconds to about 20 minutes, from about 10 seconds to about 15
minutes, from about 10 seconds to about 10 minutes, from about 10 seconds to about 5
minutes, from about 10 seconds to about 2 minutes, from about 30 seconds to about 5 hours,

from about 30 seconds to about 4 hours, from about 30 seconds to about 3 hours, from about
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30 seconds to about 2 hours, from about 30 seconds to about 1 hour, from about 30 seconds
to about 50 minutes, from about 30 seconds to about 40 minutes, from about 30 seconds to
about 30 minutes, from about 30 seconds to about 20 minutes, from about 30 seconds to
about 15 minutes, from about 30 seconds to about 10 minutes, from about 30 seconds to
about 5 minutes, from about 30 seconds to about 2 minutes, from about 60 seconds to about 5
hours, from about 60 seconds to about 4 hours, from about 60 seconds to about 3 hours, from
about 60 seconds to about 2 hours, from about 60 seconds to about 1 hour, from about 60
seconds to about 50 minutes, from about 60 seconds to about 40 minutes, from about 60
seconds to about 30 minutes, from about 60 seconds to about 20 minutes, from about 60
seconds to about 15 minutes, from about 60 seconds to about 10 minutes, from about 60

seconds to about 5 minutes, or from about 60 seconds to about 2 minutes.

[0011] Hydrogels formed according to the invention may have varying amounts of solid
material. For example, hydrogels may be formed comprising a percent by weight of peptide
of from about 0.1% to about 10.0%, from about 0.1% to about 9.0%, from about 0.1% to
about 8.0%, from about 0.1% to about 7.0%, from about 0.1% to about 6.0%, from about
0.1% to about 5.0%, from about 0.1% to about 4.0%, from about 0.1% to about 3.0%, from
about 0.1% to about 2.0%, from about 0.1% to about 1.0%, from about 0.1% to about 0.75%,
from about 0.1% to about 0.5%, from about 0.1% to about 0.25%, from about 0.25% to about
10.0%, from about 0.25% to about 9.0%, from about 0.25% to about 8.0%, from about 0.25%
to about 7.0%, from about 0.25% to about 6.0%, from about 0.25% to about 5.0%, from
about 0.25% to about 4.0%, from about 0.25% to about 3.0%, from about 0.25% to about
2.0%, from about 0.25% to about 1.0%, from about 0.25% to about 0.75%, from about 0.25%
to about 0.5%, from about 0.5% to about 10.0%, from about 0.5% to about 9.0%, from about
0.5% to about 8.0%, from about 0.5% to about 7.0%, from about 0.5% to about 6.0%, from
about 0.5% to about 5.0%, from about 0.5% to about 4.0%, from about 0.5% to about 3.0%,
from about 0.5% to about 2.0%, from about 0.5% to about 1.0%, from about 0.5% to about
0.75%, from about 1.0% to about 10.0%, from about 1.0% to about 9.0%, from about 1.0% to
about 8.0%, from about 1.0% to about 7.0%, from about 1.0% to about 6.0%, from about
1.0% to about 5.0%, from about 1.0% to about 4.0%, from about 1.0% to about 3.0%, from
about 1.0% to about 2.0%, or from about 1.0% to about 1.5%.

[0012] In one aspect, the amount by weight of peptide and the kinetics of gelation may be
varied to produce a hydrogel having a desired modulus (stiffness). Hydrogels of the

invention may have a modulus from about 1 Pascal (Pa) to about 100,000 Pa, from about 1 Pa
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to about 50,000 Pa, from about 1 Pa to about 25,000 Pa, from about 1 Pa to about 10,000 Pa,
from about 1 Pa to about 7,500 Pa, from about 1 Pa to about 5,000 Pa, from about 1 Pato
about 2,500 Pa, from about 1 Pa to about 2,000 Pa, from about 1 Pa to about 1,500 Pa, from
about 1 Pa to about 1,000 Pa , from about 1 Pa to about 500 Pa, from about 1 Pa to about 250
Pa, from about 1 Pato about 100 Pa, from about 100 Pa to about 100,000 Pa, from about 100
Pa to about 50,000 Pa, from about 100 Pa to about 25,000 Pa, from about 100 Pa to about
10,000 Pa, from about 100 Pa to about 7,500 Pa, from about 100 Pa to about 5,000 Pa, from
about 100 Pa to about 2,500 Pa, from about 100 Pa to about 2,000 Pa, from about 100 Pa to
about 1,500 Pa, from about 100 Pa to about 1,000 Pa , from about 100 Pa to about 500 Pa, or
from about 100 Pato about 250 Pa.

[0013] In one aspect of the invention, the hydrogels formed may be processed. For example,
hydrogels of the invention may be injected into an animal (e.g., mammal). Since hydrogels
of the invention self-assemble, one can easily process the stiff gel (e.g. inject through a
syringe) while it immediately reassembles/stiffens afier the cessation of processing. Ina
related aspect, hydrogels may be formed physically via self-assembly from a low viscosity

solution, thus, hydrogels may be produced in restrictive geometries, in vitro or in vivo.

[0014] In some preferred embodiments, peptide-based hydrogels of the invention are
completely noncytotoxic and may also promote the adhesion and proliferation of common
mammalian cells (e.g. stem cells, fibroblasts, osteoblasts). Thus, hydrogels of the invention
may be used in the culture of cells. Cell cultures can be encapsulated in three dimensions due
to self~assembly mechanism thus allowing 3-D cell attachment and proliferation. In some
embodiments, hydrogels may be used as three-dimensional supports to grow/maintain cells
lines that have been engineered to produce therapeutics such as pharmaceutical compounds,
peptides, proteins, antibodies and the like. Continuous flow of media through a bioreactor
containing hydrogel and cells affords rapid isolation of compounds and a means of continual

cell proliferation.

[0015] In one specific embodiment, hydrogels of the invention may be used for both two-
dimensional and three-dimensional stem cell culturing. Stem cells include embryonic and
tissue-derived as well as tissue-derived cells cultured to display embyryonic phenotype.
Hydrogels of the invention may be used for the delivery of stem cells to targeted tissue types
via injection for tissue engineering applications. In a related embodiment, the present
invention provides a method of encapsulating cells (e.g., stem cells) in a hydrogel by

providing a solution comprising peptides and a solution comprising cells and combining the
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solutions such that a characteristic of the solution comprising peptides is altered such that a
hydrogel is formed. The characteristic adjusted may be selected from a group consisting of
PH, ionic strength, and specific ion concentration. In a particular embodiment, the
characteristic adjusted may be ionic strength. In another embodiment, the characteristic
adjusted may be Ca’" ion concentration. Any type of cell may be encapsulated, for example,
animal cells, mammalian cells, human cells, stem cells, osteoblasts, ad/or fibroblasts. A cell
encapsulated according to the present invention may be a recombinant cell, i.e., may contain
exogenous nucleic acid material. Typically, cells encapsulated according to the invention
may express one or more molecules of interest, e.g., protein of interest such as an antibody.
In a particular embodiment, cells encapsulated according to the invention may be stem cells,
e.g., pluripotent stem cells. In one embodiment, cells encapsulated according to the invention

may be human stem cclis.

[0016] In some aspects, hydrogels prepared from peptides of the invention (e.g., MAX-1 and
related hairpin peptides) exhibit antimicrobial behavior against gram positive and gram
negative bacteria. Therefore, hydrogels of the invention may be antimicrobial in a clinical
setting. This characteristic of hydrogels of the invention will make them useful in situations
in which the hydrogel is to be placed inside a living animal (e.g., a mammal such as a human)
as well in methods of culturing cells. In a particular embodiment, hydrogels of the invention
may be used for tissue engineering. For example, a desired quantity of one or more types of
cell may be placed in solution with one or more peptides of the invention. The cell
containing solution may be caused to form a hydrogel in which the cells may be dispersed
throughout the hydrogel. The cell containing hydrogel may then be used as tissue, for
cxample, to replace a damaged tissuc. The antimicrobial character of the hydrogels of the
invention will help to prevent infection when introduced into an animal. Tn some
embodiments, the hydrogels of the invention may be constructed to undergo reversible
gelation, i.e., to form a hydrogel under one set of conditions and then go back into solution
under other conditions. This may be used in tissue engineering application such that cells
may introduced in a hydrogel scaffolding that eventually dissolves leaving the cells in place.
Antimicrobial gels will also be useful in wound healing applications. Hydrogels for use in
wound hcaling applications may comprisc therapcutic agents in addition to the hydrogel. For
example, a solution of peptides that undergo hydrogel formation when placed in
physiological conditions (i.e., in contact with a wound) may comprise agents to promote

coagulation, analgesics and/or other therapeutic agents.
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[0017] In some aspects, hydrogels of the invention may be readily functionalized with further
biochemistry (e.g. growth factor or cell adhesion peptide epitopes) for further optimization.
Thus, peptides of the invention may comprise additional components, which may be peptides,

that give the hydrogels of the invention varying characteristics.

[0018] Hydrogels of the invention may be used in microfluidic devices as environmentally
responsive barrier materials. For example, the channels of a microfluidic devices can flooded
with an aqueous solution of peptide. Hydrogelation can initiated with spatial resolution to
install channel barriers at desired locations. These barriers or dams can act as sensing
devices. When solution passes over them which causes hydrogel dissolution (dam
destruction), nascent channels are opened allowing fluid to flow to detectors, providing the
means of detection of analyte. The dissolution of hydrogel barriers can also be used to
initiate and facilitate mixing of reacting components for desired chemical transformations and

reactions.

[0019] The hydrogels of the invention may be used as sensors for the detection of one or
more analyte of interest. For example, a solution of peptides of the invention may be
contacted with a sample that may contain the analyte. In some instances, presence of the
analyte may induce gelation of the solution. For example, the analyte of interest may be a
metal ion and contact of the solution of peptides with the metal ion may result in gelation of
the solution. In other instances, a hydrogel of the invention may be formed and then
contacted with a sample that may contain the analyte of interest. The presence of the analyte
may result solubilizing the hydrogel. The detection of the formation or dissolution of
hydrogel may be accomplished using standard techniques well known to one of ordinary skill

in the art, for example, optical techniques.

[0020] In some embodiments, hydrogels of the invention may be used to prepare matrices for
separation of molecules of interest (e.g., biomolecules, proteins, DNA, RNA, etc.). Peptides
may be designed to have characteristics useful for separation of the molecules of interest. For
example, moieties capable of specific interactions with a molecule of interest may be
designed into peptides that are used to make a hydrogel. Suitable moieties capable of specific
interaction include, but are not limited to, epitopes, ligands, specific small molecules, nucleic
acid sequences, and the like. Hydrogels of this type may be used in either a positive selection
(i.e., binding the molecule of interest) or negative selection (i.e., binding contaminants)
mode. For use in embodiments of this type, it may be desirable to control the nanoporous

and miroporous morphology of the hydrogels in order to purify the desired molecule. For
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example, the size of the pores in the hydrogels of the invention may be controlled by varying
the amount by weight of peptide used, gelation conditions, and/or the peptide structure to

optimize purification of a molecule of interest.

[0021] The hydrogels of the invention may be used to improve the tolerance and/or adhesion
of materials placed in a living organism. For example, material to be implanted in a living
organism (e.g., prosthetics, pace makers, supports, etc) may be first coated with a hydrogel of
the invention. Such hydrogels may be made of peptides having one or more moieties that
promote the adhesion of the tissues of the organism to the implanted device. Such moieties
may include adhesion epitopes and the like. Hydrogels may also include immune modulating

(e.g., suppressing or stimulating) moieties such as small molecules or epitopes.

[0022] In another embodiment, hydrogels of the invention may be used for harmful metal ion
remediation from aqucous solutions. Pcptides may be designed that contain functionalitics
that bind to the harmful metal ion. The peptides may be introduced into a solution.
comprising the harmful metal ion and then the gelation of the peptides may be induced. The
harmful metals may be trapped inside the hydrogel and the hydrogel may be separated from
the rest of the solution by any suitable technique, for example, by filtration. Optionally, the

hydrogel may be dissolved and the harmful metal ion may be isolated.

[0023] In some aspects, the present invention provides a method of making a hydrogel. Such
a method may entail providing a solution comprising peptides and altering one or more
characteristics of the solution, wherein a hydrogel is formed. The characteristic altered may
be any characteristic that results in formation of a hydrogel upon its alteration. Suitable
examples include, but are not limited to, ionic strength, temperature, concentration of a
spccific ion, and pH. In somc cmbodiments, altcring onc or morc charactceristic of the
solution may comprise contacting the solution with electromagnetic radiation. Tn particular
embodiments, the character altered may be the pH of the solution. In some embodiments,
altering one or more characteristic of the solution results in a salt concentration of from about
20 mM to about 400 mM. Any salt may be used, for example, KCI, NaCl, MgCl,, KF,
MgSOy, etc. In one embodiment, the salt may be NaCl. In some embodiments, the solution
may have a desired pH, for example, a pH of less than 9, a pH of from about 6.0 to about 8.5,
a pH of from about 7.0 to about 8.0, or a pH of about 7.4, which may stay the same or be
changed upon formation of the hydrogel.
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[0024] In some aspects, the present invention provides a hydrogel. Such hydrogels may
comprise peptides and from about 20 mM to about 400 mM salt. As discussed above, any
salt may be used, for example, NaCl. Any peptide capable of forming a hydrogel may be
used, for example, MAX1.

[0025] In one aspect, the present invention provides a method of making a hydrogel. Such a
method may comprise injecting a solution comprising peptides into an animal, wherein the
solution forms a hydrogel inside the animal. Any animal may be used, for example,
mammals including humans. A solution for use in this aspect of the invention may comprise
any number of components. In some embodiments, the solution may comprise one or more
therapeutic agents. Any therapeutic agent known to those skilled in the art may be used. In
particular embodiments, the solutions may comprise one or more therapeutic agent selected

from a group consisting of small molecules, peptides, proteins, and cells.

[0026] In another aspect of the invention, the invention provides a method of delivering a
therapeutic agent to an animal in need thereof. Such a method may comprise administering a
solution comprising the therapeutic agent and one or more peptides to the animal, wherein the
solution forms a hydrogel inside the animal. Such a method may be practiced on any type of
animal including mammals such as humans. Any type of therapeutic agent known to those
skilled in the art may be used, for example, small molecules, peptides, proteins, and cells.
One of ordinary skill in the art will appreciate that a therapeutic agent is any agent that results

in the prevention and/or amelioration of any undesirable condition.

[0027] In another aspect, the present invention provides a method of delivering a therapeutic
agent to an animal in need thereof, comprising administering a hydrogel comprising the
therapeutic agent and onc or morc peptides to the animal. Such a method may be practiced
on any type of animal including mammals such as humans. Any type of therapeutic agent
known to those skilled in the art may be used, for example, small molecules, peptides,

proteins, and cells.

[0028] In another aspect, the present invention provides a method of treating a wound in an
animal. Such a method may comprise contacting the wound with a solution comprising a
peptide, wherein the solution forms a hydrogel. Solutions for use in this aspect of the
invention may further comprise one or more therapeutic agents. Methods of this type may be

practiced on any type of animal, for example, mammals including humans. Any type of
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therapeutic agent known to those skilled in the art may be used, for example, small

molecules, peptides, proteins, and cells.

[0029] In another aspect, the present invention provides a method of growing cells. Such
methods may comprise forming a hydrogel comprising cells and maintaining the cells under
conditions suitable for cell viability. Hydrogels for use in this aspect of the invention
typically comprise peptides. Hydrogels may be formed, for example, by adjusting one or
more characteristic of a solution comprising peptides. The characteristic adjusted may be one
or more of pH, ionic strength, and specific ion concentration. In one particular embodiment,
the characteristic adjusted is ionic strength. In another particular embodiments, the
characteristic adjusted is Ca** ion concentration. Any type of cell may be grown using
methods of the invention, for example, animal cells such as mammalian cells including
human cells. In some particular embodiments, the cells may be stem cells, osteoblasts or
fibroblasts. Cells to be grown using methods of the invention may be recombinant cells, i.e.,
may contain one or more exogenous nucleic acid molecules. Such nucleic acid molecules
may be incorporated into the genome of the cell and/or may be maintained extra-
chromosomally. Cells to be grown using methods of the invention may express a protein of

interest. Examples of proteins of interest include, but are not limited to, antibodies.

[0030] In another aspect, the present invention provides a sensor comprising a hydrogel.
Hydrogels for use in sensors of the invention may have one or more characteristic that is
altered when the hydrogel is contacted with an analyte of interest. An analyte of interest is
any material desired to be detected. In some embodiments, the characteristic of the hydrogel
altered in response to the analyte is stiffness. In other embodiments, the characteristic altered
is an optical property. Optical properties include, but are not limited to, absorbance,

ellipticity, light scattering characteristics and the like.

[0031] In another aspect, the present invention provides a method of detecting environmental
conditions. Such methods may entail contacting a sensor comprising a hydrogel with a
sample representative of the environmental conditions and determining one or more
characteristic of the hydrogel. Typically, in methods of this type, one or more characteristic
of the hydrogel is altered when the hydrogel is contacted with an analyte of interest. Any
characteristic of the hydrogel may be altered, for example, stiffness and/or an optical
property. Methods of this type may also include comparing the characteristic of the hydrogel

to the same characteristic of the hydrogel determined at a different time.
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[0032] In another aspect, the present invention provides methods of purifying a molecule of
interest. Such methods may include contacting a solution comprising the molecule of interest
and one or more contaminants with a hydrogel under conditions causing the molecule of
interest to be retained by the hydrogel and recovering the molecule of interest from the
hydrogel. Typically, in methods of this type, at least one contaminant is not retained by the
hydrogel or is retained fo a lesser degree than the molecule of interest. Molecules of interest
may be any molecule known to one of ordinary skill in the art. Examples of molecules of
interest include proteins, nucleic acid molecules, small molecules and the like. Inone
particular embodiment, the molecule of interest may be an antibody. A molecule of interest
may be a therapeutic agent or a component part of a therapeutic agent. A component part of
a therapeutic agent is a material that may be modified to become a therapeutic agent. One
cxamplc of a component part of a therapeutic agent is an antibody that may be covalently

modified with a cytotoxic compound to become a therapeutic agent.

[0033] In another aspect, the present invention provides a method of purifying a molecule of
interest including contacting a solution comprising the molecule of interest and one or more
contaminants with a hydrogel under conditions causing at least one contaminant to be
retained by the hydrogel and recovering the molecule of interest. Typically, in methods of
this type, at least one contaminant is retained by the hydrogel or is retained to a greater
degree than the molecule of interest. Molecules of interest may be any molecule known to
one of ordinary skill in the art. Examples of molecules of interest include proteins, nucleic
acid molecules, small molecules and the like. In one particular embodiment, the molecule of
interest may be an antibody. A molecule of interest may be a therapeutic agent or a
componcnt part of a therapeutic agent. A component part of a therapeutic agent is a material
that may be modified to become a therapeutic agent. One example of a component part of a
therapeutic agent is an antibody that may be covalently modified with a cytotoxic compound

to become a therapeutic agent.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] Figure 1 shows a schematic representation of the self-assembly of peptides to form a
hydrogel according to the present invention. Unfolded peptides are induced to individually

fold into a conformation amenable to self-assembly with other like-folded peptides. The
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folding process is caused by exposure to desired stimuli and the self~assembly process results

in an interconnected, fibrillar, hydrogel network.

Figure 2 shows a schematic representation of some of the factors that can be varied in
peptides used in preparing hydrogels having desired characteristics according to the present

invention. The specific molecular factors that can be changed include:

Figure 2 A-describes manipulations to influence intramolecular folding and include:
1) electrostatic interactions between the primary amine chemical functionality of the lysine
residues of individual peptides, 2) hydrophobic, van der Waals interactions between peptide
backbone arms of individual peptides, 3) hydrogen bonding between arms of an individual
peptide backbone, 4) turn propensity of individual peptides (i.e. the “stength” of a peptide to

fold relative to a particular stimulus).

Figure 2B-describes manipulations to influence irtermolecular self-assembly and
include: 5) hydrophobic, van der Waals interactions between neighboring folded peptide
valine-rich faces, 6) hydrophobic, van der Waals interactions between peptide backbone arms
of neighboring peptides, 7) hydrogen bonding between peptide backbone arms of neighboring
peptides.

Figure 3A shows the structure of a peptide for use in the present invention. Figure 3B
shows a schematic representation of the reversible formation of a hydrogel according to the
invention. Specifically, the peptide MAX1 is unstructured unfolded under acidic or neutral
pH solution conditions. When exposed to basic solution conditions the trans prolyl amide
bond in the MAX]1 turn sequence forces the arms of individual peptides into a parallel
conformation stabilized by the interactions listed in Figure 2A. Self-assembly consequently
occurs due to interactions described in Figure 2B. If the resultant hydrogel is exposed to
acidic pH conditions the peptides unfold and disassemble back into a dilute, low viscosity

aqueous solution.

Figure 4 shows experimental results obtained from a hydrogel prepared according to
the invention. Figure 4A shows the time-dependent far UV-CD spectra of a2 150 uM MAX1
solution (pH 9.0, 125 mM Borate, 10 mM NaCl). Figure 4B shows [0]21¢ monitored as a
function of time for 150 and 250 pM MAX1 solutions under identical conditions. Figure 4C
shows [0]216 monitored as a function of time and pH for a 300 pM solution of MAX1
showing that the random coil-sheet folding/self-assembly equilibria are reversible. All

experiments performed at 20 °C.
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[0040] Figure 5 shows an FTIR; 1 wt% MAX1 at pH 5.5 (trace a) and pH 9.0, after gelation
(trace b). The large shift in the amide 1 stretch from 1644 in (a) to 1615 in (b) strongly
indicates the growth of beta-sheet structure.

[0041] Figure 6 shows rheology data on 2 wt % MAX1 hydrogel at pH 9. Figure 6A shows
the quick hydrogelation monitored at 6 Hz, 1% strain as a function of time via increase in
storage (G’, solid symbols) and loss (G”’, open symbols) shear moduli. Figure 6B shows
frequency sweep data. The insensitivity of the moduli to frequency indicates a strongly
crosslinked, rigid hydrogel due to the peptide folding and self-assembly. Figure 6C shows
rate sweep data (viscosity, open symbols; stress, closed symbols) indicative of shear thinning
material that is easy to post-assembly process (e.g. inject through a syringe). Figure 6D
shows restoration of gel moduli as a function of time after the cessation of strain treatment
(1000% strain at 6 Hz for 180 s). Symbols are as defined for Figure 6A. Immediately after
hydrogel destruction via large strain the gel immediately solidifies back to ~75% of its former

rigidity and quickly (~10-20 minutes) regains its prestrain rigidity.

[0042] Figure 7 shows results obtained with laser scanning confocal microscopy (LSCM) and
cryo transmission electron microscopy (cryoTEM). Figure 7A shows LSCM of hydrogel
microstructure. Green regions are fluorescently stained self-assembled peptide and black
regions are water filled pores and channels. Space bar is = 20 um. Figure 7B shows
cryoTEM of self-assembled nanostructure. Dark structures are self-assembled peptide
scaffold while lighter gray areas are composed of vitrified water. Space bar is equal to 200

nm.

[0043] Figure 8 shows combined USANS/SANS plot of 1 wt% MAX1 hydrogel. (Inset is an
cnlargement of the log(intensity) from 0.02 < q < 0.08 with a nonlincar, Icast-squarcs fit of —
1.1). The -4 slope at low q is indicative of a microporous structure as can be seen
microscopically in Figure 7A. The -1 slope in the inset is indicative of a local rod-like

structure as can be seen microscopically in Figure 7B.

[0044] Figure 9A shows temperature dependent CD of a 150 pM solution of MAX1 (125
mM Borate, 10 mM NaCl, pH 9). At low temperature MAX1 is unfolded (and unassembled).
At high temperature MAX1 folds into beta-sheet (and consequently self-assembles into a
hydrogel). Figurc 9B shows tempcraturc dependence of [0]215 for MAX1, 2 and 3 under
identical conditions where MAX1 = VKVKVKVKV®? PPTKVKVKVKV-NH,, MAX?2 =
VKVKVKYKVPPPTKVKTIKVKV-NH; and MAX3 = VKVKVKTKVPPPTKVKIKVKV-
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NH,. The relative hydrophobicity is MAX1>MAX2>MAX3 due to the isostructural but less
hydrophobic substitutions of threonine for valine at the underlined positions. The most
hydrophobic folds at the lowest temperature while the least hydrophobic folds at the highest
temperature. This is a direct manifestations of the molecular parameter manipulations
described in figure 2. Also shown are the calculated free energy of transfer of each
corresponding unfolded peptide having an overall +8 charge state from octanol into water at
25 °C. MAXI, the most hydrophobic has the highest free energy of transfer equal to 7.60
kcal/mol. MAX2 has a calculated transfer free energy of 6.88 kcal/mol, while the least
hydrophobic MAX3 has the lowest energy of transfer of 6.45 kcal/mol.

[0045] Figure 10A shows reversible temperature dependent CD of a 150 uM solution of
MAX3 (125 mM Borate, 10 mM NaCl, pH 9). o is MAX3 at 5°C showing completely
unfoled character. o is MAX 3 afer heating to 80°C and undergoing intramolecular folding.
+ is MAX3 afier cooling back to 5°C showing complctcly unfoled character. A is MAX 3
after reheating to 80°C and undergoing intramolecular folding. Figure 10B shows
temperature dependency of the storage modulus (G’) for a 2 wt% aqueous preparation of
MAX3 under identical conditions; data was collected at the indicated temperatures for 20
min. time intervals allotting time for approximate instrumental/sample equilibrium between
intervals. The rheology clearly shows reversible self-assembly and consequent solid

hydrogel rigidity with temperature.

[0046] Figure 11 shows the structure of various peptides that may be used in the practice of
the instant invention. Figure 11A shows the structure of MAXI, in which valines
incorporated at H-bonding positions within each hairpin project their side chains outward
making intermolecular lateral hydrophobic contacts (as described in figure 2) possible which
help drive sclf-asscmbly. Figurc 11B shows the structurc of MAXA4, in which valincs arc
now incorporated at non H-bonding positions and project their side chains inward; valine-

derived intermolecular interactions are less likely and self-assembly is not as favorable.

[0047] Figure 12 shows the results of a rheology study. Rate of storage modulus increase for
1 wt% preparations of MAX1 and MAX4 at 40°C (pH9.0, 125 mM Borate, 10 mM NaCl);
frequency = 6 rad/sec. MAXI1 clearly assembles more quickly than MAX4 due to increased

intermolecular, lateral hydrophobic contact.
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[0048] Figure 13 shows a TEM micrograph of MAX9 fibrils negatively stained with uranyl
acetate. This stiff, irreversible fibrils are due to the nonfolding nature of MAX9 and lead to
no hydrogelation.

[0049] Figure 14A shows the salt dependent CD of 150 pM MAX1 at pH 7 (20 mM Tris).
At 20 mM KF salt the CD indicates a completely unfolded conformation e. At 150 mM KF
the CD indicates strong beta-sheet conformation formation m. Figure 14B shows frequency
sweep data for MAX1 hydrogel formed at pH 7 with serum fiee growth media. The
frequency independence of the moduli (G’ = e, G” = m) clearly indicate a heavily

crosslinked, rigid hydrogel material.

[0050] Figure 15 shows the storage modulus of 2 wt% MAX]1 versus time at different
temperatures (pH 7.4, 1% strain, 6 rad/s). @ =20°, A= 37°C, and ¢ = 60°C. The higher the

temperature, the morc quickly the peptide folds and assembles and the more rigid the

resultant hydrogel network.

[0051] Figure 16 shows light microscopy results. Figure 16A shows 10 fibroblasts in
DMEM with 10% calf serum plated on 2 wt% Max1 gel, t= 4.5 hours. Figure 16B shows the
results from 16A at t=72 h. Figure 16C shows the control, 10* fibroblasts in DMEM with
10% calf serum plated on polystyrene, t=4 h. Figure 16D shows the control at t= 72 h.
Figure 16E shows 10* fibroblasts in DMEM without serum plated on 2 wt% Max1 gel, t= 4.5

hours. Figure 16F shows the same material as Figure 16E with calf serum added to the

sample at 4 h and incubated for 72 h.

[0052] Figure 17 shows the results of a proliferation assay of NIH 3T3 fibroblasts on MAX1
hydrogels versus cell culture polystyrene at varying initial cell seeding densities. The clear
bars indicate cell proliferation on tissue culture polystyrene control while the shaded bars are
the cell proliferation on 2 wt. % MAX1 hydrogel. The proliferation on the self-assembled
hydrogel was higher than the control at all cell seeding densities.

[0053] Figure 18 is an LSCM image showing that fibroblasts are impregnated throughout the
MAX]1 hydrogel. Z-stack image viewed perpendicular to Z-axis. Bar = 100 um Therefore,

due to the self-assembly mechanism of hydrogel formation, cells can readily be encapsulated

in three dimensions.

[0054] Figure 19 shows a schematic representation of a peptide for use in the invention
indicating locations in the peptide that may be modified. Cell binding epitopes, such as the

sequence arginine, glycine, aspartic acid (RGD) can be incorporated at 1) one or both of the
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peptide ends, 2) in the middle of one or both of the peptide strands, 3) at one or both of the

turn flanking positions, or 4) any tysine side chain via covalent attachment.

[0055] Figure 20 shows examples of triggers that may be used in connection with the present
invention. 330-360 nm wavelength light can be used as an intramolecular folding (and, thus,
hydrogelation) trigger by incorporation of chemistries shown in the figure at Val(16)
(schemes 1 and 2). Calcium II binding can be used as an intramolecular folding (and, thus,
hydrogelation) trigger by incorporation of chemistries shown in schemes 3 and 4 into the turn

sequence.

[0056] Figure 21A shows a CD spectra of 2 wt% Max1, pH 7.4 solution with 0 mM (o) and
150 mM () KF at 20°C showing clear beta-sheet formation with salt. Figure 21B shows an
FTIR spectrum of 2 wt% Max]1 solution, pH7.4 with 0 and 400 mM NaCl again showing
clcar beta-sheet formation with salt addition. Figurc 21C shows a WAXS spectrum of 3 wi%
Max1 solution, pH 7 with 150 mM NaCl. The peak represents a spacing of 4.7 A, the

intermolecular spacing of peptides in a beta-sheet conformation.

[0057] Figure 22A shows a dynamic frequency sweep (5 % strain) of 2 wt% Max1, pH7.4
solution with 20 mM (G’: e, G”:0), 150 mM (G’: A, G””:A), and 400 mM (G’:m, G”:0) NaCl
at 20°C. The higher the salt concentration stimulus, the more rigid the hydrogel network.
Figure 22B shows dynamic time sweep (1 % strain, 6 rad/s) of 2 wt% Max1 solution with 20
mM (G’: @), 150mM (G’: A) and 400 mM (G’:m) NaCl at 20°C. The higher the salt
concentration, the more quick the folding and consequent self-assembly, and the more rigid

the ultimate hydrogel material.

[0058] Figure 23 shows negatively stained (Uranyl acetate) TEM images of self-assembled
structure of hydrogels. Figure 23 A shows a densely interconnected network of 2 wi% Max1,
pH7.4, 400 mM NaCl solution. Figure 23B shows fibrillar assemblies of a diluted hydrogel
(final concentration after dilution: ~0.1wt%). The nanostructure is in agreement with the

network structure schematically shown in figure 1 and figure 24.

[0059] Figure 24 shows the proposed structure of self-assembled Max1 B-Hairpin molecules
in a fibril. The stand axis of thc molccule is 32 A and the cross-scction thickness is 20 A.

The long axis of the structure shows the hydrogen bonding and fibril growth direction.

[0060] Figure 25A shows dynamic time sweep data (1 % strain, 6 rad/s) of 2 wt% Max1,
pH7.4 solution with 150 mM NaCl at 20°C (G’:0) and 37 °C (G’: A). The higher the

temperature, the more quick the assembly and the more rigid the ultimate material. Figure
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25B shows frequency sweep data (5 % strain) of hydrogel at 37 °C after 2.5 hours of gelation
(G’: @, G”:0). Figure 25C shows time-dependent mean molar ellipticity at 218 nm ([0]215) of
2.0 wt % Max1, pH 7.4 with 150 mM NaCl at 20 °C (o) and 37 °C (A).

[0061] Figure 26 shows rheology data (G’: @, G”:0) of 2 wt % Max1 solution in cell growth
media at 37°C. Figure 26A. shows rheology data of gel formation (1% strain, 6 rad/s
frcquency). Figurc 26B shows frequency sweep data (5% strain) and Figurc 26C shows G’
and G” recovery of hydrogel (1 % strain, 6 rad/s frequency) after cessation of high amplitude
of strain (1000%, 6 rad/s). As shown in figure 6 relative to a pH folding and assembly
trigger, gels produced by peptide exposure to cell growth media form quickly, are
significantly rigid, can be shear thinned (e.g. syringe injected), and can quickly reheal to their

original stiffness after cessation of shear.

[0062] Figure 27 shows a photograph of mesenchymal stem cells encapsulated in hairpin
hydrogel network.

[0063] Figure 28 shows a schematic representation of shear thinning and hydrogel

reformation.

[0064] Figure 29 shows Encapsulation of Mesenchymal C3H10t1/2 stem cells in MAX1
hydrogcl. LSCM z-stack image (vicwed along the y-axis through the gel, insct) showing the
incorporation of cells into a 0.5 wt% MAX1 gel leading to non-homogenous cell
encapsulation. Gel-cell constructs are prepared by adding an equal volume suspension of
250K cells in DMEM to a 1 wt % buffered peptide solution at pH 7.4, 37°C. Cells are pre-

labeled with cell tracker green to aid visualization. Scale bar is 100 ym.

[0065] Figure 30 shows CD spectroscopy and oscillatory rheology of MAX1 and HPLS$
hydrogels. Figure 30a shows Kinetics of 3-sheet formation for MAX1 (squares) and HPLS
(triangles). The evolution of B-sheet is monitored during the solution-hydrogel phase
transition by recording [6]216 as a function of time for a 0.5 wt% peptide solution at 37 °C
after folding and self-assembly is initiated by the addition of DMEM, pH 7.4. Inset shows
C.D. wavelength spectra characteristic of B-sheet structure for MAX1 and HPLS hydrogels
after the kinetics measurements. Figure 30b, shows dynamic time sweep measurements of
MAX1 (squarey) and HPLS (triangles) monitoring the evolution of storage modulus (G’) as a
function of time for 0.5 wt% hydrogel at 37 °C in DMEM, pH 7.4; frequency = 6 rad sec,

strain = 0.2 %.
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[0066] Figure 31 shows TEM micrographs of MAX1 and HPLB hydrogels. Nanostructure
of 0.5 wt% gel network. Figure 31a, MAX1 and Figure 31b, HPLS8 negatively stained with
uranyl acetate. Scale bar is 100 nm. The inset shows magnification of MAX1 and HPLR

fibrils that are ~3 nm in width. Scale bar is 20 nm.

[0067] Figure 32 shows Encapsulation of Mesenchymal C3H10t1/2 stem cells in HPL8
hydrogel. LSCM z-stack image (viewed along the y-axis through the gel, inset) showing the
homogenous incorporation of cells into a 0.5 wt% HPLS gel. Gel-cell constructs are prepared
by adding a suspension of 250K cells in DMEM to a 1 wt % buffered peptide solution at pH
7.4, 37°C. Cells are pre-labeled with cell tracker green to aid visualization. Scale bar is 100

pm.

[0068] Figure 33 shows Gel recovery kinetics, distribution of cells and cell viability after
shear thinning. Figure 33a shows gel recovery assessed by monitoring G’ as a function of
time after shear thinning a 0.5 wt% HPLS gel initially prepared from DMEM, pH 7.4. Region
(X) shows onset of gelation as a function of time for the initial gelation event at 0.2 % stain,
(IX) shear thinning of the resulting hydrogel on application of 1000 % strain, (III) recovery of
hydrogel rigidity after reduction of strain to 0.2 %; frequency = 6 rad sec” for all
measurements. Figure 33b shows a LSCM z-stack image (viewed along the y-axis as in
figures 29 and 32) showing the distribution of cells in a 0.5 wt% HPLS hydrogel. The gel-
cell construct was initially prepared in a syringe as described in figure 5 and shear thinned
into a confocal plate for imaging. Inset shows the syringe loaded with gel-cell construct prior
to shear thinning. Cells were prelabed with cell tracker green for visualization. Scale bar is
100 pm. Figure 33c shows a LSCM z-stack image (viewed along the z-axis through the gel,
inset) showing a Live/Dead assay of cells after being shear-thinned delivered at T=3 hr after

delivery. Red = dead cells, green = alive cells. Scale bars are 100 pm.

[0069] Figure 34 shows photographs of 0.5 wt% HPL8 hydrogels prepared in a syringe and
shear thinned to various surfaces. All images were taken while the sample was held vertically
showing that the hydrogel stays localized at the point of application. HPLR gels were
prepared as stated in the experimental section. a, Borosilicate surface ofa confocal plate b,
tissue culture treated polystyrene plate ¢, skin and d, hydrogel applied to a hood sash showing

application of the gel dircctly to a vertical surface.

[0070] Figure 35 shows an LSCM z-stack image (viewed along the z-axis) showing a
Live/Dead assay of an 0.5 wt% HPL8 gel/cell construct prepared directly in the confocal well
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at T=3 hr. Red = dead cells, green = alive cells. HPLS gel/cell constructs were prepared as
stated in the experimental section. Inset of an eye viewing down the z-axis enabling

visualization of how the confocal image is displayed. Scale bar is 100 pm.

[0071] Figure 36 shows oscillatory rheology of 0.5 wt% MAX1 (squares) and HPLS
(triangles) hydrogels. MAX1 and HPL8 samples were prepared as stated in the experimental
section a, Dynamic time sweep (DTS) showing the onset of gelation at 37 °C monitoring the

storage modulus, G’ (solid symbols) and loss modulus, G” (open symbols) as a function of

time, frequency = 6 rad. sechl, strain = 0.2 %, gap = 0.5 mm.. b, Dynamic strain sweep
performed immediately after the DTS at 37 °C monitoring the G’ and G as a function of
frequency, strain = 0.2 %, gap = 0.5 mm.

DETAILED DESCRIPTION OF THE INVENTION

[0072] In one aspect, the present invention provides a self-assembly hydrogelation strategy
that cmploys small peptides as the gel scaffold building block. Peptides may be designed to
undergo self-assembly only after intramolecular folding into a -hairpin conformation that is
capable of intermolecular association. The folding event can be triggered by environmental
stimuli affording responsive hydrogelation systems. Using peptides is advantageous due to
their quick chemical synthesis and the possibility of incorporating novel residues and
functional cpitopcs for tailored matcerial and biological propertics. The sclf-asscmbled naturc
of the hydrogel eliminates the need for exogenous crosslinking agents. The peptide-based
hydrogels presented herein are rigid yet easily processed. This hydrogelation strategy will
provide a cytocompatible gelation system that may be used for potential iz vitro and in vivo
tissue engineering construct formation. The present invention establishes the relationship
between peptide structure and ultimate hydrogel morphological, rheological, and cell-level
biological properties. This has been accomplished by: 1) Gaining a fundamental
undcrstanding of the folding and sclf-assembly proccss lcading to hydrogel formation and
how molecular design affects material properties. By rigorously understanding the
relationship between designed peptide structure, the folding / self-assembly process, and the
ultimate material properties one can produce hydrogels having tailored tissue engineering
properties. 2) Enhancing the processibility of hairpin-based hydrogels by designing active
intramolecular folding triggers that allow peptide solutions to undergo hydrogelation on cue.

By designing peptides that fold in response to biologically compatible cues; for example, pH,
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salt concentration, cell culturing media, light, body temperature, or specific ion conceniration
(e.g., Ca*"); one of ordinary skill in the art can design hydrogelation processes for both in
vitro and in vivo tissue engineering applications. 3) Determining how peptide structure and
material properties affect the adhesion and proliferation of model cell lines (e.g., fibroblast
and osteoblast cell lines). The peptidic and porous nature of the B-hairpin hydrogels make
these materials candidates as cytocompatible (non-cytotoxic, promotes cell adhesion and
proliferation), easily functionalized substrates for potential bone and soft tissue engineering
applications. Correlations between peptide structure, hydrogel rigidity and cytocompatibility

have been. established.

[0073] The present invention incorporates one or more of the aforementioned material
properties within one fundamental molecular design. This alternate strategy employs four
fundamental design facets to produce hydrogels: 1) Small de novo designed peptides may be
uscd to preparc hydrogels. 2) Hydrogels may be constructed via a purc sclf-assecmbly
mechanism that eliminates the need for exogenous crosslinking agents. 3) The peptides may
be designed such that they do not undergo self-assembly leading to hydrogel scaffold
formation unless they are correctly intramolecularly folded into a targeted conformation. 4)
This intramolecular folding event, and thus hydrogelation, can be triggered by specific,

environmental stimuli.

[0074] Figure 1 displays one embodiment of the premise of this simple material construction
design. Small peptides are designed to be unstructured in aqueous solution until exact
solution conditions dictate intramolecular folding into a p-hairpin conformation. This facially
amphiphilic hairpin is amenable to self-agssembly leading to a rigid, porous, p-sheet rich
hydrogel. We propose a nanostructure for the self-assembled state (at right in Figure 1)
consistent with short scgments of fibril interspersed with hydrophobically associated
interfibril junctions (See Figure 7B). It should be noted that this morphology is very different
than that observed from self-associating peptides that afford classical fibril-based assemblies.
In classical systems, peptides associate into laminated, B-sheet-rich fibrils. The self-assembly
process is normally very slow (hours to months) and irreversible affording fibrils that can
have micron length dimensions. Examples exist of hydrogels formed upon entanglement of
well-developed, ripened fibrils. In contrast, our proposed peptide system provides a new
mechanism in which triggered intramolecular folding must occur prior to desired
intermolecular self-assembly. Thus, hydrogelation can be initiated by a diverse array of

environmental triggers. The hydrogelation event is very rapid (occurring in seconds
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depending on conditions) and, if desired, can be designed to be completely reversible.
Resultant gels are characterized by nano- to microporous morphology and significant

material rigidity despite being composed of > 98% water.

[0075] The feasibility of using small peptides to form complex materials is well
demonstrated in the literature. Peptides have been observed to self-assemble into helical
ribbons, nanotubes and vesicles, surface-assembled structures and others. The preparation of
materials from small peptides is advantageous because they can be chemically synthesized
rapidly and novel amino acid residues can be incorporated. In addition, the use of orthogonal
protection strategies allows for regioselective ligation of chemical moieties to amino acid side
chains affording conjugates with tailored functions (e.g. cell adhesion). In terms of
regioselectivity, the ability to completely and precisely functionalize the monomeric building
block of a self~assembling system is highly desirable when compared to the relatively
nonselective methods used to chemically modify an existing polymer. In one aspect of the
invention, peptides can be designed to fold in response to their environment; taking
advantage of this property can lead to smart materials that form (or dissolve) on cue.
Example of peptides that may be used in the practice of one or more aspect of the invention

include, but are not limited to the following:

MAX1 VKVKVKVK VPPPT KVKVKVKYV
MAX2 VKVKVKVK VPPPT KVKTKVKV
MAX3 VKVKVKTK VPPPT KVKTKVKYV
MAX4 KVKVKVKV KPPPS VKVKVKVK
MAXS5 VKVKVKVK VPPPT KVKEKVKYV
MAX6 VKVKVKVK V°PPT KVKCKVKYV
MAX7 VKVKVKVK VPPGT KVKVKVKV
MAXS VKVKVKVK VPPPT KVKVKVKV
MAX9 VKVKVKVK VPPT KVKVKVKV (SEQ ID NO:1)
MAX10 VKVKVKVK VPPPPT KVKVKVKYV
MAX11 VKVKKCK VPPPT KVKCKVKYV
MAX12 VKVKCKVK VPPPT KVCVKVKV
MAX13 ISINYRTE I°PPT SINYRTEI
MAX14 VKVKVCVK VPPPT CVKVKVKV
MAX15 VKVKVCVK VPPPT KVKVCVKYV

MAXI16 VKVKVKVC VPPPT KVKVCVKV
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MAX17
MAX18
MAX19
MAX20
MAX21
MAX22
MAX23
MAX24

MAX25

MAX26

MAX27

MAX28

MAX29

MAX30

MAX31

MAX32

MAX33

MAX34
MAX3S5

PCT/US2006/060882

RGDVKVKVKVK VPPPT KVKVKVKVRGD
VKVEVKVE VPPPT KVEVKVEV
VEKVEKVKVKVK VPPPT KVKVEVKVKV
VEKVKVKVK YNGT KVKVKVKV (SEQ ID NO:2)
VKVKVK VPPPT KVKVKYV
VRKVKVKVK GGGG KVKVKVKV (SEQ TD NO:3)
VEVEVEVE VPPPT EVEVEVEV
VXVXVXVX VPPPT XVXVXVXV
=Ornithine

VXVXVXVX VPPPT XVXVXVXV

X=Diaminobutyric acid
VXVXVXVX VPPPT XVXVXVXV

X=Diaminopropionic acid
VYXYXYX YPPPT XYXYXYXY

X=Valine
VRVRVRVR VPPPT RVRVRVRV
VKVKVKVKVRGDKVKVKVKV (SEQ ID NO:4)
KEXKXKXK VPPPT KXKXKXKX

X=Aminoisobutyric acid
XKXKXKXK VPPPT KXKXKXKX

X=Norvaline
KEXKXKXK VPPPT KXKXKXKX

X=Norleucine
FKFKFKFK VPPPT KFKFKFKF
IKIKIKIK VPPPT KIKIKIKI
HWSFTIKITVPPPTHWSFTIKIT

Tn addition to the amino acids specifically recited above, at any position of any of the above

peptides indicated with X, each X can independently be any natural or non-natural amino

acid (L or D stereochemistry) or any analog of an amino acid known to those skilled in the art.

In this application, D stereochemistry will be indicated by a superscript before the D amino

acid, thus "P is D-proline.

[0076] In some embodiments of the invention, peptides may fit the general formula
VEKVEVEVE(XXXX)KVKVEV(XXXX),KVKVKVKV (SEQ ID NO:5). Specific

examples of this embodiment of the invention include, but are not limited to,
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MAX36 (XXXX), = VPPPT  (XXXX),=KPPPK

MAX37 (XXXX),=VPPGT  (XXXX),=K°PGK

MAX38 (XXXX)a=VPPGT  (XXXX)=KPPPK

MAX39 (XXXX)a =V PAT  (XXXX)o=K PAK

MAX40 (XXXX)a= VPPPT  (XXXX)»=KPPGK

MAX41 (XXXXK)a=VPPPT  (XXXX)»=KNGCK (SEQ ID NO:6)
MAX42 (XXXX), = VNGT (SEQ ID NO:7) (XXXX)»=K PPK
MAX43 (XXXX), = VNGT (XXXX),=KNGK

MAX44 (XXXX)a=V PAT (XXXX)=K"PPAK

In addition to the amino acids specifically recited above, at any position of any of the above
peptides indicated with X, each X can independently be any natural or non-natural amino
acid (L or D stercochemistry) or any analog of an amino acid known to thosc skilled in the art.

Preferably, each (XXXX), and (XXXX), may comprise a sequence capable of forming a turn

(e.g., a B-turn).
[0077] In some embodiments of the invention, peptides may fit the following general
formulas:
MAXX, (VK) VPPPT (KV), m=1-100, n=1-100
MAXX, (VK)oVPPT (KV), m=1-100, n=1-100 (SEQ ID NO:8)
MAXX; (VK)m VPPPPT (KV), m = 1-100, n = 1-100
MAXX, (VK)n GGGG (KV), m=1-100, n = 1-100 (SEQ ID NO:9)
MAXXs (VK)m VPPPT (KV), m=1-100, n=1-100
MAXXs (VK)m YNGT (KV), m=1-100, n= 1-100 (SEQ ID NO:10)
MAXX; (VK) VRGD (KV), m=1-100, n = 1-100 (SEQ ID NO:11)

Each m and n may independently be from 1-100 and m may or may not equal n.

[0078] Among the advantages of the invention are the ease of hydrogel preparation and the
favorable resultant material properties, particularly processibility and morphology. The use
of a self-assembly strategy eliminates the need for chemical crosslinks. Using chemicals to
induce crosslinks is generally non-selective and many crosslinking reagents are toxic and not

easily purified away from the hydrogel scaffold.

[0079] In terms of processibility, hydrogels constructed from physically crosslinked, self-
assembled networks can be responsive to mechanical shear. This characteristic provides a

free flowing suspension during the application of shear and complete reformation of the gel
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network (self healing) after cessation of the shear (see Prudbomme, ef al., Langmuir 1996,
12, 4651-4659, and Nowak, et al., Nature 2002, 417, 424-428). This combination of shear
thinning and self-healing allows material formation in a spatially resolved manner, For
example, in some embodiments of the invention, one of ordinary skill in the art could inject
(shear thin) a hydrogel pre-formed ex vivo in the presence of desired biological constituents
(growth media, growth factors, living cells, etc...) into a host where it self heals providing a
scaffold for tissue regeneration. In addition, hydrogels formed via self-assembly are not
limited to ex-vivo preparations as described above. The present invention provides peptide
systems that undergo self-assembly when exposed to biologically relevant stimuli such as
salt, temperature and pH (see Pochan, et al., Journal of the American Chemical Society 2003,
125, 11802-11803 and Schneider, et al., Journal of the American Chemical Society 2002,
124, 15030-15037). This could allow for thc formation of hydrogel dircctly in vivo via the
injection of a peptide solution. Hydrogel systems in which both ex and in vivo preparations
are possible are most versatile in terms of processibility and are within the scope of the

present invention.

[0080] The self-assembly of B-hairpins described herein may provide rigid networks
composed of minimal solid material (shear moduli, G*, > 1000 Pa with <2 wt % peptide)
providing for a significantly dilute, porous scaffold with no need for additional processing.
These gels are porous on both the nanoscale and microscale. This porous character may aid
cell migration within the hydrogel scaffold and allow the diffusion of nutrients. In one
embodiment, the present invention provides correctly designed peptides that can undergo
rapid, triggered hydrogelation affording rigid, porous materials that are cytocompatible. Self-
asscmbly can be triggered by physiologically rclevant stimuli resulting in hydrogels that

shear thin, making processing of this system versatile.

[0081] The proposed hydrogelation system relies on the ability of a peptide to adopt a folded
conformation that is amenable to self-assembly (i.e., if the peptide isn’t correctly folded, it
doesn’t self-assemble into hydrogel). In addition, it is possible to design peptides that only
fold in response to an environmental cue. The result is a peptide system that will undergo
hydrogelation only in the presence of a desired stimulus. This environmental dependence
provides for a hydrogel that is inherently “smart” in that the system will not gel until the
individual peptides are folded. Depending on the nature of the stimulus (trigger),
hydrogelation via this process can be designed to be totally reversible; simply removing the

stimulus unfolds the peptides that comprise the scaffold resulting in hydrogel dissolution.
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Several examples of environmental triggers include temperature, pH, ionic strength, specific

ion binding (e.g., Ca*"), and electromagnetic radiation (e.g., light).

[0082] In some aspects, the present invention provides a method of producing a hydrogel that
may comprise (a) triggering intramolecular peptide folding into g-hairpin conformation, and
(b) self-assembling of hairpins into hydrogels. The peptides may be designed so as to
provide a hydrogel having the desired material properties (e.g., porosity, rigidity/modulus,

biofunctionality, etc, see Figure 1).

[0083] All of the desired aspects of the hydrogels of the invention may be controlled by
peptide design. Peptides for use in the present invention may be small peptides (e.g., from
about 10 to about 200 residues, from about 10 to about 100 residues, from about 10 to about
75 residues, from about 10 to about 50 residues, from about 10 to about 40 residues, from
about 10 to about 30 residucs, from about 10 to about 25 rcsiducs, from about 10 to about 20
residues, from about 15 to about 200 residues, from about 15 to about 100 residues, from
about 15 to about 75 residues, from about 15 to about 50 residues, from about 15 to about 40
residues, from about 15 to about 30 residues, from about 15 to about 25 residues, from about
15 to about 20 residues, from about 20 to about 200 residues, from about 20 to about 100
residues, from about 20 to about 75 residues, from about 20 to about 50 residues, from about
20 to about 40 residues, from about 20 to about 30 residues, or from about 20 to about 25
residues). Peptides of the invention may incorporate one or more modified amino acid
residues (e.g., D-amino acids, homologs of naturally occurring amino acids, amino acids with
modified side chains, etc). Peptides of the invention preferably adopt a secondary structure
(e.g., B-hairpin secondary structure) in response to one or more triggers. Triggers may be one
or more changes in environmental conditions. While specific peptides will be described later
in detail, in one aspect peptides of the invention may be composed of high B-sheet propensity
residues flanking an intermittent four residue turn sequence. Polar and apolar residues may
be arranged sequentially in the strand regions to afford amphiphilic surfaces in the folded

state.

[0084] In some embodiments of the invention, the ability of peptides to self-assemble is
dependent upon their unimolecular folded state. For example, under folding conditions
peptides may adopt a desired secondary structure (e.g., may adopt an amphiphilic B-hairpin
structure where one face of the hairpin is lined with hydrophobic residues and the other face
is lined with hydrophilic residues). In this example, intramolecular folding is dictated by the

alleviation of charge density on the hydrophilic face upon folding, the formation of
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intramolecular hydrophobic van der Waals interactions, the formation of intramolecular
hydrogen bonds between -strands within the hairpin, and the turn propensity of the turn
sequence, Figure 2. Intimate knowledge of the factors that govern intramolecular folding
allows one to design active triggering mechanisms of the folding event. After intramolecular
folding, subsequent self-assembly of monomeric hairpins is facilitated facially by
hydrophobic association of the hydrophobic faces of folded hairpins and laterally via H-bond
formation and hydrophobic van der Waals contacts between neighboring hairpins. Detailed
knowledge of these parameters allows one to control the self-assembly process and thus the
ultimate material properties. All of these design parameters are outlined below and shown
schematically in Figure 2. One of ordinary skill in the art can appreciate that peptides may be
designed so as to adopt other desired secondary structures that result in a configuration of

peptide residues favoring intermolecular association of the peptides and gel formation.

[0085] Peptides for usc in the hydrogels of the invention can be constructed to have any
desired characteristics by varying one or more of the following parameters: 1) electrostatics,
for example, by varying the charge within the peptide intramolecular folding rate can be
varied; 2) Van der Waals interactions, for example, constructing peptides having varying a)
lateral and facial intermolecular hydrophobic interactions and/or b) intramolecular
hydrophobic interactions, allows varying the folding and self-assembly of the peptides as
well as the material properties of the hydrogel; 3) hydrogen bonding, for example peptides
may be constructed with varying a) intramolecular and/or b) intermolecular hydrogen bond
formation to vary the folding, self-assembly and final material properties; and 4) turn

sequence, for example, the turn region of peptides of the invention may be designed to

control folding and thus trigger self-assembly.

[0086] The present invention permits onc of ordinary skill in the art to design peptides with
desired characteristics (i.e., the appropriate electrostatics, intra- and intermolecular
hydrophobic van der Waals interactions, and turn sequence) so as to have the desired
intramolecular folding, intermolecular self-assembly and material properties. In some
embodiments, electrostatics and/or hydrophobic Van der Waals interactions can be used to
design peptides having active intramolecular folding triggers. Triggers may be a change in
one or more characteristic of a solution comprising the peptides, for example, pH, salt

concentration, specific ion concentration, electromagnetic radiation and/or temperature.
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[0087] In some embodiments, peptides designed as described herein may be used to produce
hydrogels that may be used as non-cytotoxic scaffolds that support cell adhesion (for

example, mamimalian cell adhesion) and proliferation.

[0088] In one particular embodiment, MAX1, a 20-residue peptide, was designed to probe
the effects of electrostatics on peptide intramolecular folding, self-assembly and consequent
hydrogel material properties. The sequence is composed of high p-sheet propensity valine
and lysine residues flanking an intermittent tetrapeptide -V PPT- designed to adopt type II’
turn structure, Figure 3A. In addition to incorporating local design elements to stabilize
hairpin structure, nonlocal effects were also considered by arranging the polar and apolar
residues flanking the -turn in an alternating fashion to favor p-hairpin formation in the self-
assembled state. In addition, a p-branched residue was placed at the i-position of the turn
(Val-9) to enforce a trans prolyl amide bond geometry at the i+ position. This design
element ensures that under folding conditions, intramolecular folding of monomeric hairpins
is favored prior to self-assembly. A cis prolyl bond, which is designed against, could result
in the presentation of individual g-strands within each monomer in an extended conformation.
Peptides capable of adopting both cis and trans conformers could undergo indiscriminant
self-association of extended and correctly folded monomers and may be actively designed

against.

[0089] The ability of MAX1 to undergo hydrogelation is dependent upon its unimolecular
folded state. Under basic aqueous solution conditions (pH 9.0, 125 mM Borate, 10 mM NaCl),
where some of the lysine side chains of MAX1 are neutral, this peptide intramolecularly folds
into an amphiphilic B-hairpin (folding can also be triggered at pH 7 under physiological
conditions). One face of the hairpin is lined with hydrophobic valine residues while the other
face is lined with hydrophilic lysine residues, Figure 2 and 3A. After intramolecular folding,
subsequent self-assembly of hairpins is facilitated (a) laterally via H-bond formation and
attractive hydrophobic interactions between distinct hairpins as well as (b) facially by
hydrophobic association of the valine-rich faces of the folded peptide resulting in
hydrogelation, Figure 3B. Since the charged state of the lysine residues are controlled by pH,
the unimolecular folding is reversible. Lowering the pH below the intrinsic pKa of the lysine
side chains results in intra-strand charge repulsion from neighboring lysines and subsequent
unfolding of individual hairpins, ultimately dissolving the self-assembled hydrogel structure.
This reversible behavior is unique when compared to -sheet-rich hydrogels prepared from

classical fibril-based designs. In these systems, the self-assembly process is irreversible.
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This suggests that the amphiphilic hairpins undergo a self-assembly mechanism that is
different from peptides that irreversibly lead to fibrils. In fact, thorough characterization of
our gelation process from the molecular level through the macroscopic material properties is
presented below and indicates that by linking the intramolecular folding of MAX1 to its

ability to self-assemble, a responsive material can be prepared.

[0090] Time-dependent circular dichroism (CD) studies support a hydrogelation mechanism
consistent with intramolecular hairpin formation followed by self-assembly. Figure 4A
shows that at micromolar concentrations, when the pH is increased from 5.5 (unfolding
conditions) to 9.0 (folding conditions) unstirred solutions of MAX1 undergo a random coil to
p-sheet transition taking hours at 20°C. At temperatures > 25°C the folding and self-assembly
of MAX1 occurs on the order of seconds. The CD spectrum at 406 minutes displays a clear
minimum at 216 nm indicating that MAX1 adopts structure rich in p-sheet. Figure 4B
demonstrates that the observed 6,16 is concentration-dependent (comparing 625 at any one
time point for both concentrations), indicating that MAX1 is self-associating and that the rate
of assembly increases as the concentration increases. This behavior is consistent across all
spectro- and microscopic methods used to interrogate MAX1. For example, at micromolar
concentrations used for the CD studies shown in Figure 4A and 4B, self-assembly takes hours
at 20°C. At millimolar concentrations, such as those used in the rheological studies described
below, self-assembly leading to hydrogel takes minutes at 20°C. Interestingly, the rate of
self-assembly is not only concentration dependent but also depends on the rate of mixing;

vigorously stirred samples adopt sheet structure within seconds at 20°C.

[0091] The reversibility of the folding and self-assembly process was investigated by
measuring 0236 as a function of pH and time as shown in Figure 4C. CD of a stirred solution
of MAX] at pH 5.5 indicates random coil conformation. Adjusting the pH to 9.0 by the
addition of NaOH results in g-sheet formation as expected. However, subsequent adjustment
of the pH to 6.0 results in complete loss of sheet signal and full recovery of random coil
signal. This experiment demonstrates that the assembly process is reversible presumably as a
consequence of deprotonating and re-protonating the lysine side chains resulting in
unimolccular folding and unfolding, respectively. Again, this reversible bohavior is not

observed in hydrogels formed from amyloid/prion-like fibrils.

[0092] The existence of B-sheet structure within the hydrogel matrix is also supported by
FTIR spectroscopy, Figure 5. 1 wt.% solutions of MAX! in D20 at pH 5.5 (where the
peptide is soluble) show an Amide I band at 1644 cm™ suggesting that the peptide is
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unfolded. However, when the pH of this solution is adjusted to 9.0 by the addition of NaOD,
gelation occurs and the Amide I band shifts to 1615 cm™, strongly suggesting that MAX1

adopts a structure rich in B-sheet.

[0093] Bulk rheology experiments exhibit the manifestation of unimolecular folding and
subsequent self~assembly into a gel network by the onset and growth of elastic properties.
Figure 6A shows the results of a time sweep experiment at constant strain and frequency
during which the growth of the storage modulus (sample rigidity) was monitored afier
hydrogelation was initiated for a 2 wt% solution of MAXI. Similar to the rate of g-sheet
formation observed by CD (Figure 4B), rheology shows that the folding and assembly of
MAX]I has significantly progressed after 30 minutes at 20°C (gel storage modulus of ~ 600
Pa). Gel formation continued to mature after two hours with a doubling of the gel modulus to
~1200 Pa. An equilibrium storage modulus of ~1600 Pa was reached after several hours of
gel formation. This equilibrium behavior is clearly shown by the linear, frequency
independent moduli measurements in Figure 6B. For comparison, the storage modulus of
strawberry gelatin is ~50 Pa (data not shown). Rheology indicates that the crossover
concentration separating a predominantly liquid-like (G>G”) vs. a predominantly gel-like
(G’>G™) response is about 1 wt%. Several examples of hydrogel moduli from the literature

are also shown in Figure 6B for comparison.

[0094] Two hallmarks of a self-assembled gel are to exhibit shear thinning and subsequent
recovery of elastic properties after shearing has ended. This drop in viscosity (shear
thinning) results from the disruption of physical crosslinks by the application of strain.
Figure 6C clearly shows that MAX 1-derived gels shear-thin, the viscosity drops with
increasing strain-rate. Importantly, self-assembled gels of MAX1 are capable of quickly
reforming after cessation of shear due to the quick relaxation time of the molecular self-
assembly process. Herein lies one major advantage of the g-hairpin based hydrogels for
potential use in tissue engineering-ease of processibility. Hydrogels can be preformed ex vivo
under highly controlled conditions and introduced into a host via syringe injection/shear
thinning.

[0095] In Figure 6D, a time sweep experiment identical to that performed during the original
gel formation was run immediately after the application of 1000 % strain at 6 Hz for 180
seconds. The initial modulus of the reforming gel was 650 Pa with 80% of the equilibrium

modulus recovered after only 30 minutes making this a quick recovering and relatively strong
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hydrogel. For comparison, a 2 wt % gelatin hydrogel takes over 4 h to recover 80 % of its
yarog g ydrog

equilibrium modulus afier shear thinning.

[0096] An interesting comparison can be made between the rheology data and the
concentration dependent CD data in Figure 4B. CD clearly demonstrates that the rate at
which MAX1 intramolecularly folds and self-assembles is positively dépendent on peptide
concentration. The rheologically monitored formation of the 2.0 wt% gel, approximately 6
mM in concentration, can be considered an analogous view of molecular folding and self-
assembly at higher peptide concentrations, Figure 6A. Only after folding can the B-hairpins
self-assemble into a gel scaffold and thus provide a viscoelastic response. In fact, a control
peptide similar in sequence to MAX1 but designed to disfavor hairpin formation did not

undergo hydrogelation when subjected to identical folding conditions (see below).

[0097] A rheology cxperiment demonstrating that the gelation mechanism is reversiblc with
pH changes was attempted by adding a small amount of concentrated HCI to a 2 wt% gel
resulting in a final pH ~ 6.0. The rheological response of the system was essentially that of
pure water, below the sensitivity threshold of the instrument. This indicated a clear obviation
of the self-assembled scaffold and reversibility of gelation. This is in complete agreement
with the immediate unfolding of MAX1 under acidic conditions as actively monitored via
CD, Figure 4C. Therefore, CD experiments, which actively monitored the intramolecular
folding and intermolecular sheet assembly of MAX1, and rheology experiments, which
actively monitored the self-assembly of peptide into a gel scaffold, combine to form a clear
image of how material properties can be attributed to molecular folding and consequent

assembly mechanisms.

[0098] Lascr scanning confocal microscopy (LSCM) rcveals a hetcrogencous gel
microstructure in which a continuous gel matrix is permeated by water channels, Figure 7A.
This microscale porosity may be exploited to produce a tissue engineering scaffold. Porous
microstructure must be processed into hydrogels prepared from traditional crosslinked
hydrophilic polymers. In contrast, the microporosity of hairpin-based gels is a result of the
self-assembly process and additional processing is not necessary. The gel matrix regions in
Figure 7A are not solid peptide but rather a dilute peptide network on the nanoscale that is
itself permeated by water, Figure 7B.

[0100] Combined small and ultrasmall neutron scattering (SANS/USANS) data for a 1 wt%

gel in D,O (Figure 8) is consistent with fibrillar structure of the gel matrix on the nanoscale
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and the heterogeneous morphology on the microscale. Intensity at low scattering vector, q
(where q = (4n/A)sin(0/2), h = neutron wavelength and 6 = scattering angle), clearly exhibits
a slope of -4 indicative of scattering from a sharp interface between two phases. In this q
regime the two phases are the gel matrix and the 1-10 pm sized water pores and channels as
clearly observed in the LSCM in Figure 7A. Inthe SANS data at higher g, the most notable
feature is the slope of approximately —1 in the Gunier region where the product of q and the
radius of gyration, Ry, of a particle is < 1. This is indicative of scattering from a rod-like
object on the nanoscale. This description is consistent with what can be observed in the
cryoTEM data (Figure 7B) where the gel scaffold consists of short regions of fibrillar

structure interconnected via junction points.

The results discusscd above allow onc of ordinary skill in the art to vary the
electrostatic characteristics of a peptide and thereby control the formation and/or material
properties of hydrogels of the invention. In the specific example described above, self-
agsembly and material properties demonstrate that peptide folding is partly governed by
reducing the lysine charge density of the primary sequence. This allows all of the lysine
residues to occupy one face of the folded amphiphilic hairpin. One of ordinary skill in the
art will appreciate that amino acid residues other than lysine may be used. For example, any
residuc that has a charge or can be made to have a charge by varying the cnvironmental
conditions may be used. Tn addition, multiple different amino acid residues may be used in

the same peptide.

In some embodiments of the invention, by using changes in solution pH, the
intramolecular folding event and subsequent hydrogelation can be triggered and may be
reversible. Thus, chemical responsiveness may be realized by linking intramolecular folding
to consequent intermolecular assembly. Resultant hydrogels may be mechanically rigid, yet
porous on the nano- and microscale, making them very good candidates as cytocompatible
materials. In addition, the self-assembled nature of the hydrogel scaffold produces
mechanically responsive materials, an attribute that could be exploited to deliver

hydrogel/cell constructs via shear thinning methodology.

With reference to Figure 2A, the present invention demonstrates that the formation of
intramolecular Van der Waals contacts between residues within a hairpin may stabilize the
folded state and that intermolecular lateral and facial contacts between residue side chains of
distinct hairpins may stabilize the self-assembled state. This allows the characteristics of the

hydrogels of the invention to be varied by adjusting these parameters. This is demonstrated
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by studying the temperature dependence of hairpin folding and self-assembly of peptides that
vary in relative hydrophobicity. It is well known that water is better able to solvate
hydrophobic groups at low temperatures. This phenomenon has been used to describe the
cold denaturation of proteins where some proteins unfold at low temperatures, exposing their
hydrophobic interiors to aqueous solvent. A 150 uM aqueous solution of MAX1 unfolds
when cooled below room temperature, The CD spectrum at 5 °C is consistent with random
coil conformation, Figure 9A. However, warming the solution to 40°C results in a spectra
consistent with p—sheet structure. Monitoring the mean residue ellipticity at 218 nm as a
function of temperature demonstrates that the temperature at which folding and consequent
self-assembly is triggered (Tgq) is approximately 20 °C, Figure 9B. In fact, previous studies
involving the pH induced folding and self-assembly of MAX1 were performed at 20°C. At
this temperature, folding and self-assembly are slow enough to be conveniently monitored.
At higher temperatures, folding and self-assembly leading to hydrogelation is fast
(instantancous to scconds dcpending on concentration). If the formation of hydrophobic
interactions affects the folding and self-assembly process, then altering the hydrophobic
content of MAX1 should affect the temperature at which folding is triggered. Figure 9B
shows CD data for MAX1 and two additional peptides, MAX2 and MAX3. MAX?2 is
identical to MAX1 except that one valine residue has been replaced with the isostructural, but
less hydrophobic residue, threonine. In MAX3, two valines are replaced with threonine
residues. The resulting peptides vary in their hydrophobicity as evident by comparing
calculated free energies of transfer from octanol into water, Figure 9. CD data shows that as
the hydrophobicity decreases, the temperature at which folding is induced incrementally
increases. Thus, the formation of hydrophobic contacts influences folding and self-assembly.
This data also shows that in addition to pH, temperature can be used to trigger folding. Thus,
the characteristics of the hydrogels of the invention can be varied by adjusting the amino acid
residues of the peptides used to form the hydrogels to increase or decrease the hydrophobicity

of the amino acid residues used.

[0104] There are reports of large polymers that are thermally responsive. The present
invention provides the first system that employs temperature triggered folding to induce self-
assembly. Although thermally induced hydrogelation is not reversible for MAX1 and MAX2,
the folding, self~assembly and consequent hydrogelation of MAX3 is thermally reversible.
CD spectra of a 150 1M solution of MAX3 demonstrates that this peptide is unfolded at 5 °C,

Figure 10A. Heating the solution to 80 °C results in a spectra consistent with p—sheet
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structure. Subsequent temperature cycles show that folding and unfolding are reversible. In
Figure 10B, rheology demonstrates that a 2 wt% aqueous solution of MAX3 undergoes
thermally reversible hydrogelation over several heating/cooling cycles. The temperatures
used in both CD and rheology bracket the temperature (Tga = 60 °C, Figure 9) at which
folding and consequent self-assembly is triggered. The CD and rheology data taken together
suggest a mechanism of hydrogelation consistent with temperature induced unimolecular
folding followed by self-assembly. The temperature responsive behavior exhibited by these
peptides expands their versatility due to ease of processing. For example, free flowing
peptide solutions could be prepared at room temperature and administered in vivo where the
temperature of the body could induce gelation. Some Poly-N-isopropylacrylamide polymers
have been engineered have been engineered to undergo such transitions ultimately affording
cxtraccllular-like scaffolds for tissuc regencration. The above studics support the idea that
the formation of hydrophobic interactions are important. MAX1-3 all contain valines and
threonines at hydrogen bonded positions. At these positions, their side chains prefer to adopt
a trans rotamer. As aresult, hydrophobic residues that oppose each other across the hairpin
point their side chains in opposite directions thus making the formation of intramolecular
hydrophobic interactions across the strands difficult, Figure 11A. However, these side
chains are nicely positioned to interact laterally with the hydrophobic side chains of
neighboring hairpins in the self~assembled state, Figure 11B. Forming these lateral
hydrophobic interactions should favor self-assembly. This was demonstrated using MAX4,
a peptide of comparable hydrophobicity to MAX1 that incorporates all of its valine residues
at nonhydrogen bonded positions. In MAXA4, opposing valine side chains are expected to
point towards each other, Figure 11B. Thus, the valine side chains of MAX4 are less likely
than those in MAX1 to form lateral intermolecular hydrophobic interactions. If the formation
of lateral intermolecular hydrophobic interactions is of more importance for self-assembly
than intramolecular hydrophobic contacts, then the rate of self-assembly should be faster for
MAX1 than for MAX4. This difference in rate should be evident in the rate of storage
moduli (rigidity) increase. Indeed, Figure 12 shows that self-assembly leading to a
rheological response is faster for 1 wt % preparations of MAX1 as compared to MAX4 at 40
°C (Tge = 20 °C for both peptides). Therefore, in addition to electrostatics, the formation of

lateral hydrophobic contacts during self-assembly also contributes to hydrogelation.

[0105] In some embodiments of the invention, various functionalities (e.g., cell adhesion

epitopes, receptor agonists, receptor antagonists, ligands, small molecules, etc) may be
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incorporated into the hairpin hydrogel scaffold. One way to accomplish this would be to
functionalize one or more amino acid side chains of the peptide. MAX2 and MAX3, which
contain threonine substitutions on the hydrophobic face, are capable of folding and self-
assembling at elevated temperatures indicating that neutral residues having similarly sized
side chains may be tolerated. In some embodiments, the moieties to be incorporated at a
particular side chain may be much larger (e.g. RGD-based motifs) and may contain charged
residues. MAX5 (VKVKVKVKVPPPTKVKEKVKV-NH,) was prepared to investigate the
possibility of incorporating a charged residue on the hydrophobic face of MAX1. The
sequence contains a glutamic acid residue at position 16 which is negatively charged at basic
pH where MAX1 normally folds and assembles. CD spectroscopy confirmed that 150 pM
solutions (pH 9.0, 125 mM Borate, 10 mM NaCl) of MAXS exist as random coil indicating
that ncgative charges arc not tolerated on the hydrophobic face (data not shown). Howcver,
alterations to the hydrophilic face of MAX1 are well tolerated. Sequences in which one or
two lysine residues are replaced with other residues such as cysteine, serine, and glutamic

acid are capable of folding and self-assembly into rigid hydrogels (data not shown).

[0106] The peptides described above contain identical turn sequences, namely (-V°PPT-).
This sequence has a strong propensity to form a type II” turn and therefore helps to drive
intramolecular folding. Since intramolecular folding must occur prior to self-assembly,
alterations to this turn sequence that inhibit turn structure formation can be used to modulate
intramolecular folding and self-assembly leading to hydrogelation. MAXO was prepared to
probe the importance of the turn region (VKVKVKVKV*PPTKVKVKVKV-NH,). MAX9
is identical to MAX1 with the exception that the "Pro at position ten has been replaced with
“Pro. Unlike the dipeptide PPro™Pro contained within MAX1 that favors type II” turn
formation, the “Pro™Pro motif of MAX9 favors an open conformation. The two strands
emanating from an open “Pro"Pro conformation would be projected in opposite directions.
Thus, intramolecular folding resulting in B-hairpin formation would be highly unfavored.
Any observable self-assembly would likely result from the direct intermolecular association
of cxtended peptide conformers. CD of a 150 pM solution of MAX9 under folding
conditions showed only random coil even after four hours (data not shown). Also, 2 wi%
solutions of MAXS failed to undergo hydrogelation and remained a low viscosity solution for
days. Interestingly, after one week, self-assembly did occur but did not result in
hydrogelation. Instead, long fibrils were observed that have dimensions consistent with self-

assembled, extended conformers of MAX9, Figure 13. This is strong support that
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Intramolecular folding into a B-hairpin conformation is necessary for self-assembly into
hydrogel and that the mechanism leading to hydrogel is distinct from the mechanism leading
to extended fibril. In some embodiments, turn sequences can be incorporated that serve as
cell adhesion sites. For example RGD binding epitopes are commonly found within turn

regions of proteins important in cell adhesion events.

[0107] In onc aspcet, the present invention provides peptides having designed scquences that
fold only in the presence of a desired environmental stimulus resulting in a hydrogelation
system that is triggered on cue. The ability to control material formation temporally and
spatially allows one to fully control the processing of the material. Specific to preparing
hydrogel-cell constructs for tissue engineering applications, controllable hydrogel formation
can take place iz vitro and/or in vivo depending on the nature of the triggering mechanism.
For example, MAX1 is unfolded under acidic solution conditions (PH<9, 10 mM NaCl) but
rapidly folds and sclf-assecmbles within scconds when the pH is adjusted to 9 (10 mM NaCI)
at temperatures greater than 25°C. Peptides were also presented that fold in response to
changes in temperature. For example MAX2 is unfolded at pH 9 (10 mM NaCl) when the
temperature is below 40 °C, but folds/self-assembles when warmed to temperatures greater
than 45°C, Figure 9B. We have also demonstrated that the temperature at which fo lding
occurs can be predictably modulated. It is important to point out that designing folding
triggers is only made possible by understanding the fundamental principles that govern the

folding and self-assembly process.

[0108] Hydrogelation of peptides discussed thus far has occurred at basic solution conditions
(pH = 9) in the presence of 10 mM NaCl. It is desirable to trigger hydrogelation at
biologically relevant conditions, namely pH 7 in the presence of 150 mM NaCl. In fact,
Initiating folding and sclf-asscmbly at thesc solution conditions is possiblc with MAX1.
Figure 14A shows CD data indicating that at pH 7 (20 mM Tris) the folding of MAX1 is
dependent on salt. In the presence of 20 mM KF, MAX1 is unfolded, but in the presence of
150 mM KF, MAX1 folds and self-assembles. Optically transparent KF is used for CD
studies since 150 mM solutions of NaCl produce significant signal scatter at low
wavelengths. The salt triggered folding event is further confirmed by FTIR which shows that
the amide I band at 1643 cm™ (random coil) shifts to 1616 cm™ (B-sheet) upon the addition of
KF at pH 7 for 1 wt % preparations (data not shown). NaCl is also capable of triggering
hydrogelation at pH 7, adding NaCl (final concentration = 150 mM) to an aqueous solution of
MAX1 results in self-assembly affording rigid hydrogels (3000 Pa at 2 wt%, data not shown).
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For the formation of hydrogel-cell constructs, initiating hydrogelation by the addition of cell
growth media would be ideal. Since DMEM growth media contains NaCl as well as other
salts (~ 400 mM in total salt concentration) it can be used as a trigger. 2 wt.% aqueous
solutions of MAX1 will undergo hydrogelation on the addition of serum free DMEM growth
media. Figure 14B shows frequency sweep data for the resultant viscoelastic, rigid gels.
Additional folding triggers may be used to initiate folding including, but not lmited to,

specific ion binding (e.g., calcium binding) and/or electromagnetic radiation (e.g., light).

[0109] Those skilled in the art are aware that the mechanical properties of material substrates
affect cell-material interactions. For example, it has been recently shown that vascular
smooth muscle cells migrate from less rigid to more rigid. areas of crosslinked
polyacrylamide substrata. Also, a direct correlation between the rate of dorsal root ganglion
neurite extension and agarose hydrogel rigidity has been shown. The present invention
allows the modulation of the rigidity of hydrogels (e.g., MAX1 containing hydrogels) via
peptide concentration and peptide folding triggering conditions, namely salt concentration
and temperature. Figure 15 shows the rigidity of 2 wt% MAX1 hydrogels at constant salt
concentration and pH 7.4 assembled at different temperatures. The bulk modulus of the final
networks is tunable over 3 decades from low to high temperature. Importantly, when MAX1
assembly is triggered with temperature the process is irreversible and thus the gel stiffness
achieved at each triggering temperature is maintained when taken to physiological
temperature. The tunability of hydrogel stiffness will allow correlation between hydrogel

rigidity and cellular behavior such as adhesion and proliferation.

[0110] The present invention demonstrates that the folding triggers described herein can be
used to form hydrogels that support the adhesion and proliferation of fibroblasts (NIH 3T3,
mouse). These cells were used as a model system because of their importance in connective
tissue development and their easily distinguished morphology when adhered to the hydro gel
scaffold. Qualitative studies were performed in which cells were added to either polystyrene
control wells or wells containing a uniform slab (3 mm thick) of MAX1-hydrogel. Cell
adhesion was qualitatively monitored via direct observation of cell spreading after four hours
from the time of initial cell seeding by optical microscopy (a quantitative cell attachment
agsay is described below, see also Akiyama, S. K. Functional analysis of cell adhesion:
Quantitation of cell-matrix attachment, 2002; Vol. 69, pp 281-296). Non-adhered fibroblasts
have rounded morphologies and adhered fibroblasts have spread morphologies Proliferation

was measured both qualitatively by optical microscopy and quantitatively by a *H thymidine-
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based cell seeding assay as described below. Hydrogels were prepared in 48 well tissue
culture plates by either one of the following protocols. Protocol 1: MAX1 was dissolved in
water (resulting in an acidic solution, pH~5) and an equal volume of buffer (pH 9, 250 mM
borate, 20 mM NaCl) was added at room temperature to induce folding/self-assembly
resulting ina 2 wt% hydrogel. The resulting gel was bathed in DMEM containing 10% calf
serum and 10 mg/mL gentamicin. This allowed media to permeate throughout the gel and
adjust the pH to 7.3 The storage moduli (rigidity) of gels prepared by protocol 1 are about
1600 Pa. Protocol 2: MAX1 was dissolved in water and an equal volume of serum free
DMEM containing 10 mg/mL gentamicin was added to induce folding/self-assembly
affording 2 wt% hydrogels. Depending on the experiment, DMEM containing calf serum can
then be added to introduce serum proteins. The storage moduli of gels prepared by protocol 2
arc about 1200 Pa. Figurc 16A shows that after four hours (in the presence of scrum)
fibroblasts have adhered to the surface of the gel as indicated by their spread out morphology.
Proliferation of the cells occurs until confluency is reached, usually around 72 hours if 10
cells are initially plated, Figure 16B. Cells remain viable for at least a month as long as fresh
media is provided (we stopped the assay after 1 month). Cells added to control wells
containing no gel show similar behavior, Figure 16 C and D. In Figures 16A-D, cells are
plated in the presence of DMEM containing 10 % calf serum. Serym proteins may help
mediate cellular adhesion to the hydrogel by first coating the scaffold. To determine if the
hydrogel scaffold alone is conducive to cell adhesion, cells were plated onto 2 wt.%
hydrogels in the absence of serum. Figure 16E shows that the fibroblasts begin to attach and
spread after about four hours even in the absence of serum proteins, but to a lesser extent as
compared to the serum containing cultures. Addition of serum after four hours, results in cell
proliferation, reaching near confluency after 72 hours, Figure 16F. Identical control
experiments performed in wells without hydrogel, showed that the cells behaved similarly.
These experiments demonstrate that the peptidic surface provided by the hydro gel scaffold is
amenable to fibroblast adhesion in the presence of serum proteins and to a lesser extent when
serum is not present. The incorporation of cell binding epitopes in peptides used in hydrogel
formation may be used to enhance cell adhesion in the absence of serum. This optical

microscopy data qualitatively shows that MAX1 hydrogels support fibroblast proliferation.

[0111] A quantitative assay that could be used to measure the rate of cell proliferation was
developed. This allows gels having different material properties and constituent peptide

sequences to be compared in terms of how well they support proliferation. Standard
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colorimetric assays such as the MTT and XTT have proven unsuitable for use with hydrogels
of the invention. These assays rely on the ability of cells to metabolize tetrazolium
derivatives to their corresponding colored formazan analogs. The analogs permeate into the
hairpin hydrogel and become immobilized making subsequent quantification by UV
spectroscopy unreliable. This problem has been addressed by utilizing *H thymidine-based
assays in which thymidine is incorporated into proliferating cells undergoing DNA
replication. This method does not require the solubilization of an analyte and wnincorporated
thymidine is easily washed from the hydrogel scaffold making quantification of only
incorporated thymidine possible. The assay is two-fold. First, a cell seeding experiment may
be performed to determine the optimal number of cells that should be plated if one wishes to
follow proliferation over a given time period without the cells reaching confluency (48 hours
is choscn here for convenicnee). Sccond, a proliferation rate may be determined for a given
material by seeding the cells (at optimal density) onto the material and determining the
number of cells undergoing DNA replication at discrete time points up to 48 hours when
confluency is reached. Shown in Figure 17 are results from a *H thymidine cell seeding
experiment that allows one to determine the optimal cell seeding density for hydrogels of the
invention. Cells to be assayed (e.g., fibroblasts) may be seeded onto either MAX 1 hydrogels
or a polystryene control surface at different initial densities. After 48 hours, the growth
media can be removed and replaced with media containing *H thymidine and incubated for
three hours. Unincorporated thymidine may be washed out (washes may be assayed until *H
thymidine is no longer detected) and the cells sacrificed for scintillation counting. The data
shows that for 2 day proliferation assays involving MAX1 hydrogels, 40,000 fibroblasts
should be seeded providing an optimal rate of proliferation. It should be noted that the
optimal seeding density for polystyrene is different (20,000); it is known that any given cell
type will display different optimal seeding densities for distinct materials (and different cell
types will have different optimal seeding densities for one given material). Therefore, for
each new material, similar cell seeding experiments may be performed before rates of
proliferation are determined. This data also suggests that after 48 hours, more cells have
grown on the hydrogel than on the control surface (comparing degradations (counts) at each
surface’s respective optimal seeding density). A possible explanation is that the three
dimensional porosity of the hydrogel scaffold allows cells to proliferate into the hydrogel,
which is not possible with a two dimensional polystyrene surface. This data shows that a

quantitative proliferation assay has been established. One of ordinary skill in the art can use

-39



WO 2007/059491 PCT/US2006/060882

the assay described herein to study the effects of peptide sequence and hydrogel rigidity on

cell proliferation.

[0112] The experiments outlined in Figures 16 and 17 entail plating the cells onto the two-
dimensional surface of gel. Assays accessing adhesion and proliferation on the surface of
two dimensional gels allow facile comparison among different hydrogel scaffolds and the
results can be directly compared to materials in the literature since this is the most common

technique to investigate material-cell interactions.

[0113] The present invention also encompasses hydrogel-cell constructs in which cells are
incorporated throughout the gel scaffold in three dimensions. This can be accomplished by
initiating the hydrogelation of aqueous solutions of MAX] via the addition of serum free
DMEM that contains cells, e.g., stem cells, osteoblasts or fibroblasts. Scaffolds that mimic a
ccll’s 3-D ir vivo cnvironment will provide additional insights into ccll-matcrial intcractions
not evident in two dimensional studies. Figure 18 shows an LSCM image of a 2 wt.% MAX1
hydrogel prepared in this manner. The image is constructed so that one can view the interior
of the gel from the side. Cells stained with cell tracker green (CMFDA, Molecular Probes)
are seen throughout the gel with a slightly larger concentration near the bottom of the gel
where cells begin to settle before gelation is complete. One of ordinary skill in the art will
appreciate that any cell type of interest may be used in conjunction with the present
invention. For example, cells that may be used include, but are not limited to, yeast cells,
plant cells and animal cells. Suitable cells are commercially available from, for example,
known culture depositories, e.g., American Type Culture Collection (Manassas, VA), and
commercial sources known to those in the art. Preferred animal cells for use in the methods
of the invention include, but are not limited to, insect cells (most preferably Drosophila cells,
Spodoptera cells and Trichoplusa cells), nematode cells (most preferably C. elegans cells)
and mammalian cells (including but not limited to CHO cells, COS cells, VERO cells, BHK
cells, AE-1 cells, SP2/0 cells, L5.1 cells, hybridoma cells and most preferably human cells
such as 293 cells, PER-C6 cells and Hel.a cells). In addition, primary cell cultures, tissue
homogenates, and/or cells derived from tissue homogenates may be used in conjunction with
the present invention.

[0114] With regard to Figure 2, electrostatics, H-bonding and hydrophobic interactions all
play a role in folding and self-assembly. Varying electrostatics and lateral inter- and -

intramolecular hydrophobic contacts for folding and self-assembly can be used to vary the

material properties and/or formation conditions of the hydrogels of the invention. In
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addition, varying the turm region of the hairpin may also be used to modulate the
characteristics of the hydrogels of the invention. Without wishing to be bound by theory, it is
believed that self-assembly is governed by the interplay of two factors: 1) hydrophobic
collapse of hairpins; and 2) intermolecular H-bond formation. The interplay of these two
factors results in scaffolds composed of short segments of fibril interspersed with
hydrophobically associated interfibril junctions, Figure 1. One of ordinary skill in the art,
given the teachings set forth herein, can alter the sequences (and hence physical nature) of the
peptides used in order to modulate the contribution of either or both of these factors in order

to produce a hydrogel having any desired characteristics.

[0115] The intermolecular interactions outlined in Figure 2 may be varied to control the self-
assembly process and resultant material properties, such as the degree of gel porosity which
is important for cell proliferation. Specific examples of hairpins composed of 20 residues
have been provided herein. The present invention also encompasses peptides both longer and
shorter than this and the length of the peptides used may be varied so as to influence material

properties of the resulting hydrogels.

[0116] The present invention also encompasses peptides having one or more amino acid
substitutions as compared to the turns of the peptides used in the specific examples. Any turn
sequence know to those skilled in the art may be used in conjunction with the present

invention.

[0117] In some embodiments of the invention, one or more functional moieties, which may
be peptide sequences, organic molecules or other molecules, which may be incorporated into
the peptides at, for example, the side chains of the amino acids emanating from the
hydrophilic facc, the side chains of the amino acids cmanating from the hydrophobic face, the
side chains of the amino acids comprising the turn sequence, within the primary sequence of
one or both strands of the hairpin, and/or within the primary sequence of the turn sequence.
Specific examples of such functional moieties include, but are not limited to, peptide
sequences (e.g., cell adhesion epitopes, nuclear localization signals, etc), and receptor
agonists and/or receptor antagonists (e.g., cholesterol derivatives and the like),
peptidomimetics, cyclic peptides, metal chelators, fluorescent and spin active probes and
small molecule therapeutics. Peptides comprising one or more of such functional moieties
may be analyzed by spectroscopy, light and neutron scattering, microscopy, and rheology
techniques as described herein in order to produce a hydrogel having the folding/self-

assembly characteristics and/or material properties desired.
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[0118] One or more amino acids of the peptides of the invention may be modified during
and/or after peptide synthesis. For example, polyethylene glycol (PEG) derivatives of
peptides of the invention may be prepared and, for example, used for cell culturing and
encapsulation. Peptides for use in the invention may be modified (i.e., derivatized) in any
combination of at their termini, main chain atoms and/or side-chain atoms. More than one
modification may be made and such modifications may be the same or different. Tn a specific
embodiment, PEG units ranging in molecular weight from about 60-to about 4000 may be
used to prepare derivatives of peptides for use in the invention. PEG-incorporation may be

used to modulate biocompatibility and hydrogel mechanical properties.

[0119] In one embodiment, peptides of the invention may comprise one or more chemical
crosslinks and such peptides may be used to prepare hydrogels of the invention. Chemically
crosslinked hydrogels may be used in any of the methods of the invention. For example,
chemically crosslinked hydrogels may be used in delivering therapeutic agents, cell culturing
and encapsulation. Typically, chemical crosslinks may be formed between any side-chain or
main chain atom of a peptide with any other side-chain or main chain atom of the same or a
different peptide. Crosslinking may be performed before, during or after self-assembly to

fine-tune mechanical and biological properties of resulting hydrogels.

[0120] Any technique known to those skilled in the art may be used to introduce one or more
crosslinks into one peptide and/or between two or more peptides in a hydrogel of the
invention. In general, any reactive-group-bearing side chain (e.g., nucleophilic-group-
bearing and/or electrophilic-group-bearing side chain) can be crosslinked with suitable
bifunctional molecules (e.g., electrophilic molecules and/or nucleophilic molecules).
Suitable crosslinking reagents are commercially available, from, for example Pierce
Biotechnology, Inc., P.O. Box 117, Rockford, IL. 61105 U.S.A.

[0121] In some embodiments, two or more reactive groups may be incorporated into a
peptide. When the peptide is folded in response to an environmental stimulus, the reactive
groups may be brought into proximity and may react with each other forming an
intramolecular crosslink. For example, a peptide may contain two cysteine residues that are

brought together to form a disulfide bond.

[0122] Optionally, a crosslinking agent may be added to link the reactive sites before or after
addition of the environmental stimulus. For exampie, peptides may contain one or more

reactive groups and reactive groups in different peptides may be crosslinked forming an
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intermolecular crosslink. In yet another embodiment, a peptide may contain reactive groups
that form intramolecular crosslinks as well as intermolecular crosslinks. In this case, the
reactive groups forming intramolecular crosslinks may be the same or different as those
forming intermolecular crosslinks. Further, crosslinks may be formed in any order, for
example, intramolecular crosslinks may be formed before, after or at the same time as

intermolecular crosslinks.

In some embodiments, reactive groups on different peptides may be crosslinked. For
example, peptides may be prepared that comprise one or more cysteines which may react
with cysteines on a different peptide to form an intermolecular disulfide bond. In other
embodiments, crosslinking reagents may be utilized to crosslink cysteine-containing peptides.
Suitable crosslinking reagents include, but are not limited to, BM[PEQ]4 (1,11-bis-
Maleimidotetraethyleneglycol) and BM[PEO]; (1,8-bis-Maleimidotriethyleneglycol).

In some embodiments, lysine-based crosslinks can be installed by reacting the amine
side chains of the Lys residues with a suitable crosslinking agent, ¢.g., a linear diacid.
Suitable crosslinking reagents may include, but are not limited to, EGS (Ethylene glycol
bis[succinimidylsuccinate]) and DTSSP (3,3 -Dithiobis[sulfosuccinimidylpropionate]). In

another embodiment, cysteine side chains may be utilized to induce crosslinking.

In some embodiments, crosslinks may be installed by enzymatic reactions. For
example, an enzyme capable of linking reactive groups may be utilized to link the side chains
ofthe peptides. In some cases, enzymes may directly utilize side chains as substrates to
create a side chain to side chain crosslink. In other embodiments, an additional substrate may

be included to create a side chain-substrate-side chain crosslink.

In order to vary the contribution of forming intermolecular facial and lateral
hydrophobic contacts relative to constant H-bonding, peptides based on MAX1 may be
prepared. Such peptides may have the same number of residues but contain amino acids of
varying side chain hydrophobicity on the hydrophobic face of the folded hairpin. Thus, the
number of possible intra- and intermolecular H-bonds formed during folding and self-
assembly is constant but the surface area of the hydrophobic face varies. Examples of
peptides that may be prepared include, but are not limited to, those of the general sequence
XKXKXKXKVPPPTKXKXKXKX-NH, where X= valine, MAX1; X= isoleucine, MAX7;
and X= phenylalanine, MAX8. Molecular modeling (Insight/Discover) indicates that the
surface areas of these peptides increase in the order MAX1<MAX7<MAXS8. Varying the
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surface area may effect various parameters of the hydrogels, for example, may decrease the
temperature at which each peptide folds and self-assembles (Tg) as monitored by CD (see
Figure 9). Also, the rheological properties of each peptide may be different; more
hydrophobic peptides may lead to more rigid hydrogels. In addition, the rate of
hydrogelation may be affected with more hydrophobic peptides forming hydrogels faster.
Rate of hydrogelation can be determined by rheology (see Figure 12). Cryo-TEM can be
used to determine if these design changes affect the nano-scale structure of the hydrogel (e.g.
as the hydrophobic surface area increases the number of interfibril junctions in the self-
assembled state may increase) and LSCM can be employed to assess changes in micro-scale
structure (e.g., changes in gel porosity). Varying the nature and number of amino acid
residues emanating from the hydrophobic face of the folded peptides and/or varying the
naturc and numbcr of functional moictics cmanating from the hydrophobic face of the folded

peptides may be used to vary the material characteristics of the hydrogels thus formed.

[0127] In order to vary the contribution of forming intermolecular hydrogen bonds during
self-assembly, peptides may be prepared that have a greater or lesser capability of forming
intermolecular hydrogen bonds. For example, derivatives of MAX1 containing Nea-alkylated
lysine residues may be prepared. Lysine residues in MAX1 are sequentially positioned such
that they are able to form intermolecular H-bonds with neighboring hairpins during self-
assembly, Figure 3A. Alkylating one or more lysine residues within each strand of a hairpin
may inhibit self-assembly leading to hydrogelation. Examples of such peptides include, but
are not limited to, MAX9 (VKVKVKVKV PPTKVKVKVKV-NH,) and MAX10
(VKVKVKVKVDPPTKVKVKVKV‘NHQ), which contain Na-butylated lysine residues at
the bold positions. One of ordinary skill in the art will readily appreciate that by varying the
amino acid residues and/or functional moieties attached to the amino acid residues, other
peptides having a modulated (increased or decreased) capability of forming intermolecular
hydrogen bonds may be constructed. It is known that the self-assembly of human amylin into
fibrils has been inhibited by peptides containing N-butyl residues. CD spectroscopy and
rheology may be used to asscss the ability of thesc peptides to fold and sclf-assembic into

hydrogel under varying folding conditions.

[0128] In some embodiments, peptides may be constructed so as to take advantage of
mtermolecular interactions to control the self-assembly process and resultant material
properties. For peptides that fold and self-assemble via a combination of hydrophobic

collapse and intermolecular H-bonding, temperature may be used to control the degree to
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which each of these processes contributes to the self-assembly mechanism. As discussed
above, each peptide has a characteristic temperature at which it folds (T.e1) and begins to self-
assemble. In addition, it has been well demonstrated in the literature that temperature can be
used to drive hydrophobic collapse. Therefore, for any given peptide, if just enough heat is
supplied to fold but not greatly enhance hydrophobic collapse, then H-bonding may
predominate the self-assembly mechanism and resulting hydrogel scaffolds may be composed
of longer segments of fibril structure. Resultant hydrogels may be characterized by larger
pore sizes. Conversely, subjecting peptide to extreme temperature where hydrophobic
collapse is kinetically favored over H-bonding may result in scaffolds having shorter fibril
segments and more interfibril crosslinks. Resultant gels may have smaller pore sizes.
Therefore, temperature control provides a general way to control nano- and microscopic
featurcs in the gel. In some cmbodiments, peptides may be asscmbled at two different
temperatures (T1=Tga and To=Tg+30°C). Resultant hydrogels may be visualized via cryo-
TEM and LSCM to assess nano- and microscale properties. Gels containing more interfibril

crosslinks may be more rigid; this can be verified via rheology.

[0129] In some embodiments, peptides may be prepared that vary in sequence length, for
example, based on the general structure of MAX1, namely
VK(V K)mVKVKVDPPTKVKV(KV)nKV-NHz, where m = 1-20 and n=1-20 and m may be
the same or different as n in any given peptide. Peptides composed of longer strand regions
may form more rigid gels because of the increased hydrophobic surface area of longer
hairpins. Peptides composed of longer strand regions that afford more rigid gels could be
used to incorporated functional moieties. It has been shown that monomeric hairpins are
most stablc when their strands arc approximately 7 residucs in length and lengthening them
doesn’t increase hairpin stability. Hydrogels of peptides having longer strand regions may be

prepared and their rigidity assessed, for example, via rheology under identical folding

conditions.

[0130] In some embodiments, one or more amino acids of the turn region may be substituted
and/or modified as compared to the turn region of MAX1. In some embodiments, turn
sequences may be incorporated that not only play a structural role but also play a
biofunctional role. For example, RGD binding epitopes are normally found within turn
regions of proteins known to be important in cell adhesion events, and residues that flank
RGD provide additional specificity to the binding event. Incorporating these epitopes into

the turn regions of self~assembling hairpins may lead to hydrogel scaffolds having enhanced
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cell adhesion properties. As discussed above, incorporating a sequence that is incapable of
forming turn structure results in a peptide (MAX9) that can not fold and does not form
hydrogel. However, peptides that contain alternate turn sequences that are capable of
adopting turn structure but are not as promotive as the -V°PPT- of MAX1 may still fold and
undergo hydrogelation. In the context of MAX1, peptides may be prepared in which the
tetrapeptide sequence -V PPT- is replaced with sequences that vary in their inherent
propensity to form turn structure, from weak turn formers to strong turn formers. The ability
of each peptide to intramolecularly fold and self-assemble may be determined by CD and the
theological properties of their corresponding hydrogels may be studied to identify hydrogels
with desired characteristics (e.g., their suitability as possible scaffolds for tissue engineering).
Examples of peptides that may be prepared include, but are not limited to, VKVKVKVK-
XXXX-KVKVKVKV-NH; (SEQ ID NO:12), where —XXXX- is -VPPGT-, very strong turn;
—ADPGT-, strong turn; -VNGT-, moderate turn; -VGGT- (SEQ ID NO:13), weak turn.

[0131] In some embodiments, functional moieties (e.g., cell adhesion epitopes) may be
Incorporated at one or more of: a) onto one or multiple side chains of amino acids in the p-
strand portion of the peptides, b) within the primary sequence at the ends and middle portions
of the B-strands, c) at positions that flank the turn region, d) onto the side chain of one or
more of the amino acid residues forming the turn sequence, and/or €) within the primary
sequence of the turn sequence. An example of a functional moiety that may be used is the
simple tripepetide RGD. The sequences may be varied depending on the intended use of the
hydrogel. For example, if the hydrogel is intended to be used as a scaffold for cells, the
functional moiety may be varied depending on the known sequences to elicit adhesion of
specific cell types to be used. Examples of specific adhesion sequences for various cell types
are presented below. Peptides in Figure 19 may be prepared (side-chain modified peptides
will be synthesized using well established orthogonal protection strategies) and studied by
CD and rheology to establish their folding and rheological properties. Hydrogels prepared
according to this embodiment may have enhanced cell adhesion and proliferation

characicristics.

[0132] In some embodiments, concentration of folded monomer present before self-assembly
may be varied in order to produce a hydrogel having desired characteristics. CD may be
used in concert with dynamic light scattering (DLS) to determine a concentration of folded
monomer that must be present in order for self-assembly to occur. DLS allows direct

monitoring of nanostructure growth due to the self-assembly process. Distributions of
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particle sizes above 5 nm up to 1 micron can be readily observed. For example, using
MAX1, CD may be used to monitor the rate of g-sheet formation at 20°C. The extent to
which the magnitude of CD signal can be attributed to intra- (due to folding) vs.
intermolecular (due to self-assembly) B-sheet formation may be determined via a real-time
comparison of the growth of CD B-sheet signal to the growth of self-assembled particle size
for identical solutions (WM peptide concentrations). Tmportantly, folded monomers will not
give rise to a growth of particle size in DLS. Therefore, if 2 significant amount of g-sheet
structure is observed by CD without concurrent particle size growth then it can be concluded
that a significant population of folded monomer must be present in order for self-assembly to
occur. Conversely, if particle self-assembly occurs concurrently with CD p-sheet signal
growth then one can conclude that self-assembly immediately follows intramolecular folding.
A similar rcal-time comparison may be madc between particle size growth in DLS and
storage modulus growth monitored via rheology. Millimolar peptide concentrations will be
used so that direct comparisons between DLS and rheology can be made. The threshold of
particle size above which network rheological properties are introduced will be directly

observed.

[0133] In some embodiments, hydrogels of the invention may exhibit an enhanced
processibility. The processibility of the hydrogels of the invention may be enhanced as
compared to hydrogels known in the art as a result of designing peptides having one or more
active intramolecular folding triggers that allow peptide solutions to undergo hydrogelation
on cue. As shown above, the ability to trigger folding provides a direct means to control self-
assembly and consequent hydrogel formation. In addition, a specific example of a suitable
peptide sccondary structurce (i.c., the hairpin motif) has been provided, which is an idcal
molecular scaffold in which triggering elements can be easily incorporated. Tn some
embodiments of the invention, hairpins can be designed to undergo hydrogelation in response
to physiologically relevant stimuli such as pH, ionic strength and temperature. In terms of
processibility, triggering folding enables both in vitro and in vivo hydrogelation strategies. In
additional embodiments of the invention, additional avenues may be used to trigger
hydrogelation, for example, electromagnetic radiation (e.g., light) and specific jon binding
(c.g., calcium ion binding). Using clectromagnetic radiation to trigger hydro gclation offcrs a
convenient means to induce spatially resolved material formation in vive via fiber optics. For
example, low viscosity peptidic-cell suspensions can be administered and subsequently gelled

locally by irradiation. The ability to trigger hydrogelation ex vivo via stimuli naturally found
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In tissue provides another convenient means of controlling material formation. Peptides may
be prepared that undergo hydrogelation in response to specific ion binding (e.g., calcium ion
binding). When calcium ion is used as a specific ion, resultant materials would not only
serve as scaffolds upon which cells could proliferate but also provide a source of calcium that

would be released upon biodegradation of the peptide scaffold.

[0134] In the design of hydrogels of the invention, the folding and self-assembly process may
be characterized by any suitable technique known to those skilled in the art, for example, CD
and FTIR. Material nano- and microscale porosity may be determined via cryoTEM, LSCM,
USANS, and SANS and material rigidity may be measured by rheology (using, for example,
the methods described herein). The efficiency of the triggering process may also be
examined. In some embodiments, triggering systems for peptides intended for in vivo
hydrogelation may be those affording fast hydrogelation leading to rigid, porous gels. The
rate of trigger-induced sheet formation for dilute solutions of peptide may be determined by
CD and the rigidity of corresponding 1-2 wt% hydrogels may be determined by oscillatory
rheology. For in vitro applications, fast gelation kinetics may be desirable but aren’t
necessary. In a specific example, MAX1 may be used as a model system to investigate the
effectiveness of each trigger discussed below. However, once the viability of a particular
trigger has been established in the context of MAX1, the trigger can be incorporated into
other peptide sequences that display desired atiributes distinct from MAX].

[0135] In some embodiments of the invention, electromagnetic radiation (e.g., light) may be
used to trigger the hydrogelation a peptide of the invention. Examples of suitable
methodology include those depicted Figure 20. The embodiments depicted in figure 20
include the use of photocages to inhibit folding. Such photocages may be incorporated in the
peptides of the invention, for example, at the side chains of residues comprising the hairpin
and/or within the peptide backbone. Folding and consequent self-assembly may be initiated

by exposing aqueous solutions of peptide to light.

[0136] As discussed above, incorporating charged residues into the hydrophobic face of the
hairpin (e.g. Glu) inhibits folding and consequent self-assembly. This inhibition may be
utilized to inhibit folding via the incorporation of the negatively charged photocage (2-
nitrophenylacetic acid) on the hydrophobic face. In one embodiment, the amino acid residue
at position 16 of MAX1 may be replaced with a cysteine (MAX6) and may be alkylated with
2-bromo-2-(2-nitrophenyl)acetic acid according to literature protocol affording the caged

peptide (Pan & Bayley, Febs Letters 1997, 405, 81-85). 2-nitrophenylacetic acid is a
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commonly used photocage and its light induced cleavage from heteroatoms has been
thoroughly studied. Exposing caged peptides to light (330-360 nm) results in release of the
negatively charged cage and the generation of neutral Cys on the hydrophobic face. Ifthe
nitrosoketone by-product formed during photolysis is alkylating the newly formed Cys side
chain (a potentially deleterious side-reaction), 1 mM dithiothreitol may be added to quench
the nitrosoketone and maintain a reducing environment. Position 16 is initially chosen for
modification since a control peptide with Cys at this position folds and self-assembles. One
of ordinary skill in the art will appreciate that one or more other positions in peptides may by
treated in a similar fashion. Photolysis efficiency may be dependent on sequence position
and thus varying the location and/or number of residues photocaged may be used to vary the
properties of the resultant hydrogels. In some embodiments, the rate of photolysis may be in
the micro- to millisccond time regime. Typically, the period of irradiation maybe from about
a microsecond to several milliseconds, for example, from about 0.01 ps to about 1000 ms,
from about 0.01 s to about 100 ms, from about 0.01 ps to about 10 ms, from about 0.01 us
to about 1 ms, from about 0.01 ps to about 0.5 ms, from about 0.1 pus to about to about 1000
ms, from about 0.1 ps to about 100 ms, from about 0.1 s to about 10 ms, from about 0.1 us
to about 1 ms, from about 0.1 us to about 0.5 ms, from about 1.0 us to about 1000 ms, from
about 1.0 ps to about 100 ms, from about 1.0 us to about 10 ms, from about 1.0 us to about 1
ms, from about 1.0 ps to about 0.5 ms, from about 10 ps to about 1000 ms, from about 10 us
to about 100 ms, from about 10 ps to about 10 ms, from about 10 ps to about 1 ms, or from
about 10 ps to about 0.5 ms. Suitable irradiation sources include may provide bulk and/or
spatially resolved irradiation and may include, but are not limited to, a Nikon eclipse TE2000
inverted fluorescence microscope equipped with a mercury arc lamp and UV laser to allow

spatially resolved illumination; all commercially available.

[0137] In some embodiments, the N-alkylation of peptides may be used to inhibit H-bond
driven self-assembly. B-hairpins that incorporate an N-o-nitrobenzyl cage at a backbone
amide nitrogen that would normally form an intramolecular H-bond (e.g. position 16 of
MAX1) may be synthesized using standard techniques. A cage occupying this position may
be used to inhibit intramolecular folding since intramolecular H-bonding is sterically
hindered, Figurc 20. o-nitrobenzyl cages arc another class of compounds whosc propertics
are well established. Exposure to light (330-360 nm) releases the cage resulting in
regeneration of a protonated amide capable of engaging in H-bond formation and consequent

folding/self-assembly. The efficiency of photolysis may varied dependent on sequence
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position and this may be used to vary formation and/or characteristics of the hydrogels. Site
specific N-alkylated peptides may be prepared by solid phase peptide synthesis (SPPS) via
literature protocol (see Reichwein, et al., Tetrahedron Leitters 1998, 39, 1243-1246 and Tatsu
et al., Febs Letters 2002, 525, 20-24). Since the particular cages described above have been

¢

used in cellular context, cage by-products are unlikely to be cytotoxic. However,
cytocompatibility of this system may be measured via methods described in the literature (see
Bryant, et al., Journal of Biomaterials Science-Polymer Edition 2000, 11, 439-457). Another
possible concern is that using light at 330-360 nm to trigger hydrogelation in the presence of
cells may lead to UV-based cellular photodamage since the o-nitro derivatives described
above all involve one photon excitation to induce cleavage. Although one photon excitation
has been commonly used in the context of cell-based experiments with no apparent damage
to cclls, if UV-bascd damage is obscrved for any particular cell type, two photon cages that
absorb in the IR (e.g. coumarin derivatives) may be used (Furuta, ef al., Proceedings of the
National Academy of Sciences of the United States of America 1999, 96, 1193-1200).

[0138] In some embodiments, binding of a specific ion may be use to trigger hydrogelation.
For example, hydrogelation may be triggered via calcium ion binding. In embodiments
involving binding of calcium ion, typically, in the absence of calcium ion, peptides are
unfolded while the addition of calcium nucleates folding/self-assembly. As shown above, the
turn region of the hairpin may be critical for promoting intramolecular folding and
consequent self-assembly. In one specific example, variants of MAX1 may be prepared in
which the four residue turn -V PPT- is replaced with a turn/loop sequence or unnatural
chelate incapable of adopting ordered structure in the absence of metal ion. Metal binding
affcets turn formation which, in turn, promotcs intramolecular folding and sclf-assembly.

Figure 20 shows the metal-triggers described in detail below.

[0139] In one specific embodiment, a variant of MAX1 in which the four residue turn -
VPPPT- is replaced with -DRKADGYIDFEE- resulting in VKVKVKVKV
DRKADGYIDFEE VKVKVKVKYV (SEQ 1D NO:14). This peptide should be unordered in
the absence of metal but rapidly fold and self-assemble after binding Ca(II). The sequence —
DRKADGYIDFEE- corresponds to a calcium binding loop contained within the EF hand
domain of Troponin C. The underlined residues bind Ca(II) via both side chain and main
chain carbonyls affording a pentagonal bipyramidal geometry with water occupying one of
the equatorial positions. Importantly, is has been shown that this linear peptide is capable of

binding Ca(Il) with a low mM Kd and that the binding event leads to structure formation.
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The crystal structure of troponin C indicates that the N- and C-terminal residues of the
calcium bound loop are within about 6A and that these terminal residues adopt dihedral
angles conducive to antiparallel sheet formation. In fact, energy minimization and dynamics
simulations with explicit solvent were performed with this designed peptide and
demonstrated that this metal bound loop is geometrically well suited to nucleate g-hairpin
structure in the context of MAXT1.

[0140] In another specific embodiment, an additional high affinity trigger may be employed.
This design invokes the use of a non-natural Ca(II) chelator DOTAM, which is a derivative
of the thoroughly studied octadentate ligand DOTA, Figure 20. DOTAM binds calcium
tightly (Kd = 29 nM) forming a square antiprism complex that situates the carbonyl
containing arms of the ligand within 5 A of each other, making these two positions ideal for
peptide attachment. Therefore, replacing the four residue turn -VPPPT- of MAX1 with the
DOTAM-derivative in Figure 20 affords a system that is unstructured in the absence of
Ca(II); however, when Ca(II) binds, the two p-strands are brought within 5A of each other
and folding is initiated. This peptidomimetic may be prepared using manual solid phase

synthesis using commercially available or easily synthesized starting materials.

[0141] In some embodiments, peptide structure and material properties may be used to
modulate the adhesion and proliferation of cell lines, for example, stem cell, fibroblast and/or
osteoblast cell lines. Hydrogels described above may be useful for tissue engineering
applications (e.g. those that undergo triggered material formation via biocompatible stimuli
such as electrolyte concentration, temperature and light affording porous gels of sufficient
rigidity to be self-supporting, > 10 Pa). The present disclosure will allow one of ordinary
skill in the art to correlate peptide structure, material rigidity, and cytocompatibility
concurrent with identifying hydrogels that may ultimately be useful in tissue engineering.
Three desirable cell level biological characteristics for tissue engineering feasibility are: a)
the hydrogels should be noncytotoxic to desired cells b) the hydrogel should promote cell
adhesion (attachment and spreading), and c) the hydrogel should allow cell proliferation.
Hydrogels of the invention typically, although not necessarily, possess one or more of these
characteristics. First, the experimental strategy for assessing cytocompatibility (parts a, b and
c) will be described. Second, examples of cell lines suitable for these studies will be
discussed. Third, specific experiments are described that will permit one of ordinary skill in
the art to delineate the interplay between peptide structure, material rigidity and

cytocompatibility and to select appropriate peptides and triggers for particular applications
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(e.g., particuler cell types). In some embodiments, cell binding epitopes may be incorporated
into the peptide to enhance material cytocompatibility. Examples of cell types that may be
used include, but are not limited to, mammalian cells, NIH 3T3 fibroblasts, HEK 293, HELA
cell lines, and rat calvarial MC3T3-E1 osteoblasts, neuronal cells, stem cells, and cells

derived from tissue samples (e.g., brain, liver, heart, etc)).

[0142] In some embodiments, it is desirable to select peptides and triggering conditions that
facilitate cell adhesion and proliferation. Typically, four hours is sufficient time for
fibroblast attachment, with almost all of the cells undergoing spreading but not proliferation.
Literature protocol indicates that 12 hours is sufficient for osteoblast attachment without
proliferation. Therefore, fibroblast vitality may be assayed four hours following their
introduction to the hydrogel, for example, by preferentially staining living versus dead cells
and performing fluorescence-based imaging; osteoblasts may be assayed after 12 hours.
Known numbers of respective cells may be seeded onto hydrogels preformed in tissue culture
plates. After the respective time for each cell type, calcein AM or pentafluorobenzoyl
aminofluorescein diacetate may be used to stain the cytoplasm of living cells. Propidium
iodide may be used to stain dead cells. Parallel controls using tissue culture plates without
hydrogel may be performed. If the number of dead cells in the hydrogel is higher than that
observed in the control plates, then the material may be deemed unsuitable for the specific
cell type. The possibility exists that celts undergoing apoptosis may resist dye incorporation
leading to an incorrect assessment of hydrogel cytotoxicity. The cytotoxicity of these gels
may be further verified in the adhesion and proliferation studies described below. Based on
preliminary results, a majority of the proposed gels appear to be non-cytotoxic. Lastly, if the
proposcd dycs prove problematic , an alternate sct of dycs may be uscd to asscss cytotoxicity,
for example, SYTO, anucleic acid indicator of live cells used in combination with SYTOX, a

nucleic acid indicator of dead cells.

[0143] In general, when synthetic materials are used in vitro as cell culturing substrates, cell
adhesion is primarily mediated by serum proteins (e.g. fibronectin and vitronectrin) present in
the growth media that non-specifically coat the scaffold. However, for hydrogels that may
ultimately be introduced in vivo by the triggering mechanisms described herein, the hydrogel
scaffold may innately promote cell adhesion in the absence of serum proteins. This ensures
cell attachment when a potential host does not provide 2 mechanism to introduce cell
adhesion proteins to the scaffold. Hydrogels of the invention may promote cell adhesion both

in the presence and absence of 10% calf serum. An assay may be used to identify appropriate
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hydrogels for cell attachment in which cell attachment is radiologically quantitated by
determining the fraction of attached versus unattached cells afier gentle washing.
Specifically, 1) a cell line of interest (e.g., mammalian stem cells, fibroblasts or osteoblasts)
may be cultured and pre-labeled for 24 hours with *H thymidine; unincorporated label may be
removed by washing and a two hour chase. 2) Known concentrations of labeled cells may
then be mtroduced to both untreated tissue culture wells (control) and wells comprising a
hydrogel of the invention. In wells containing hydrogel, cell growth media with or without
calf serum may be added. 3) The kinetics of cell adhesion may initially be monitored, for
example, over six hours for fibroblasts in time increments that may be experimentally
determined by one of ordinary skill in the art using routine experimentation. The kinetics of
osteoblast adhesion may initially be monitored over 24 hours. These end time points may be
cxperimentally refined; cnough time must be given to allow attachment and spreading but not
proliferation. Also, a potential problem with end points that are too long is that some cells, if
incubated for extended times, may modify the hydrogel surface via membrane bound
proteases or secreted matrix proteins and allow attachment even on “non-stick” surfaces. In
this scenario, attachment is promoted by the cell and not necessarily the material surface.
Optimum end points may be determined by plating cells onto surfaces coated with heat
denaturated BSA (a typical non-stick surface). When greater than 2-3% of the cells have
attached, the maximal end point has been reached. 4) At appropriate times, unattached cells
may be gently washed away and counted by liquid scintillation spectrometry and attached
cells may be solubilized for scintillation counting employing stand curves for quantitation.
Thus comparisons can be made among polystyrene tissue culture and hydrogel surfaces with
and without serum proteins. Cell spreading following attachment may be optically verified.
Using the information thus generated, a suitable hydrogel may be designed to promote the
adhesion of any cell type of interest. By varying the peptide structure, material properties
such as rigidity and scaffold morphology may be adjusted to optimize a hydrogel’s ability to
foster cell adhesion. For example, simple cell spreading assays described above showed that
fibroblasts efficiently attached to MAX1 hydrogels (storage modulus = 1200 Pa) in the
presence of serum proteins but less efficiently in the absence of serum proteins. Hydrogels
having this characteristic may be useful for in vitro applications. By introducing structural
modifications to the peptides and/or by preparing hydrogels of differing rigidity enhanced
cell adhesion in the absence of serum proteins may be obtained. Hydrogels with enhanced
cell adhesion may be used for both in vitro and in vivo applications and may be more suited

for in vivo applications than hydrogels having a lower degree of cell adhesion.
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In some embodiments, non-cytotoxic hydrogels that promote cell adhesion as outlined
above may be used to support the proliferation of the adhered cells. Proliferation rates may
be assessed using the *H thymidine assay described above. For a given gel, the optimal cell
seeding density may be determined, for example, by using rate experiments lasting 48 hours
for fibroblasts. With reference to Figure 17, initially seeding of MAX1 hydrogels with
40,000 fibroblasts allows proliferation to be followed for 2 days until confluency is reached.
Proliferation may be followed for any suitable length of time, for example, over two days or
over longer time periods. The duration of rate experiments involving other cell types (e.g.,
osteoblasts, neuronal cells, stem cells, etc.) may be experimentally determined in a similar
manner. After the optimal seeding density has been determined, quiescent cells may be
seeded onto hydrogel and the number of proliferating cells may be quantitated as a function
of time via *H thymidinc uptake. In onc cmbodiment, cells at optimal density may be plated
onto preformed hydrogels in 24 well tissue culture plates in the presence of unlabeled media
containing 10 % calf serum. In triplicate, cells may be allowed to proliferate for distinct time
periods (e.g. 6, 12, 18 hours, etc.). After each discrete time, growth media may be removed
and replaced with media containing *H thymidine. Cells may be allowed to uptake *H
thymidine for three hours. Unincorporated thymidine may be washed out (washes may be
assayed until *H thymidine is no longer detected) and the cells may be sacrificed for
scintillation counting. Comparing to standard curves (which may be previously determined
by culturing desired cells on tissue culture polystyrene and directly correlating cells counted
by hemocytometry to scintillation counts) allows one to quantify cells undergoing DNA
replication at that time. In some embodiments, the number of proliferating cells on certain
hydrogels may exceed the number that could possibly fit within the two dimensional area of
the hydrogel surface. In these cases, cells may have proliferated into the pores and channels
of the hydrogel scaffold. In some embodiments, hydrogels of the invention may be designed
to promote the proliferation of cells into the hydrogel scaffold. Hydrogels of this type may
be readily identified, for example, by following the proliferation of pre-stained cells via
LSCM where 3-D images may be collected as a function of time; cells that have migrated
into the hydrogel interior will be clearly visible. Cells may be pre-stained with any suitable
dye, for example, Vybrant CFDA SE (Molecular Probes), a green fluorescent probe that is
sequestered in the cytoplasm of cells and is passed on to daughter cells (cell viability is
unaffected). One of ordinary skill in the art may use assays of this type to identify hydrogels
having the desired ability to promote cell proliferation. By varying peptide structure and the
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resultant material properties of the hydrogel such as rigidity and scaffold morphology,

hydrogels may be produce that foster cell proliferation as discussed below.

[0145] The assays described above will be useful in assessing adhesion and proliferation on
the surface of two dimensional hydrogels and allow facile comparison among different
hydrogel scaffolds, and the results can be directly compared to materials in the literature
since most published work has been performed in 2-D. As shown in Figure 18, triggering
material formation in the presence of cells allows the three-dimensional incorporation of
these cells throughout the hydrogel. Non-cytotoxic hydrogels that promote cell adhesion (for
example, hydrogels identified as above) may also be used as 3-D substrates. Cell attachment
may be difficult to quantify since unattached cells sequestered in the interior of hydrogel can
not be washed away. However, a qualitative cell spreading assay may be used to gauge cell
spreading and thus attachment. Cells may be pre-stained, for example, with Vybrant CFDA
SE and subsequently incorporated into the hydrogel matrix. Cell morphology of initially
incorporated cells may be visualized in three dimensions by LSCM (non adhered cells will
appear round and adhered cells will appear spread). In addition, since the dye is passed on to
progeny, cell proliferation can be qualitatively visualized. Proliferation rates can be
quantitatively determined using the same assay as described above for the 2-D work. *H
thymidine diffuses readily into the hydrogel matrix and should be available to cells
undergoing DNA replication.

[0146] In some embodiments, the present invention may be used to support the adhesion
and/or proliferation of cells (e.g., cell lines). Such cells or cell lines may be of any type
known to those skilled in the art and may be cultivated for any purpose (e.g., to generate a
tissue or for expression of a desired protein). In embodiments related to tissue engineering,
model cell lines may be chosen based upon their relationship to human cells involved in
connective tissue and bone generation/healing in addition to their robust performance during
in vitro culturing. Examples of suitable cell lines for this purpose include, but are not limited
to N1H/3T3 mouse fibroblasts, an immortalized cell line, which may be used as a model of
fibroblasts involved in human connective tissue development and rat calvarial (MC3T3-E1
Subclone 4) cells, which may be used as a model of human osteoblast cells. Both cell lines
are well studied and a significant literature database exists allowing the performance of the
proposed hydrogels to be benchmarked against previously studied materials. One of ordinary
skill in the art is aware of the possible limitations using the MC3T3-E1 cell line such as their

ability to revert to a non-differentiating fibroblast-like phenotype. In some embodiments,
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hydrogels of the invention may be used to support the adhesion and/or proliferation of cells
derived from primary tissue samples, for example, primary osteoblasts from calvaria or bone

marrow.

In some embodiments, the hydrogels of the invention, which may contain one or more
cells and/or one or more therapeutic agents (e.g., pharmaceuticals). Hydrogels for this
purpose may be identified using standard techniques in animal model systems. Hydrogels
may be preformed prior to insertion into an animal or may be inserted into in the form ofa
solution and undergo triggered hydrogelation in sifu. In some embodiments, hydrogels may
be formed by peptides that undergo triggered material formation via biologically relevant
stimuli. For example, a solution of peptides, which may include cells and/or therapeutic
agents, may be inserted into an animal (e.g., a human) and undergo hydrogelation as a result
of the one or more triggers endogenous to the animal (e.g., pH, ionic strength, etc). In other
embodiments, hydrogelation may be effected using an exogenous trigger, for example,
electromagnetic radiation (e.g., light). Using materials and methods of the invention,
scaffolds with desired rigidity may be constructed and used in vivo. Such scaffolds may
provide a substrate with optimal mechanical properties for adhesion and proliferation of cells

and/or delivery of therapeutics.

In some embodiments, the present invention provides a method for predicting the
cytocompatibility of a hydrogel. For example, the experimental data from the
cytocompatibility assays described above may be used to draw correlations between peptide
structure presented in the studied hydrogels and cytocompatibility. In some embodiments,
correlations between cytocompatibility and molecular parameters such as peptide
hydrophobicity, B-hairpin strand length, and other parameters discussed above may be
identificd and uscd to predict the cytocompatibility of proposced hydrogel. The molccular
parameters may have been varied in order to understand and control the self-assembly
process. These correlations will then allow the design of completely new peptides with both

optimal material and cytocompatibility properties in an iterative design process.

In a specific cmbodiment, cell adhesion cpitopes may be incorporated into hairpin-
based hydrogels in order to enhance cell attachment in the absence of serum proteins.
Enhancement in the rate of proliferation may also be measured. The two-dimensional
quantitative cell attachment and proliferation assays previously described may be used. In
one embodiment, cell adhesion epitopes may be incorporated into hydrogels. One of

ordinary skill in the art will appreciate that there is clear experimental evidence that the
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addition of cell adhesion epitopes within tissue engineering matrices promotes cell
attachment and/or proliferation (see, for example, Urry, Angewandte Chemie-International
Edition in English 1993, 32, 819-841, David, et al., Bioconjugate Chemistry 2001, 12, 890-
899, Rezania & Healy, Journal of Orthopaedic Research 1999, 17, 615-623, Cook, et al.,
Journal of Biomedical Materials Research 1997, 35, 513-523, Burdick & Anseth,
Biomaterials 2002, 23, 4315-4323, Houseman & Mrksich, Biomaterials 2001, 22, 943-955,
Kao, et al., Journal of Biomedical Materials Research 2001, 55, 79-88, and Schmedlen, ez
al., Biomaterials 2002, 23, 4325-4332). One or more cell binding ligands may be covalently
attached to individual hairpins and seif-assembled into a hydrogel matrix. One or more
sequence epitopes may be incorporated at any position of the peptide, for example, at one or
multiple lysine side chains or within the primary sequence of a peptide (e.g., MAX1). Any
position that can tolcrate the additional cpitopes without adverscly affecting the sclf-assembly
as discussed above may be used. Within the structural context of MAX1, one can incorporate
one or multiple epitopes allowing precise control of the concentration of epitopes displayed.
In addition, copies of epitopes can be identical or can vary in identity. For example,
synergistic ligand binding sites are known to exist in 581; mutagenesis experiments on
fibronectin demonstrate that RGD is a more effective ligand with neighboring SDV and RNS
epitopes (Ruoslahti, Annual Review of Cell and Developmental Biology 1996, 12, 697-715).
Therefore, in some embodiments, hairpins rich in epitope diversity may be prepared and used
to promote cell adhesion and proliferation. In some embodiments, one or more integrin
binding ligands may be incorporated. Such integrin binding ligands may be based on
extracellular matrix proteins specific to fibroblasts and epitopes from bone sialoprotein
specific to osteoblasts. The epitopes to be incorporated may be selected to be complementary

to the cell line to be used with the hydrogel.

[0150] In one specific embodiment, a hydrogel suitable for use with 3T3 fibroblasts may be
prepared. Such a hydrogel may incorporate one or more RGD epitopes known to bind a5p1.
This integrin has been shown to exist in fibroblasts cultured from healthy human periodontal
connective tissues (Hakkinen, et al., Biochimica Et Biophysica Acta-Molecular Cell Research
1994, 1224, 33-42). In specific embodiments, one or more of the peptide epitopes TRGDSP
(SEQ ID NO:15), RGDG (SEQ ID NO:16), RGDY (SEQ ID NO:17), and RGDW (SEQ ID
NO:18) may be incorporated into the peptides at any position and used to prepare a hydrogel
of the invention. One or more copies of each epitope may be incorporated alone or in

combination with one or more copies of the other epitopes.
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[0151] In another specific embodiment, a hydrogel suitable for use with MC3T3 osteoblasts
may be prepared. Such a hydrogel may incorporate one or more copies of the epitope
FHRRIKA (SEQ ID NO:19), an epitope derived from bone sialoprotein, known to bind to
heparan sulfate proteoglycans displayed on osteoblast surfaces. In other embodiments,
hydrogels of the invention may incorporate an additional epitope known to positively affect
osteoblast adhesion, GRGDSPY (SEQ TD NO:20). Hydrogels may be prepared with one or
more copy of either epitope or with one or more copies of both epitopes in combination.
Rezania & Healy (supra) have observed an increase in osteoblast proliferation when RGD-

containing peptides and FHRRIKA were used together.

[0152] In some embodiments, suitable epitopes for enhancing cell binding and/or
proliferation may be identified using competitive binding assays with soluble epitope. For
example, if cell attachment and/or proliferation is mediated by specific ligand binding events,
enhancement of attachment or proliferation should be competitively inhibited by increasing
concentrations of added soluble ligand. In addition, for those peptides containing RGD
sequences that lead to significant enhancements, control sequences will be prepared in which
the l-aspartic acid residue in the RGD sequence will be replaced with d-aspartic acid. It has
been shown that this simple change in stereochemistry is completely deleterious to integrin
binding.

[0153] The present invention also encompasses hydrogels having varying stiffness. Varying
the stiffness of the gel can be used to modulate cell-material interactions, specifically cell
adhesion and proliferation. Hydrogels of varying stiffness may be prepared while keeping
the peptide primary sequence constant. In one specific embodiment, the peptide MAX1 may
be used to prepare hydrogels of varying stiffness. The rigidity of MAX1 hydrogels may be
varied by altering peptide folding triggering conditions, namely folding temperature, while
holding peptide concentration constant. Based on preliminary data accessible storage moduli
(gel stiffness) will range from several Pa to 10,000 Pa. MAXI1 gels formed at different
temperatures retain their rigidity even after being re-equilibrated at 37°C (e.g., cell culturing
conditions). By subsequently observing two-dimensional cell adhesion and proliferation on
hydrogels of varying stiffness, the optimal substrate stiffness for any particular cell type (e.g.,
neuronal-material, stem cells, fibroblast-material and/or osteoblast-material) may be
determined. Although MAX1 may be used for this purpose, the stiffness of a hydrogel may
be varied using any peptide described herein. Varying the stiffness of the gel may also be
used to optimize the cytocompatibility of the hydrogels.
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[0154] It will be readily apparent to one of ordinary skill in the relevant arts that other
suitable modifications and adaptations to the methods and applications described herein are
obvious and may be made without departing from the scope of the invention or any
embodiment thereof. Having now described the present invention in detail, the same will be
more clearly understood by reference to the following examples, which are included herewith

for purposes of illustration only and are not intended to be limiting of the invention.
EXAMPLE 1

[0155] Intramolecular folding events, triggered by the presence of salt, induce the self-
assembly of B-hairpin peptides into hydrogel networks at physiological conditions. At pH
7.4, low ionic strength solution conditions, dilutc, homogencous solutions of peptide (<2 wt.
%) exhibit the viscosity of pure water. Circular dichroism spectroscopy shows that at pH 7.4
in the absence of salt, peptides are unfolded. By raising the ionic strength of solution,
electrostatic interactions between charged amino acids within the peptide are screened and a
B-hairpin conformation is adopted. Folded B-hairpin molecules supramolecularly assemble
via hydrophobic collapse and hydrogen bonding into a three dimensional hydrogel network.
FTIR and x-ray scattering data demonstrate that these hydrogels are rich in 3-sheet. Dynamic
oscillatory rheological measurements demonstrate that the resultant supramolecular structure
forms an elastic material whose structure, and thus modulus, can be tuned by salt
concentration and temperature. Storage moduli of hydrogels increase with increasing salt
concentration. Robust hydrogelation is also observed in cell growth media at physiological
conditions. Transmission electron microscopy reveals that the hydrogel elasticity arises from

a network nanostructure consisting of semi-flexible fibrillar assemblies.

[0156] Hydrogels arc collectively an important class of biomatcrial that have cxtensive uscs
in tissue engineering and drug delivery applications. Self-assembly strategies provide precise
control in order to construct new hydrogel materials with desired nano- and micro- structures
that can be respomnsive to environmental conditions, such as temperature, pH, electric field,
ionic strength or light. Hydrogelation of -hairpin peptide using pH and temperature triggers
has been shown (see Pochan 2003 and Schneider 2002 supra). These molecules exhibited a
pH and temperature dependent intramolecular folding event that resulted in a reversible
intcrmolccular sclf-asscmbly process lcading to hydrogel scaffold formation. In gencral, by
controlling the peptide-folding event, it is possible to design responsive materials that

undergo self-assembly with desired stimuli. In addition, the self-assembly process can be
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controlled in order to engineer desired morphological and mechanical properties. In one
specific embodiment shown below, salt concentration is used as a trigger to induce the -
hairpin intramolecular folding event followed by self-assembly into a supramolecular elastic
network. The rate of folding, and thus, final gel rheological properties, may be tuned by ionic
strength of the peptide solutions. Importantly, the formation of these physical hydrogels does
not involve any chemical crosslinking chemistry and can be performed at physiological

temperature and pH.

[0157] There are different strategies reported in the literature to make polymeric gels that are
responsive to stimuli, e.g. undergo sol-gel or swelling transitions as a response to changes in
physical or chemical environmental conditions. While temperature and pH are the most
prevalent stimuli, ionic strength is also used to trigger gelation by phase transition, self-
assembly or polymer conformational changes. The formation of salt complexes can change
solution and sclf-asscmbly propertics of block copolymers that form sclf-asscmbled
structures like spherical or worm-like micelles. For example, the type and amount of salt has
been shown to change aggregation properties and, thus, the elasticity of the networks formed
by Pluronic based block copolymer systems. Chemical hydrogels of synthetic polymers such
as N-isopropylacrylamide, well known to exhibit thermal responsiveness due to an LCST-
type phase transition, also exhibit salt induced volume phase transitions. At relatively high
salt concentrations (or at temperatures higher than the LCST), hydrophobic interactions
dominate and lead to the precipitation of the chemically crosslinked polymer chains causing
gel collapse. Swelling of hydrophilic networks such as poly(acrylic acid) and
poly(methacrylic acid) hydrogels caused by ionic strengthand pH has been explored for the

potential to produce responsive biomaterials.

[0158] Gelation behavior of biomacromolecules, such as gelatin, polysaccharides, and 3~
lactoglobulin, is extensively studied in the literature. It is well known that by applying
thermal treatments, these macromolecules undergo secondary structure (conformational)
phase transitions, resulting in the formation of intermolecular network structures. For
example, gelatin forms hydrogels with decreasing temperature via the formation of triple
helical physical junctions. Rhcological studics on gelatin gels revealed that the viscoclastic
properties are highly dependent on processing conditions, such as rate of cooling, degree of
undercooling and concentration. However, due to the polyelectrolyetic nature of
biomacromolecule solutions, ionic strength is also a vital parameter to control assembly

properties. Effects of ionic strength on biomacromolecular gel networks, such as pectin, -
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lactoglobulin, welan, and gelatin have been well studied due to their importance in food
processing and pharmaceutical applications. In general, increasing the ionic strength of these
solutions results in an increase in network elasticity due to the formation of intermolecular

salt-bridge physical crosslinks.

[0159] There is a great interest in mimicking the stimuli responsive self-assembly routes of
biomacromolecules with well-defined sequences of oligo and poly-peptides because of their
potential applications as rcsponsive biomatcrials. Sclf-asscmbly of oligopeptides into B-shect
rich, B-amyloid-like structures triggered by ionic strength and pH has been investigated as a
biomimetic material formation strategy. For example, Caplan et al. (Biomacromolecules
2000, 7, 627-631) showed that self-assembly and resultant gel properties of an oligopeptide,
with an altcrnating scquence of hydrophobic amino acid residucs with positively or
negatively charged amino acids, can be altered by the ionic strength of the solution. Tn
addition, elastin-mimetic peptides (McMillan and Conticello, Macromolecules 2000, 33,
4809-4821), hybrid molecules with coiled-coil protein-synthetic polymer domains (Wang, ez
al., Nature 1999, 397, 417-420), and leucine zipper polypeptide domains with additional
polyelectrolyte segment (Petka ez al. Science 1998, 281, 389-392), form responsive hydrogels

that undergo gelation with temperature or pH at appropriate ionic strength.

[0160] In the specific embodiment detailed below, salt-triggered physical hydrogel formation
via intramolecular folding and consequent intermolecular self-assembly of a 20 amino acid B-
hairpin molecule (MAX1) at low peptide concentrations (2 wt%) under physiological
conditions is demonstrated. The molecule consists of two strands composed of an alternating
sequence of valine (V), (isopropyl hydrocarbon side chain) and lysine (K) (primary amine
capped side chain) amino acid residues that are connected with a tetrapeptide turn sequence (-
VPPPT-) that adopts what is known as a type II' turn. While V is a nonpolar residue, K is
positively charged and hydrophilic at pH values around physiological conditions (~7.4).
Electrostatic forces and hydrophobic interactions, due to the charges on K residues and
nonpolar V residues respectively, are the primary intramolecular parameters that can be used
to control the folding of the molecule. In the folded state the molecule is facially
amphiphilic, having all V residues on one face of the hairpin with K residues on the other.
Once the molecule is folded self-assembly is driven by both lateral intramolecular hydrogen
bonding and facial hydrophobic intcractions. Thercfore, these molecules arc specifically
designed to first fold, and then self-assemble into quaternary structures rich in B-sheet that

gives rise to gel properties of the system. Final elastic properties of the self-assembled
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structure can be tuned by salt concentration. In addition, due to the facial hydrophobic
association, temperature can also be used as a parameter in controlling gelation kinetics.
Therefore, these molecules are designed to exhibit sol-gel transitions when solution
conditions (ionic strength, temperature, pH) are adjusted to physiological levels providing

significant potential uses for tissue engineering applications.

[0161] Sample Preparation: MAX1 was prepared on amide resin via automated Fmoc based
solid phase peptide synthesis employing an ABI 433 A peptide synthesizer and HBTU/HOBT
activation. The details of peptide preparation are given elsewhere (Schneider supra).
Hydrogels are prepared by dissolving the lyophilized peptide first in DI water and the desired
final solution conditions achieved by the subsequent addition of buffer and salt containing
solution. Bis-trispropane is used for buffering the solution at pH 7.4 with the exception of the

x-ray study in which TRIS buffer was used.

[0162] Circular Dichroism: CD spectra were collected using an Aviv model 215
spectropolarimeter. Measurements were done either at 20°C or 37°C. Wavelength scans,
between 190 and 260 nm, for 2 wt% MAX1 (pH 7.4, 50 mM BTP) with 0 mM and 150 mM
KF solutions were obtained in a 0.01 mm detachable quartz cell. The spectra were taken after
2 hours of dissolution of peptide in DI water and buffer solution. For time dependent studies,
mcan residuc cllipticity 6, was measurcd at 218 nm. 6 was calculated from the cquation
0=0,,s/l/c/r, where [ is the path length of the cell, ¢ is the concentration and 7 is the number of

residues.

[0163] Infrared Spectroscopy: IR spectra were taken on a Nicolet Magna-IR 860
spectrometer. Deuterated MAX1*nDCl was prepared by Lyophilizing the TFA salt of peptide
once from 0.1 M HCl and twice from D,O. Samples were kept in a temperature controlled
water bath at 20°C for two hours before measurements were immediately taken at room
temperature in a zinc-selenide flow cell with 30 um path length. The equipment was

operated at 1cm™ resolution and the spectrum recorded was an average of 100 scans.

[0164] Wide Angle X-Ray Scattering: X-Ray spectra of the hydrated gels were collected at
the National Synchrotron Light Source, Brookhaven National Laboratory, beamline, X10A.
Hydrogel was smeared on Kapton tape just before taking measurements in order to avoid
dehydration. Data was collected for 10 minutes on a two dimensional Bruker CCD array.
Peptide solutions were buffered with 125 mM TRIS. Measurements were done at room

temperature.
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[0165] Rheology: Dynamic time and frequency sweep experiments were performed in a
strain controlled Rheometrics ARES rheometer with 25.0 mm diameter parallel plate
geometry and 0.5 mom gap distance. Lyophilized peptide was dissolved in de-ionized water
and buffer or cell growth media solution at 10°C in order to suppress folding and gelation
before the sample is loaded into the rheometer. After the sample was loaded, temperature
was increased to either 20°C or 37°C. Standard low viscosity mineral oil was used to insulate
the sides of the plate in order to suppress evaporation. Control experiments showed that
mineral oil had no effect on rheological measurements. Strain sweep experiments were
performed to determine the linear viscoelastic regime in which all rheological experiments
were performed. Dynamic time sweep experiments were performed with a frequency and
strain of 6 rad/s and 1 %, respectively. Frequency sweep experiments were performed with a

frequency and strain of 0.1 — 100 rad/s and 5 %, rcspectively.

[0166] Transmission Electron Microscopy: A very thin layer of hydrogel was applied to
carbon coated copper grids. The samples were negatively stained by placing a drop of 2 wt/v
% of uranyl acetate aqueous solution on the grid. The excess of the solution was blotted with
filter paper and the sample subsequently left to dry. To prevent the formation of salt and/or
buffer crystals, and to image the individual fibrils clearly, hydrogel with 2wt% peptide
concentration was diluted to ~0.1 wt% in DI water. To disperse the fibrils evenly in the
solution, gentle sonication was employed with a tip sonicator. Bright field images of
hydrogel nanostructure were taken on a JEOL 2000-FX transmission electron microscope at

200 kV accelerating voltage on both a Gatan CCD camera and Kodak negative films.

[0167] Figure 21A shows CD spectra of 2 wt% MAXI1 solutions at pH 7.4 and 20°C for
different salt concentrations. Both spectra shown were taken after 2 h of dissolution of
MAX1 with DI water and buffer solution. The minima at 218 nm for the peptide solution
with 150 mM KF indicates that at 2 wt% gelation concentrations MAX1 folds and adopts
secondary structure rich in B-sheet. However, 2 wt% MAXI at identical pH in the absence of
salt did not show significant regular secondary structure even after 2 hr, indicating the

peptide remains unfolded without the presence of added salt.

[0168] Folding of the peptide molecule to B-hairpin structure and subsequent f-Sheet
formation with the presence of salt was also confirmed by FTIR spectroscopy. The FTIR
spectrum of MAX1 sotution at pH 7.4 and with 400 mM NaCl, between 1580 and 1700 cm™,
is given in Figure 21B. The amide I band for unordered peptide in DO is centered around

1645 cm™. The shift of the amide I band from 1644 cm™ to 1614 cm’™ suggests that the
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peptide is in B-sheet conformation in 400 mM NaCl solution. The weak band in the spectrum
at 1680 cm™ may be an indication of antiparallel B-sheet structure. For MAX]1 solution
without NaCl, a very broad spectrum is obtained in the plotted range. The strong band at
1644 cm™ suggests that peptide is in an unordered state. However, the weak band at 1614
cm™ also indicates the presence of a small amount of folded B-hairpin molecules in the
solution. We believe that folding of some of MAX1 is due both to the excess buffer salt and
relatively high concentration of peptide in the solution. It was shown that peptide
concentration has an effect on the kinetics of B-sheet formation. Therefore, this small amount
of B-sheet amide I signal, in the context of the high concentration of peptide and lack of

gelation is insignificant.

[0169] Since MAX1 has a net positive charge at pH 7.4 due to the primary amines on the
lysine residues the data suggest that it cannot fold due to the electrostatic repulsion between
the strands. Therefore, when the positive charges on the lysine residues are screened by CI’
ions the intramolecular folding event is favored leading to formation of B-hairpin structure.
Increased salt concentrations may also drive the hydrophobic association of residues, which
should also contribute to folding and self-assembly. Both CD and FTIR data show that the
folding mechanism is triggered by ionic strength of the solution. It has been shown that
folding can be triggered by pH and temperature (Pochan, Schneider supra). Similar to the
effect of salt, when pH is used as a stimulus, lysine residues are deprotonated at high pH and
MAX1 folds. When folded, MAX1 is capable of self-assembly into higher order structures
by intermolecular hydrogen bonding and hydrophobic interactions. The kinetics of folding,
structure of assembled aggregates, and the consequent hydrogel network properties will be

discussed below.

[0170] Crystallographic B-sheet structure is observed in the final hydrogels using x-ray
scattering techniques. Figure 21C shows the wide-angle curves for a hydrogel consisting of 3
wt % of MAX1 and 150 mM NaCl. The scattering peak corresponds to 4.7 A. This is the
characteristic signature of the interchain distance in B-sheet rich structures. Since the
measurements were taken without drying out the hydrogels, the scattering background

contribution at high angles due to the water structure is significant.

[0171] Hydrogels formed via the intramolecular folding mechanism exhibit rigid viscoelastic
properties, even at low concentration of MAX1 peptide, as observed by dynamic oscillatory

techniques. Figure 22A shows frequency sweep measurements from 10™ to 10? rad/s for 2
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wt% MAX1 peptide solutions at 20, 150 and 400 mM NaCl concentrations. Before the
frequency sweep measurements peptide solutions were allowed to gel for 2.5 hr in the
rheometer (Figure 22B). For MAX1 solution with 400 mM NaCl the equilibrium storage
modulus (G”) is ~3000 Pa. Decreasing salt concentration resulted in the decrease of both G
and loss modulus (G”’) values. A hydrogel with low rigidity (G’ ~100 Pa) is formed when
only 20 mM NacCl is present in the solution. MAX1 at pH 7.4 without added NaCl did not
exhibit any gelation even after 3 hours with G’ values approximately 1 Pa (the response of
the sample to the applied strain was negligible; torque values were under the detection limit
of the instrument leading to insignificant measurements that are not shown). For all three
samples with salt, G values are at least one order of magnitude greater than the G’ values.
Also, for all NaCl concentrations, the G’ values are essentially independent of the frequency
in the studied range exhibiting no crossover point between G’ and G” at low frequencies.
These characteristics are a clear signature of crosslinked networks. The frequency sweep
data in Figure 22A suggests that these solutions form rigid, solid-like hydrogels with

properties similar to covalently cross-linked polymer gels.

[0172] The spectroscopy data in Figure 21 suggests that in solutions without salt the
electrostatic repulsion of lysine residues keeps the peptide unfolded, thus preventing self-
assembly into a network structure. However, once the molecule is folded, self-assembly can
occur. Since all valine residues are positioned on one side of the molecule in the folded state,
facial hydrophobic dimerization can occur. Additional intermolecular hydrophobic
mteractions and hydrogen bonding can consequently occur forming an interconnected
network. Importantly, the differences in the hydrogel rigidity with different salt
concentrations, as shown in Figure 22A, reveal that not only can the self-assembly be
triggered with ionic strength, but also that the resultant nanostructure can be predictably
altered by the ionic strength of the medium. Figure 22B shows the increase in G’ values
during self-assembly of MAX1 solution for the same peptide concentration of 2 wt%. This
experiment clearly demonstrates the differences in the kinetics of self-assembly and network
formation for diffcrent salt concentrations. MAX1 solution with 400 mM NaCl shows a
rapid increase in its G’ value in the first couple of minutes of the self-assembly process while
the 20 and 150 mM NaCl solutions stiffened with a relatively slow rate. In fact, the 20 mM
NaCl solution G’ values do not change significantly for 3000 seconds, remaining around 2-3
Pa. This lag time is shorter for 150 mM (~ 1000 sec) and does not exist for 400 mM salt
solution. Figure 22B clearly suggests that faster kinetics of folding and self-assembly due to
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higher ionic strength results in stiffer gels. The order of magnitude differences in stiffness
between solutions with the same peptide concentration presumably arise from more highly

crosslinked netwotrks due to faster folding and assembly kinetics.

[0173] The nanostructure of the hydrogels that results in elastic properties was studied by
transmission electron microscopy (TEM). Figure 23A shows the TEM image ofa 2 wt%
MAX1 hydrogel network formed at pH 7.4 with 400 mM NaCl. The micrograph reveals the
highly interconnected fibrillar network structure at the nanoscale. Although it cannot be
directly seen from the TEM micrograph, it is believed that most of the junction points formed
during self-assembly are intersecting fibrils and are not simply entanglements of long,
nonintersecting fibrils (although certainly entanglements contribute to the modulus). These
crosslink points between the fibrils, although not covalent in origin, are permanent and are
formed via both hydrogen bonding and hydrophobic interactions. Frequency sweep data,
given in Figure 22A, also supports this view; G’ is insensitive to frequency, is an order of
magnitude greater than G, and no G” to G’ crossover exists. Due to the evaporation of the
water prior to imaging and relatively high salt concentration the 2 wt% structure is very dense
with some parts of the network embedded in precipitated salt. Therefore, the hydrogel was
diluted with DI water by approximately a factor of 20 (to ~0.1 wt% peptide) and a sample
was immediately prepared for TEM imaging. Figure 23B shows the more dilute fibrillar
assemblies. Contour lengths of the fibrils are on the order of micrometers. Although drying
during sample preparation may cause conformational changes along the fibril axis,
micrographs suggest that the self-assembled fibrils are semi-flexible. Importantly, the widths
of the fibrils are monodisperse in size and approximately 3 nm. The proposed local self-
asscmbled structurc and the dimensions arc shown in Figurc 24. Insight IT modcling shows
that the strand axis of the folded peptide is 32 A in length and the distance from valine face to
lysine face is ~10 A. The ~3 nm width of the fibrils is in very good agreement with these
molecular dimensions. TEM data along with the CD data strongly suggests that MAX1 is in
the folded state during the self-assembly process. In the proposed structure in Figure 24, B-

turns arc shown to bc on the same sidc of the fibrillar bilayer for simplicity.

[0174] CD and rheology results clearly demonstrate that folding and subsequent gelation of
B-hairpin molccules can be triggered with a change in salt concentration at pH 7.4. This type
of response provides an opportunity for using these materials at physiological conditions.
Therefore, the self-ussembly and gelation behavior of these molecules was studied at

physiological temperature, 37°C. It has been shown that folding and B-sheet formation of
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MAX1 is temperature dependent. CD studies indicated that for MAX1 the transition
temperature from an unordered, random coil state to folded B-sheet structure is around 25°C
at pH 9 and low (20 mM) salt. This transition was shown to be tunable to higher

temperatures via changing the hydrophobic character of the assembling peptide.

[0175] To observe the effect of temperature on the self-assembly triggered by ionic strength,
gclation was monitorcd over 2.5 hours by dynamic time sweep cxperiments at 20°C and 37°C.
In Figure 25A, the change in G’ is plotted as a function of time for 2 wt % MAXT at pH 7.4
and 150 mM NaCl solution. In both cases MAX1 solutions were initially kept at 10°C to
suppress folding before measurements were taken. An instantaneous increase in G’ at 37°C
indicates that the peptide formed a network structure immediately during self-assembly.
Contrastingly, at 20°C the increase in elastic response of the hydrogel is slower showing an
insignificant increase in G’ for the first 15 minutes of self~assembly. This behavior can be
beneficial for potential applications in which onc dcsires a solution with viscous-like
behavior at room temperature while exhibiting a fast gelation response when exposed (e.g.
mjected in vivo) to body temperature and salt concentration. Figure 25A clearly shows that at
physiologically relevant conditions (e.g. pH 7.4, 37°C), gelation leading to a material that
displays useful rigidity occurs in about 10 minutes. The frequency sweep measurement
(Figure 25B) taken at the end of 2.5 hours gelation period at 37°C, indicates that a rigid
hydrogel (G’>G”) was formed with a G’ value around 2000 Pa. During gelation at both
temperatures G values (not shown) were constant and always well below (> 1 order of
magnitude) the G’ values throughout the gelation process. In all samples, even during the
early stages of gelation, G* > G”. Similar behavior has also been seen in the gelation of
biomacromolecules. Similar to ionic strength effect, the formation of stiffer gels assembled
at higher temperatures may be due to structural differences at the nanoscale. A faster rate of
folding and consequent self-assembly can form network structure more dense in number of
junction points leading to higher G’ values. This data shows that the rigidity of MAX1

hydrogel can be easily and predictably controlled by either temperature or salt concentration.

[0176] The rate of folding and B-sheet formation of MAX1 peptide was studied by CD.
Figurc 25C shows the ratc of changce of cllipticity, mcasurcd at 218 nm, at 20 and 37°C for
2.0 wt% MAXI, pH 7.4 with 150 mM KF solution. KF is used as the electrolyte since it is
optically silent and conducive to CD measurements. CD data reveals that in the early stages
of self-assembly, B-sheet formation is very fast at 37°C. The rate of folding during the first 5

minutes is significantly high, reaching a plateau region after 15 minutes. However, at 20°C
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the rate of folding is slower. The differences in the kinetics of B-sheet formation and, thus,
self-assembly, are in accordance with the rheological measurements shown in Figure 25A.
At 37°C, changes in G’ and .13 values are very rapid at the early stages of self-assembly,
while at 20°C the rates of change of both values are much slower. Therefore, higher storage
moduli for gels formed at 37°C may be attributed to the fast rate of folding. At the initial
stages of sclf-asscmbly, the high folding ratc results in morc nuclcation sites for B-shect rich
fibril growth, and, consequently, a network is formed with more junction points. This

working mechanism is consistent with all of the data obtained thus far.

[0177] For biomaterials applications it is important to understand the response of MAX1 to
biologically relevant conditions. Therefore, the gelation of MAX1 was studied in serum. free
DMEM cell growth media. Figure 26A shows G’ and G” during the gelation of MAX1 in
cell growth media at 37°C (mammalian cell culturing conditions). At the end of 2 hours of
gelation G” and G” values were 2300 and 50 Pa, respectively. It can be seen that the rate of
increase in G’ value at the end of 2 hours is still significant. To eliminate the effects of
evaporation that would result in an increase in peptide concentration and G’ value, the
dynamic time sweep experiment was stopped after 2 hours of gelation. (This continuing
increase in the G” value without showing a final value has also been seen in gelatin gels).
Frequency sweep data, shown in Figure 26B, indicates that the MAX1-cell growth media
solution forms a rigid gel with G* values ~2500 Pa. The properties of the frequency sweep
data of the media induced hydrogel (G’>10xG”, G’ independent of frequency) are similar to
those shown i Figure 21A. The response of the hydrogel to significant shear was studied by
monitoring recovery of G’ after application of high magnitude of strain (1000 % at 6 rad/s) to
the gelled solution. Since the applied strain is well outside the linear regime, G* and G”
values are not shown. Figure 26C shows that after cessation of shear and the immediate
application of 5 % strain at 6 rad/s, G’ instantaneously recovers almost 50 % of its initial
value. When recovery data is compared with the gelation data (Figure 26A) it can be seen
that the rate of increase of G’ is faster than the rate during initial gelation. This suggests that
during the application of high magnitude of strain the physically crosslinked, self-assembled
network structure is fractured, resulting in the decrease of connectivity and, thus, elasticity of
the material. After the cessation of shear, the network can quickly reheal as manifested in the
immediate recovery of significant network stiffness. This experiment demonstrates that these

hydrogels are processible and can recover initial rheological properties after being disturbed
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by external mechanical forces. This ease of processibility and recovery can be advantageous

for tissue engineering applications (e.g. iz vivo injection).

[0178] Rigid hydrogels are formed via folding and self-assembly of B-hairpin peptides.
While MAX1 is in a random coil confirmation at physiological pH (7.4), the addition of salt
to the solution rcsults in the formation of sclf-asscmbled structurcs rich in B-shect.
Rheological data demonstrates that peptide solutions form gels with G’ at least one order of
magnitude greater than G”. In addition, G’ is insensitive to frequency indicating that the
network is similar in elastic properties to chemically crosslinked polymer gels. Kinetics of
self-assembly as well as storage modulus of the hydrogels, can be tuned by the ionic strength
of the peptide solution. The network structure is composed of dense fibrillar assemblies that
arc crosslinkcd to cach other by physical junction points possibly duc to facial hydrophobic
interactions and hydrogen bonding. The width of the fibrils is approximately 3 nm and this
dimension is in a good agreement with the folded state of the hairpins in the self-assembled
state. Salt-triggered self-assembly and consequent gelation properties are also tuned by
temperature. At 37°C, the kinetics of B-sheet formation and gelation is faster than at 20°C
resulting in stiffer gels. In addition, MAX1 forms rigid and processible hydrogels in cell
growth media at physiological conditions. Thus, properly designed peptides can be triggered
by salt to intramolecularly fold and consequently intermolecularly assemble into

supramolecular structures that result in hydrogels with tunable modulus.

EXAMPLE 2
[0179] Encapsulation of mesenchymal stem cell line C3H10t1/2
{0180] To a vial containing 2 mg HPL8 (VKVKVKVKVPPPTKVEVKVKYV), 90 puL of

distilled water at ~25°C was added and transferred to an 8 chamber confocal plate at which
time 90 pL of 2x DMEM was added and gently pipetted to ensure a homogeneous solution
optimal for cell encapsulation. Tmmediately, 20 uL of a 100,000 cells / mL stock solution in
DMEM (serum free) was added to the DMEM / HPL8 mixture and gently mixed to ensure
homogeneity, resulting in a 1 wt% HPL8 hydrogel containing 20,000 cells. The hydrogel
was incubated for 15 minutes at 37 C and 5% CO, to ensure a self-sustaining material. After
which time, 400 uL of DMEM containing 10% FBS was added to the top of the hydrogel

allowing for diffusion of nutrients (media was refreshed after 24 hours).

[0181] Live/Dead Assay of Encapsulatcd C3H10t1/2 Cells
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[0182] At 48 hours the media was removed from the hydrogel and washed with DMEM (400
uL). A stock solution of 1 uM calcein AM and 2 uM ethidium homodimer in DMEM was
prepared according to the live/dead assay (Molecular Probes #L.3224) package instructions,
and 200 pL of this stock solution was added to the hydrogel. Images of the encapsulated
cells were obtained using a 10x Plan-Apochromat lens on a Zeiss 510 LCM confocal
microscope (488/543 nm) and the results are shown in Figure 27. Live cells are stained green

and dead cells are stained red.

EXAMPLE 3

[0183] A peptide-based hydrogelation strategy has been developed that allows homogenous
encapsulation and subsequent delivery of cells, e.g., C3H10t1/2 mesenchymal stem cells.
HPLS, a twenty residue peptide, folds and self-assembles in response to DMEM cell culture
media affording mechanically rigid hydrogels. Structure-based peptide design was used to
modulate the gelation kinetics of MAX1, the parent peptide, affording HPL8. When HPLS
hydrogelation is triggered in the presence of cells, the tuned self-assembly kinetics ensures
that gels become fomogeneously impregnated with cells. A unique characteristic of these
constructs is that when an appropriate shear stress is applied, the gel will shear-thin,
becoming a viscous liquid. However, after the application of shear has stopped, the viscous
liquid quickly self-heals producing a gel wjth mechanical rigidity nearly identical to the
original hydrogel. This property allows gel/cell constructs to be delivered via syringe with
precision to target sites. Homogenous cellular distribution and cell viability are unaffected by
the shear thinning process and gel/cell constructs stay fixed at the point of introduction
suggesting that these gels may be uscful for the delivery of ccells to target biological sites in

tissue regeneration efforts.

[0184] Hydrogels are heavily hydrated materials finding use in tissue regeneration efforts as
extracellular matrix substitutes. For example, preformed hydrogels inserted into cartilage,
bone and liver defects in animal models show potential promise in aiding tissue repair in
humans. In addition to preformed gels, “smart” polymeric systems are being developed that
undergo solution-hydrogel phase transitions, in vivo. In these systems, either acellular
aqueous solutions of polymer or solutions containing desired cell type(s) are introduced at the
tissue site. Subsequent gelation can occur by taking advantage of environmental differences
between the polymeric solution and the iz vivo environment such as temperature, ionic

strength or enzymatic activity. Alternatively, in vivo gelation can be accomplished by
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initiating the crosslinking of photopolymerizing polymer precursors using cytocompatible
photoinitiators. These systems offer the potential of minimally invasive material
implantation by delivering solutions through a catheter inserted into a small incision.
Acellular systems result in gels that are designed to be infiltrated by cells from the
surrounding tissue, whereas cellular systems afford gel/cell constructs that are designed to
foster more immediate tissue regeneration. Both systems may contain growth factors and/or

cytokines to enhance tissue regeneration.

[0185] Several material properties are commonly studied and often used to benchmark the
potential success of a new material. For example, the cytocompatibility of a material is
normally studied by assessing material cytotoxicity, cell adhesion (attachment and
subsequent morphological changes), proliferation, phenotype maintenance, and
differentiation if progenitor cells are used. Material biocompatibility measures material-
induced inflammation and immune response. Also, although not a necessary material
attribute, biodegradability can be measured. Lastly, the desired bulk mechanical properties
such as rigidity, elasticity, compressibility, to name a few, are dependent on the specific
biological application and are a direct consequence of the nano- and microstructure of the
hydrogel. For many newly developed hydrogel materials, research mainly focuses on

addressing the criteria outlined above.

[0186] However, for injectable “phase transition” materials, additional and very important,
practical criteria exist which are challenging to meet. Namely, the spatial resolution with
which a hydrogel can be introduced in vivo and the ability of the hydrogel to remain localized
at the point of introduction is of paramount importance. A possible severe limitation exists
for material systems that are delivered to tissue defects as liquids; unless a well-defined
cavity exists that will contain the hydrogel precursor solution, leakage into/onto neighboring
tissue is unavoidable and potentially harmful. For bone and cartilage repair, the implant site
can be constrained to limit motion and periosteal flaps used to help spatially restrict material
leakage. However, even for well-defined osteochondral defects, multiple applications of the
liquid precursor may be necessary. For other tissues, well-defined cavities are not common.
In sum, if wide-spread clinical use is anticipated then an injectable material must be easily

administered and stay localized at the site of introduction.

[0187] We have developed a hydrogelation strategy, based on the triggered self-assembly of
peptides, to enable the three-diminsional encapsulation of cells and their subsequent delivery

to tissue. The design of this system links the intramolecular folding of amphiphilic B-hairpin
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peptides to their propensity to self-assemble affording hydrogel material. Peptides are
designed such that, when dissolved in aqueous solutions, they exist in an ensemble of random
coil conformations rendering them fully soluble. However, the addition of an exogenous
stimulus results in peptide folding into B-hairpin conformation that undergoes rapid self-
assembly forming a highly crosslinked hydrogel, Figure 28. Peptides have been designed to
fold and assemble in response to changes in pH or ionic strength, the addition of heat or even
light. In addition to these stimuli, the addition of cell culture media to buffered solutions of
unfolded peptide triggers folding, self-assembly and ultimate gelation. Figure28 shows this
process for the peptide MAX1. Due to electrostatic repulsion between positively charged
lysine residues, MAX 1 remains unfolded in low ionic strength buffer at pH 7.4. However,
folding can be triggered by screening some of the lysine-based charge with the addition of
DMEM cell culturc media, which contains sufficicnt concentrations of mono- and divalent

salts to ensure effective screening.

[0188] In the folded state, MAX1 adopts a hairpin conformation composed of two B-strand
sequences of alternating hydrophobic and hydrophilic residues (Lys and Val) flanking a
tetrapeptide type 11’ B-turn. MAX1 hairpins are amphiphilic molecules where one face is
hydrophobic and the other face is hydrophilic. Folded hairpins self-assemble both laterally
(via the formation of intermolecular H-bonds and van der Waals contacts) and facially (via
the burial of the hydrophobic face of distinct hairpins), Figure 28. Detailed structural
characterization indicates that MAX1 gels are comprised of a network of fibrils (10-200 nm)
rich in B-sheet. Each fibril is approximately 3 nm in width, consistent with the folded state of
the molecule. Fibrils are physically crosslinked by non-covalent, hydrophobic interactions
between the hydrophobic faces of assembled hairpins and local fibril entanglements. Cryo-
TEM and LCSM indicate that the gels are well hydrated on both the nano- and micro- length
scales, and are microporous. Taken together, these material characteristics are attractive for
tissue engineering/regeneration applications. A unique feature of these gels is that when an
appropriate shear stress is applied, the gel will shear-thin, becoming a viscous liquid.
However, after the application of shear has stopped, the viscous liquid quickly self-heals
producing a gel with mechanical rigidity nearly identical to the original hydrogel, Figure 28.

Shcar thin-rccovery processcs hold promisc for minimally invasive matcrial delivery.

[0189] When hairpin hydrogels are initially formed, gelation can be triggered in the presence
of C3H10t1/2 mesenchymal stem cells affording gels that are impregnated with cells.

Resulting gel/cell constructs can be shear-thin delivered to a targeted secondary site where
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they quickly recover to their original mechanical rigidity with location permanency. In this
study, C3H10t1/2 cells are used as a model cell line since they are sensitive to their
environment thus providing a rigorous assessment of the delivery method with respect to cell
viability.

[0190] Controlling the rate at which the initial gel is set and the rate at which the gel recovers
after shear thinning is extremely important. When gelation is triggered in the presence of
cells, the rate of folding and self-assembly must be controlled to ensure homogenous cell
incorporation. Gels that form too slowly or quickly would afford non-homogenous
incorporation where cells either sediment to the bottom or are trapped at the top of the
container (syringe). Making multiple injections of non-homogenous gel/cell construct from a
single syringe into different wound sites would result in grossly varied cell density at each
injection site. After injection, gel recovery must be fast to ensure that after the viscous
solution leaves the syringe and contacts the tissue, the gel quickly recovers and remains

localized at the point of introduction.

[0191] For example, Figure 29 contains a Laser Scanning Confocal Microscopy (LSCM)
cross-sectional view of C3H10t1/2 cells encapsulated within a 0.5 wt% MAX1 hydrogel. In
this micrograph, cells contained within the interior of the gel are visualized from the side of
the gel (along the y-axis, depth of field is 920 pm); the top and bottom of the image is the top
and bottom of the gel, respectively. -Cells are encapsulated by first dissolving 1.0 wt%
MAXI in buffer at pH 7.4. To this solution, an equal volume (50 pL) of DMEM cell culture
medium containing 250,000 cells is added. The salt within the DMEM electrostatically
screens the lysine side chain charges resulting in peptide folding and consequent self-
assembly. This simple one-to-one addition of solutions affords gels impregnated with cells.
However, it is clear in Figure 29 that the hydrogelation kinetics of MAX1 are not fast enough
to entrap the cells homogeneously since a majority of the cells sediment to the bottom of the

gel sample well.

[0192] According to our model of folding and self-assembly, the eight positively charged
lysine side chains of MAX1 must be accommodated on the hydrophilic face for the peptide to
fold at pH 7.4. The kinetics of MAX1 hydrogelation should be hastened by making a point
amino acid substitution on the hydrophilic face, which lowers the overall charge density. By
replacing the lysine side chain at position 15 with a negatively charged side chain of glutamic
acid, the overall peptide charge state is lowered by 2. The resultant peptide, HPLS8 has a

lower amount of positive charge to be screened and should fold and assemble much faster
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than MAX1 in response to identical cell culture conditions. Apart from this, the HPLg
hairpin could possibly be stabilized by cross-strand salt bridge interactions between the

glutamic acid and cross-strand lysine residues in the self-assembled state.

[0193] Figure 30a shows folding and self-assembly kinetics as monitored via circular
dichroism (CD) spectroscopy that shows the onset of mean residue ellipticity at 216 nm,
indicative of B-sheet formation, as a function of time under solution conditions identical to
those used for 3-D cell encapsulation. The data clearly show that at 0.5 wt% MAX1 requires
approximately 30 minutes to completely fold and self-assemble affording gel while HPLS is
complete in under a minute. This difference in self-assembly kinetics is also clearly observed
using oscillatory rheology (Figure 30b) showing the onset of gel rigidity by monitoring the
storage modulus (G’) versus time for 0.5 wt% MAXI1 and HPLS8 hydrogels. HPLS forms a
rigid hydrogel (G’ > 100 Pa) within the first 40 seconds and further stiffens with time. A G’
of 100 Pa is sufficient to support cells within the three dimensional confines of the gel

network. In contrast, MAXI1 does not reach 40 Pa even after 60 minutes.

[0194] This increase in hydrogelation kinetics has little effect on the nanostructure of the
HPLS gel as compared to the MAX1 gel. Transmission electron microscopy (TEM) images
highlighting the local morphology of the fibrils in each gel shows fibril diameters of ~ 3 nm
for MAX1 (Figure 31a) and HPLS (Figure 31b). These dimensions are consistent with the

width of an individual hairpin in the self-assembled state.

[0195] Taken together, the data suggests that HPLS8 folds and self-assembles in a similar
manner to that of MAX1 showing that rational modification of the net charge on the
hydrophilic face can be used to control the kinetics of B-sheet formation and hydrogelation.
Importantly, thc LSCM imagc of a 0.5 wt% HPLS hydrogcl impregnated with C3H10t1/2
mesenchymal stem cells clearly illustrates that the kinetics of hydrogelation are optimal for a
homogeneous distribution of cells (Figure 32). In this micrograph, cells contained within the
interior of the gel are visualized from the side of the gel (along the y-axis, depth of field is
920 um.); the top and bottom of the image is the top and bottom of the gel, respectively.

[0196] In order for gel/cell constructs to be delivered by syringe, HPL8 gels must exhibit
shear thinning behavior, yet recover quickly after delivery when they are no longer under
shear stress. The ability of acellular HPL8 hydrogel to shear thin and recover was assessed
by oscillatory rtheology. The data in Figure 33 show that after shear thinning in the

rheometer, the hydrogel immediately recovers. In phase I of this experiment, hydrogelation
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is triggered by the addition of DMEM to a HPLS8 buffered solution and the onset of G’ is
measured as a function of time. A G’ > 100 Pa is realized within a minute with further
stiffening of the network, showing a G’ of 450 Pa at five minutes. In phase II, 1000% strain
is applied for 30 seconds to the hydrogel resulting in the shear thinning of the sample and the
conversion of the gel to a liquid. In phase 111, the applied strain is decreased to 0.2% and gel
recovery is monitored. The kinetics of recovery are markedly faster than the initial gelation
kinetics; recovering gels display a storage modulus of nearly 200 Pa within the first 5 seconds
of recovery and further stiffen with time. The fast recovery kinetics are most likely due to the
fact that many of the non-covalent crosslinks of the gel network remain intact during shear

thinning and only a small fraction needs to re-assemble for the gel to recover (Figure 28).

[0197] The recovery kinetics are little effected when cells are encapsulated in the network.
Although recovery kinetics of HPL8 gel/cell constructs were not quantitatively measure by
rheology, visually they immediately recovered when shear-thin delivered to a secondary
container or surface via syringe. Gel/cell constructs can be delivered with high precision that
is limited only by the gauge of the syringe needle. Recovered gel/cell constructs are visually
clear at these cell-loading densities, self-supporting and remain localized at the point of
application even when agitated. The ability of the gel/cell construct to remain localized will
undoubtedly depend on the surface (tissue) type, but experiments performed with tissue
culture-treated polystyrene and borosilicate surfaces as well as human skin demonstrated
location permanency (Figure 34). The inset of Figure 33b shows a 0.5 wi% HPLS gel/cell
construct that had been formed directly in a syringe. This construct was subsequently
delivered to a LSCM well and imaged to assess the distribution of cells within the hydrogel
nctwork after shear thinning. Figurc 33b shows that the cclls still retain the homogencous

cell distribution established during initial gel assembly similar to that shown in Figure 32.

[0198] Lastly, the effect of shear thin delivery on cell viability was assessed by performing a
Live-Dead assay on cells that had been encapsulated into a 0.5 wi% HPLS hydrogel and
subsequently shear thin delivered to a LSCM well Figure 33c. In this micrograph, cells
contained within the interior of the gel are visualized by viewing from the top of the gel
(along the z-axis, depth of field is 90 pm.). Three hours after the gel/cell construct had been
shear-thin delivered, calcien AM and ethidium homodimer were added to the top of'the gel,
which fireely diffuse through the gel network, staining live cells green and dead cells red,
respectively. It is evident that the majority of the cells remain viable after delivery. In fact,

the limited degree of cell death observed in Figure 33c is nearly identical to that of the
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control experiment where cells were encapsulated in HPLS hydrogel but not shear thin

delivered (Figure 35).

[0199] Results presented herein demonstrate that peptide design can be used to generate
hydrogel materials for specific technological applications. Peptide folding and self-assembly
kinetics as well as shear-thin recovery kinetics have been tuned to allow for the homogenous
encapsulation of C3H10t1/2 stem cells within the three dimensional network of a hydrogel.
Resulting gel/cell constructs can be shear thin delivered via syringe to target sites with little
effect on the homogenous distribution of the cells. Cells remain viable during the
encapsulation and shear-thin delivery process and gel/cell constructs stay fixed at the point of
introduction suggesting that these gels may be useful for the delivery of cells to target
biological sites in tissue regeneration efforts. Long-term cell viability and differentiation of

C3H10t1/2 mesenchymal cells within the hydrogel scaffold are currently under investigation.

METHODS

[0200] Trifluoroacetic acid (TFA), piperidine, thioanisole, ethanedithiol, N,N-
diisopropylethylamine, HEPES, 1,8-Diazabicyclo[5.4.0Jundec-7-ene and anisole were
purchased from Acros. Appropriately side-chain protected Fmoc-amino acids were purchased
from Novabiochem. 1H-Benzotriazolium 1-[bis(dimethylamino)methylene]-5chloro-
>hexafluoro-phosphate (1-),3-oxide (HCTU) was purchased from Peptides International. 1-
methyl 2-pyrrolidone, acteonitrile and acetic anhydride were purchased from Fisher.
Duibecco’s Modified Eagles Medium and fetal bovine serum were purchased from

Invitrogen. Cell tracker green and Live/Dead assays were purchased from Molecular Probes.
C3H10t1/2 cells were purchased from ATCC.

PEPTIDE SYNTHESIS AND PURIFICATION

[0201] Peptides were synthesized on RINK amide resin via an automated AB1 433 A peptide
synthesizer employing standard Fmoc-protocol and HCTU activation. The resulting dry
resin-bound peptides were cleaved and side-chain deprotected for 2 hr under N; atmosphere
using a TFA: thioanisole: ethanedithiol: anisole (90:5:3:2) cocktail. Filtration followed by
ether precipitation afforded crude peptides that were purified by RP-HPLC (preparative
Vydac C18 peptide/protein column). MAXI1: Isocratic at 0% B for 2 min then a linear
gradient from 0 to 18% B over 3 min, then 18 to 100 % B over 164 min. Peptide elutes at 29
min. MS (ESI) m/z: 1116.0 [(M+2H)2+, caled 1115.9]. HPLS. Isocratic at 0% B for 2 min
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then a linear gradient from O to 25% B over 17 min, then 25 to 40% B over 30 min, then 40 to
100% B over 10 min. The peptide elutes at 31 min. MS (ESD) m/z: 1116.2 [(M+2H)2+,
calcd 1116.5]. A flow rate of 8 mL/min was employed for preparative HPLC. Elutants for
RP-HPLC consisted of solvent A (0.1 % TFA in water) and solvent B (90% acetonitrile, 10%
water, 0.1% TFA).

HYDROGEL PREPARTION

[0202] To a vial containing 1 mg of peptide, 100 uL of 25 mM HEPES, pH 7.4 was added
resulting in a soluble 1 wt% peptide solution. To this solution, an equal volume of DMEM
supplemented with 25 mM HEPES, pH 7.4 was added to initiate self-assembly, resulting in a
0.5 wt% hydrogel. All hydrogels were prepared by this method unless otherwise stated.

CIRCULAR DICHROISM (CD) EXPERIMENTS

[0203] CD kinetic spectra were collected on a Jasco J-810 spectropolarimeter employing 0.1
mm quartz water-jacketed cell. Peptide samples were prepared as stated above, transferred to
the cell at 37 °C. The ellipiticity in millidegrees were monitored at 216 nm as a function of
time. Following the kinetic measurement, a wavelength scan was recorded at 37 °C using a 2
nm step size. The concentrations of MAX1 and HPL8 stock solutions were determined by
absorbance (Azz20 = 15750 cm-1.M-1) after dilution with water. Mean residue ellipticity [0] =
(Bobs/10.1.c)/r, where o, is the measured ellipticity in millidegrees, 1 is the length of the cell

(cm), ¢ is the concentration (M) and r is the number of residues.

OSCILLATORY RHEOLOGY EXPERIMENTS

[0204] Oscillatory rheology experiments were performed on a TA Instruments rheometer
(AR 2000) with a 25 mm diameter stainless steel parallel plate geometry with a gap height of
0.5 mm. All measurements were acquired at 37 °C. For dynamic time sweeps (DTS) the
hydrogels were prepared as stated above and quickly transferred to the rheometer where the
storage modulus (G”) was monitored as a function of time, frequency = 6 rad. sec-1 and strain
= (.2 %. For the shear thinning experiments, a DTS was preformed for 10 min at which time
1000 % stain was applied for 30 seconds to shear thin the material. Afier which time, the
strain was decreased to 0.2 % and G’ monitored as a function of time. Dynamic frequency,
dynamic strain and dynamic time sweep measurcments measuring both G’ and the loss

modulus (G) are provided in Figure 36.
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TRANSMISSION ELECTRON MICROSCOPY EXPERIMENTS

Hydrogels were prepared as stated above for TEM experiments. A small volume of
gel (2-5 ul) solution was applied to carbon-coated copper grids. Samples were negatively
stained with 2% (w/v) aqueous urany! acetate. Bright field images of the fibril nanostructure
were taken on a JEOL 2000-FX transmission electron microscope at 200 kV accelerating

voltage on a Gatan CCD camera.

CELL CULTURE AND CONFOCAL MICROSCOPY EXPERIMENTS

C3H10t1/2 cell growth conditions are 90 % DMEM supplemented with 25 mM
HEPES, 10 % FBS, 5 mM L-glutamine, and 50 pg/mL Gentamicin at 37 °C, 5 % CO2. For
confocal micrographs of hydrogels impregnated with pre-labeled cells, a suspension of 1.5 €6
cells/mL were incubated in a solution of 5 pM cell tracker green in DMEM for 45 min.
Following labeling, cells were washed 3x with PBS and re-suspended in DMEM at a
concentration of 5 €6 cells/mL. An equal volume of the cell suspension was added to a vial
containing a solution of buffered peptide in 25 mM HEPES (pH 7.4); the resulting solution
was immediately transferred to an 8 well borosilicate confocal plate and placed into the
incubator at 37 °C, 5 % CO2. For shear thinning experiments the gel/cell constructs were
prepared as above and immediately loaded into a 1 mL syringe equipped with a 20 gauge
needle and allowed to undergo hydrogelation for 5 min prior to shear thinning onto a
confocal plate for imaging. For viability studies, the gel/ cell constructs were prepared as
above with unlabeled cells. Viability of encapsulated cells in 0.5 wt% hydrogels (before and
after shear thinning) was assessed via a Live/Dead assay at 3 hr after encapsulation. A stock
solution containing both 1 pM calcein AM and 2 uM ethidium homodimer in DMEM were
preparcd according to the Live/Dead assay (Molccular Probes # 1.3224) package instructions,
and 200 pL of this stock was added to each well. All gel/cell constructs were imaged using

10x magnification on a Zeiss 510 LSCM microscope.

While the foregoing invention has been described in some detail for purposes of
clarity and understanding, it will be appreciated by one skilled in the art from a reading of
this disclosure that various changes in form and detail can be made without departing from
the true scope of the invention and appended claims. All patents and publications cited

herein are entirely incorporated herein by reference.
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What is claimed is:

1. A method of making a hydrogel, comprising:
providing a solution comprising peptides, wherein the peptides comprise a peptide
comprising the sequence VKVKVKVKVPPPTKVEVKVKYV;

altering one or more characteristics of the solution, wherein a hydrogel is formed.

2. A method according to claim 1, wherein the characteristic is selected from a group

consisting of ionic strength, temperature, concentration of a specific ion, and pH.

3. A mcthod according to claim 1, wherein altcring compriscs contacting the solution

with electromagnetic radiation.

4. A method according to claim 1, wherein altering comprises changing the pH of the
solution.
5. A method according to claim 1, wherein altering one or more characteristic of the

solution results in a salt concentration of from about 20 mM to about 400 mM.

6. A method according to claim 5, wherein the salt is NaCL

7. A method according to claim 1, wherein the solution has a pH of less than 9.

8. A method according to claim 1, wherein the solution bas a pH of from about 6.0 to
about 8.5.

9. A method according to claim 1, wherein the solution bas a pH of from about 7.0 to
about 8.0.

10. A method according to claim 1, wherein the solution has a pH of about 7.4.

11. A hydrogel, comprising peptides wherein the peptides comprise a peptide comprising

the sequence VKVKVKVKVPPPTKVEVKVKV.
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12. A hydrogel according to claim 11, further comprising a salt.
13. A hydrogel according to claim 12, wherein the salt is NaCl

14. A method of making a hydrogel, comprising:

injecting a solution comprising peptides into an animal, wherein the solution forms a
hydrogel inside the animal and wherein the peptides comprise a peptide comprising the
sequence VKVKVKVKVPPPTKVEVKVKV.

15. A method according to claim 14, wherein the animal is a mammal.
16. A mcthod according to claim 14, wherein the animal is a human.
17. A method according to claim 14, wherein the solution further comprises one or more

therapeutic agent.

18. A method according to claim 17, wherein the therapeutic agent is selected from a

group consisting of small molecules, peptides, proteins, and cells.

19. A method of delivering a therapeutic agent to an animal in need thereof, comprising:
administering a solution comprising the therapeutic agent and one or more peptides to
the animal, wherein the solution forms a hydrogel inside the animal and wherein the peptides

comprise a peptide comprising the sequence VKVKVKVKVPPPTKVEVKVKV.

20. A method according to claim 19, wherein the animal is a mammal.
21. A method according to claim 19, wherein the animal is a human.
22. A method according to claim 19, wherein the therapeutic agent is selected froma

group consisting of small molecules, peptides, proteins, and cells.

23. A method of delivering a therapeutic agent to an animal in need thereof, comprising:
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administering a hydrogel comprising the therapeutic agent and one or more peptides
to the animal, wherein the peptides comprise a peptide comprising the sequence
VKVKVKVKVPPPTKVEVKVKYV.

24. A method according to claim 23, wherein the animal is a mammal.

25. A method according to claim 23, wherein the animal is a human.

26. A method according to claim 23, wherein the therapeutic agent is selected from a

group consisting of small molecules, peptides, proteins, and cells.

27. A mcthod of treating a wound in an animal, comprising:

contacting the wound with a solution comprising a peptide, wherein the solution
forms a hydrogel and wherein the peptide comprises the sequence
VKVKVKVKVPPPTKVEVKVKV.

28. A method according to claim 27, wherein the solution comprises a therapeutic agent.
29. A method according to claim 27, wherein the animal is a mammal,

30. A method according to claim 27, wherein the animal is a human.

31. A method according to claim 28, wherein the therapeutic agent is selected from a

group consisting of small molecules, peptides, proteins, and cells.

32. A method of growing cells, comprising:
forming a hydrogel comprising cells, wherein the hydrogel comprises a peptide
comprising the sequence VKVKVKVKVPPPTKVEVKVKYV; and

maintaining the cells under conditions suitable for cell viability.

33. A method according to claim 32, wherein forming a hydrogel comprises adjusting one

or more characteristic of a solution comprising peptides.
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34. A method according to claim 33, wherein the characteristic adjusted is selected from a

group consisting of pH, ionic strength, and specific ion concentration.

35. A method according to claim 33, wherein the characteristic adjusted is ionic strength.
36. A method according to claim 33, wherein the characteristic adjusted is Ca®" ion
concentration.

37. A method according to claim 32, wherein the cells are animal cells.

38. A method according to claim 32, wherein the cells are mammalian cells.

39. A method according to claim 32, wherein the cells are human cells.

40. A method according to claim 32, wherein the cells are osteoblasts.

41. A method according to claim 32, wherein the cells are fibroblasts.

42, A method according to claim 32, wherein the cells are recombinant.

43. A method according to claim 32, wherein the cells express a protein of interest.
44, A method according to claim 44, wherein the protein of interest is an antibody.
45. A method according to claim 32, wherein the cells are stem cells.

46. A sensor comprising a hydrogel, wherein the hydrogel comprises a peptide
comprising the sequence VKVKVKVKVPPPTKVEVKVKYV.

47. A sensor according to claim 46, wherein one or more characteristic of the hydrogel is

altered when the hydrogel is contacted with an analyte of interest.

48. A sensor according to claim 47, wherein the characteristic altered is stiffness.
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49. A sensor according to claim 47, wherein the characteristic altered is an optical
property.
50. A method of detecting environmental conditions, comprising:

contacting a sensor comprising a hydrogel with a sample representative of the
environmental conditions; and
determining one or more characteristic of the hydrogel, wherein the hydrogel

comprises a peptide comprising the sequence VKVKVKVKV PPTKVEVKVKYV,

51. A method according to claim 50, wherein one or more characteristic of the hydrogel is

altered when the hydrogel is contacted with an analyte of interest.

52. A method according to claim 51, wherein the characteristic altered is stiffness.
53. A method according to claim 51, wherein the characteristic altered is an optical
property.

54. A method according to claim 50, further comprising comparing the characteristic of

the hydrogel to the same characteristic of the hydrogel determined at a different time.

55. A method of purifying a molecule of interest, comprising:

contacting a solution comprising the molecule of interest and one or more
contaminants with a hydrogel under conditions causing the molecule of interest to be retained
by the hydrogel; and

recovering the molecule of interest from the hydrogel, wherein the hydrogel comprise
a peptide comprising the sequence VKVKVKVKVPPPTKVEVKVKYV.

56. A method according to claim 55, wherein the molecule of interest is a protein.
57. A method according to claim 55, wherein the molecule of interest is an antibody.
58. A method according to claim 55, wherein the molecule of interest is a therapeutic
agent.
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59. A method of purifying a molecule of interest, comprising:

contacting a solution comprising the molecule of interest and one or more
contaminants with a hydrogel under conditions causing at least one contaminant to be
retained by the hydrogel; and

recovering the molecule of interest, wherein the hydrogel comprise a peptide
comprising the sequence VKVKVKVKVPPPTKVEVKVKV. '

60. A method according to claim 59, wherein the molecule of interest is a protein.
61. A method according to claim 59, wherein the molecule of interest is an antibody.
62. A mcthod according to claim 59, wherein the molccule of interest is a therapeutic
agent.

63. A method of encapsulating cells in a hydrogel, comprising:
providing a solution comprising peptides and a solution comprising cells, wherein the
peptides comprise a peptide comprising the sequence VKVKVKVKVPPPTKVEVKVKYV;
combining the solutions under conditions wherein a characteristic of the solution

comprising peptides is altered such that a hydrogel is formed.

64. A method according to claim 63, wherein the characteristic adjusted is selected from a

group consisting of pH, ionic strength, and specific ion concentration.

65. A method according to claim 63, wherein the characteristic adjusted is ionic strength.
66. A method according to claim 63, wherein the characteristic adjusted is Ca®" ion
concentration.

67. A method according to claim 63, wherein the cells are animal cells.

68. A method according to claim 63, wherein the cells are mammalian cells.

69. A method according to claim 63, wherein the cells are human cells.
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70. A method according to claim 63, wherein the cells are osteoblasts.

71. A method according to claim 63, wherein the cells are fibroblasts.

72. A method according to claim 63, wherein the cells are recombinant.

73. A method according to claim 63, wherein the cells express a protein of interest.
74. A method according to claim 73, wherein the protein of interest is an antibody.
75. A method according to claim 63, wherein the cells are stem cells.

76. A method according to claim 63, wherein the cells are human stem cells.

77. A hydrogel comprising peptides and cells, wherein the cells are evenly distributed

throughout the hydrogel.

78. A hydrogel according to claim 77, wherein the peptides comprise a peptide
comprising the sequence VEVKVKVKVPPPTKVEVKVKY is HPLS
(VKVKVKVKVPPPTKVEVKVKV) (SEQ ID NO:21).

79. A hydrogel according to claim 77, wherein the cells are animal cells.

80. A hydrogel according to claim 77, wherein the cells are mammalian cells.
81. A hydrogel according to claim 77, wherein the cells are human cells.

82. A hydrogel according to claim 77, wherein the cells are osteoblasts.

83. A hydrogel according to claim 77, wherein the cells are fibroblasts.

84. A hydrogel according to claim 77, wherein the cells are recombinant.

85. A hydrogel according to claim 77, wherein the cells express a protein of interest.
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86. A hydrogel according to claim 85, wherein the protein of interest is an antibody.

87. A hydrogel according to claim 77, wherein the cells are stem cells.

88. A hydrogel according to claim 77, wherein the cells are human stem cells.

- 86 -



WO 2007/059491 PCT/US2006/060882

1/36

Triggered
Intramolecular

Figure 1



WO 2007/059491 PCT/US2006/060882

2/36

Figure 2A Figure 2B



WO 2007/059491 PCT/US2006/060882

3/36

}Tu Lrnvﬁ ln,n\i J\rn\i

) 0

HzNj\g“‘n/\uj\rNY‘uirnwr’\girn g:gj}ﬁrh‘e\>

MAX1: VKVKVKVKVPPPTKVKVKVKY-NH,

ic foldi Acidic
Basic fo.ldmg Self Dt unfolding
c‘md:lmls Assembly conditions ,\\:/:3 S./
§71
Folded
Trans proiyl «
amide bond hairpin

Figure 3



PCT/US2006/060882

WO 2007/059491
® * *
Figure 4A Figure 4B Figure 4C
B T b. -6 [\ T NaOH
- o pﬂn"“'"' - ; -~ 2l *
Ts i 'i! ?é' . '% neune YIS YT ITY]
& Jof g STas,, 2 pHSS pH 6.0
o 4t " . . e -
-4 Y »,

E o 93 ] LT E 8%
o L ..'.55 TS "-..,,”“_Jso;uw .
= 1 A FYY 3mine L] '. ALY TP o
% -84 2ot "t 2minw > L T
SO L ¢ LK t6mine | .| “ =12
s -'.' MACTIN 406 mm 4 = LI e
= T s % A1 min v o ) 1] Hel

[] el S 'l.'“. 250 10Vt E

a2t Tk LT -1 stevedranee
: ) ,4‘ k1 '.i. 1L pH9’o 1 1
200 210 220 230 240 250 260 0 oo 200 300 400 0 2 4 6 & fo 12 14
Wavcelength (nm) Time (min} Time (min)




WO 2007/059491 PCT/US2006/060882

5136

3 3

. i \
W0 1o iGm 150 MI0 1300
Wavenumber (cm*!)

Figure 5



PCT/US2006/060882

WO 2007/059491

6/36

G'\G" (Pa)

1600 T
1400 -
Hnam-.
1000 -
800 1
600 1
-400 1
200

Figure 9?..

0.

2400

4800
time (s) ’

1000 -

ty (Pa-s)

(3

1SCOS1

100 -

)

v

10 A

100000 %
D .
16600 °

nmm&ooo!oooocnaoo.
5 ' akt

"o

12

0.1

T T Y

1000

- 100

- 10

0.1 1 10 100

rate (s?)

Figure 6C

(ed) ssou8

C',G" (Pa)

G',G" (Pa}

10

1600
1400
1200
1000
#00
600
400
200

~Figure 6B :

3

$s®seetosscosoeads

k o m [}

] o+ - .

..O.towlamﬂwwb.WO *

3 e 6o C 0,000 S o ¢ G

.WV o

0.1 1 10 100
frequency (rad/s)

]

] e

K Ql.'.‘.'.....

] - engt®e®

i M -

1 o¢*"

1"

*

.u

Mvoooooomooooooooooooooooooooooo

1] 300 600 800 1200 -1500 1880

time (s)

Figure 6D



WO 2007/059491 PCT/US2006/060882

7136

Figure 7A Figure 7B



WO 2007/059491

o

!

o
™

81736

1E+09

1E+08

IB+07

1E#06

1E+0§
1E+04

1009

100

0

b

hE

001
LE-0S

08001 0001 091
q (&

Figure 8

0.1

PCT/US2006/060882



WO 2007/059491

9/36

PCT/US2006/060882

1
e s MaXx1i a b-
= Shisaa,
-~ Somgdsa, "
M §5¢C ,..v';i"“"'J a0 ' .. L
K . e M
At IR “oas MAXD
g . * gsr Axr e
.E;\.ﬂ-- : . ™ ~=,¥ MAXY * .
s " » g -0+
e [°'m= - a;ﬁ N
had . g sl - '} a
adt " o40eC o teon, .
= = MATY Y
:15" .-- '30-- L4 »
) } : } 4 § 35 + } ) }
W0 M0 220 230 20 250 0 40 60 n wo
Wavelenglla (nm} Tempersture {C)
Sequence AG, {Octanol-water}{kealimol)
1.60

Max1: VKVKVKYKVIPPTKVKYKVKY-NH,
Max2: YKVKVKYKVPPPTKYKTKVKV-NH,
Maxd: VKVKVEIKVPPPTKVEKIKVKV-NH,

Figure 9A

6.88
645

Figure 9B



WO 2007/059491

1800 em anat™

» 1400, =
a. . 75°C
ol umd 75°C .15‘2. -
4 e
] wer
¥ corehbineRY -
Y '.a""..'" .-' émn.-
wl "3' .w b
a9 " a3
: . OMAR 38t 5°C
L . '
ATy 99 v Oftest 1a30°C 400
 J
P 4 CoelloS°C 1
- e s HelfoBA°C b 5°c s°C
., , N s o] e
} | ¢ a N r . 3 4
20 210 20 28 M0 B8 @ H 4 1 Y &
Warelhnglh{m) Time Intervat

Figure 10A

Figure 10B

PCT/US2006/060882



WO 2007/059491 PCT/US2006/060882

11/36

Figure 11A Figure 11B

a.
S LN S
G o Yoy o R
o 4 K 0 K o L X0 X 0 K o K o K o K o K
uzn”\.;"w(‘u’“\gn*g"u)’\g"w/‘g “Y‘u’\*n‘» AL ﬂ""g)\n'%n*r“:*g*r"g
lnt‘:rmolccularlaleml ’: ? Y H ? H 9 H ? Y H ?
. ¥ 2 » ) H

wﬂ\r“rnﬂw n*n"ulru*(‘ujifuj\rn Maxs

MAX1

v
hydrophobnc contact > o N4 ' o L ¥ 'S
o by = H A A
Py &r”;%un%@ AR ARt



WO 2007/059491 PCT/US2006/060882

12/36

I 3
1 1 1 ¥

. n b1 L] 0 s0
Tié (min}

Figure 12



WO 2007/059491 PCT/US2006/060882

13736

Figure 13



WO 2007/059491

[68] (1% deg cm? demol)

4

141736

a.

wl %
)
u
LY
do
L]
3 '.’. "”."M
B [
n..""
wi 20mM 150 mM KF
N R o Tk 1§a

Wavelength (nm)

Figure 14A

un

b.
Gl

.
00,0000, 0 4000 s n0stnetent iy o

: * Pecll

PETIN] Lbod ol hds}

"
2]

Figure 14B

1 e T e
Frequency (rad/s)

PCT/US2006/060882



WO 2007/059491 PCT/US2006/060882

15736

10000 £ T T T T T T T

>

1000 L "
E ﬁ'f’c
[ 4

w
& a
© 100 & -
Fa
(A 20°C
10 \od o
A ~
WA
[ e

1 ] 1, 1 1 ] 3 ]
o 20 40 60 80 100 120 14¢ 160
Time (min)

Figure 15



WO 2007/059491 PCT/US2006/060882

16/ 36

Figure 16A  Figure 16C Figure 16E

Figure 16B Figure 16D Figure 16F



WO 2007/059491 PCT/US2006/060882

17 /36

g

Undirstyrzns cénlrel
B2 W% HAXT oyl

TP (dogradxbias oo citake)
]
3

20000

[ & I

04— A e A
U 250 600 10000 000 #00BO CPOOD 120000
kil Col Sesanp Dandty

Figure 17



WO 2007/059491 PCT/US2006/060882

18736

Figure 18



WO 2007/059491 PCT/US2006/060882

19736

gt o

wkwﬁ%$y%&f?*

L. Append RGD at one or both ends
2. Insert RGD in middle of one or both strands

3. Insert RGD at one or both turn flanking positions
4. Covently attach RGD onto lysine side chain(s) e.g.

YAkl

Figure 19.



WO 2007/059491

20/36

H,gtguwuwuﬂifu

]
H l

.r”wir*%r«%m&”w
L— Trigger -—-—j

Modification
Sites

Trigger Modification
1. hv{330-360 nm)  Replace Val(16) with $ 2 o0

ON

2. hv({330-360 nm)  Modify Vel(16) amide as

iE:Né NO,

3.Ca(il) binding  Replace -VPPPT- turn with caleium binding

loop region of Troponin C
(-RRKADGYTDFEE-)

4. Ca(ll) binding  Replace -VPPPT- turn with

$HNIGH,LHN oc"i“{_\ 'S\CON*&

-§00(CH,),HN GONH,
DOTAM

Figure 20

PCT/US2006/060882



WO 2007/059491 PCT/US2006/060882

21/ 36
60
- 40 - ',
B .
E a4 °,
ki .
[ ]
_§ ’ ° ' ,,ouonouoooW:::gﬂnun
k »
e 20 ®h000” -
§ » 'Q
-40 1 [T}
-60 . ' |
190 210 230 250
Wavelangth (nm)

Figure 21A

04 ' ——400 mM NaCl
=0 M NaCl
o 03}
o
b4
3
202}
=L
0.1
0.1 : T : . .
1700 1680 1680 1640 1620 1600 1560
Wavenumber {em™
Figure 21B
1000
800 | 1
5 500 M
g
e
k-3
E 400
200 1
0 T 1 T
15 17 19 21

20

Figure 21C



WO 2007/059491

2236

10000
ERENEENEN AN RSN SN S KRN NN N AR
1000
AAAALAAAAAAAAAAAALAALAAAASARL
K 1 cone
&100 u-aa,:;;-....n..u--nu-
H Rl L
3 9gBunpongeofs *®
a4
° 10 _'30eeoeouuuunnunlﬂ“"‘“
1 12 ot o S
0.1 1 10 100
fraquency {rad/s}
.
Figure 22A
10000
1000 3 *-""'r
»
® AdLA
3 ) W
& 100 + o3 .‘“ﬂ'““‘"
L) 1 & e
Iy o
A o
A‘ »*
10 3 A ...v'
¥‘“'.""..
1 1 L} Ll T
0 30 80 20 120 150
time (min)

Figure 22B

PCT/US2006/060882



WO 2007/059491 PCT/US2006/060882

23136

o

S
| @ 0k
) L

P
o




WO 2007/059491 PCT/US2006/060882

24/ 36

h""""ﬂ

gy e
Facial Hydrophobi¢
Interaction

Figure 24



WO 2007/059491 PCT/US2006/060882

25/ 36

10000

11 v y T T
4] 20 80 8¢ 120 150
time {min})

Figure 25A

10000
SUGBIIANESNONEVIRIPOENORGGDELS
1000 A
£
== 100 §
3 " LT
o} °°°n°°°°°°oabonnoo°°°°u
10
1 T T T —rrrre
0.1 1 10 100
frequency (rad/s}
Figure 25B
0
o B
‘g
g
"E +10 1
e
il
© 15 4
o
&
= 20 4
-25 T T T T T
0 5 10 18 20 25 30

tme {min)

Figure 25C



WO 2007/059491

26 ] 36

2600
2000 4

1500 A

G'& 6" (Pa)

© 1000 1

500

0 20 40 60 80 100 120 140

time {rnin)

Figure 26A

10000

E

CEIPRROIPEEILUNTAUNCTRONDONNTS

1000 7
w
3
£ 100 3,
- ﬂopoooooooocoooooooooao.chao
o
10 »
1 LNRLALACIE L) e e e i £ e s R
0.1 100

1 10
frequency (rad/s)

Figure 26B

2500

2000 4

1800 -

G' & G~ (Pa)

1000

500 1

0

0 ijnooommnbmoouom

i0 40 50

20 30
tme {min)

Figure 26C

PCT/US2006/060882



WO 2007/059491 PCT/US2006/060882

27136

Figure 27



WO 2007/059491

(+) DMEM
—
SeN-Assembly

&

olded Peptide
{Liguid)

\

Facls! Asgocistin

5

PCT/US2006/060882

281 36

Figure 28

5 fon-coualent ]

cmullrk ‘% '\’%§
nppicaﬂun ’f&@ @Q\W Cossation <X

2 of Shsal
:“‘.: R ",,_ 1
32om S @% g‘
=

Fibrillar Structure Disruptsd Netwark
{Hydrogel) {Liquid)

i

}

i

N

...

Self-Healed Network
(Hydrogel)



WO 2007/059491 PCT/US2006/060882

29136

Figure 29




WO 2007/059491

30/ 36

Figure 30

-5 5
&0 PILILLD
K] 1’..

o~ -10 4 5 “r :2

i “ b

= b ﬁ ~10 'Es

z s -

5 jl _g.ls . ak

o 3 il

L 14 . »

5 b : g 20 3 ai

e s v

$ w

> - 30 s .

& 204w S US 22§ 235 ME 288

= = Wanekengsth (uni)

i .

< .

25 - "

L
\, .y

30

SOV Bl by s D LT 2R

T v T 1)

0 10 20 30 40

Tine (min)

50

b

PCT/US2006/060882

500

400 -

300 -

G Fa)

200

[

100

0~

¢'.llll. RNENERNSN NG R AR AN NN Ry

0

¥

10

20

30 40 50 60
Time (uin)



WO 2007/059491 PCT/US2006/060882

31736

Figure 31




WO 2007/059491 PCT/US2006/060882

321736

Figure 32




PCT/US2006/060882

WO 2007/059491

33136

Figure 33

H
H
i
H
H
h
i
‘
1
\
N
i
v
i
H
1
H
v
.
4
v
'
¥

odby

400

(]

i

0

3
Time (min)



PCT/US2006/060882

WO 2007/059491

3436

Figure 34

-3
A

7
4%

LN

MDT




WO 2007/059491 PCT/US2006/060882

35/36

Figure 35




WO 2007/059491 PCT/US2006/060882

36 /36

Figure 36

600
AAAA
AsAAA‘A‘
500 - Laaatt
add
‘A
ad
'
400 - ‘AA
‘A
= A
& A
i 300 4
° A
L)
200 -4
100
0 *
Time (min)
1000.
4:‘.AAAAAAAAAA'AAAAAAAALAAAAA
100;
g .
E; Taan .E.......--ll-----
s l.I-ﬁ‘ AAAA
o ba,
A
AAa
A
10:- AAAAAJS
fooouopoopfop
- DUDDDD
i o a Du
% bo o il
1 : N R Y | A oLty aay) 1 PERE T IR I O
0.1 1 10 100

Frequency (vad/sec)



patsnap

ERATROF) EKORR R E A&
DF(RE)F EP1962870A4 DF(E)A 2010-08-11
HiFs EP2006839877 RiFH 2006-11-14
[#RIREAA BUTTERICK LISA ANN
KRETSINGER JULIANA
OZBAS BULENT
RAJAGOPAL KARTHIKAN
POCHAN DARRIN J
SCHNEIDER JOEL P
KREBA BUTTERICK, LISA, ANN
KRETSINGER, JULIANA
OZBAS, BULENT
RAJAGOPAL, KARTHIKAN
POCHAN, DARRIN, J.
SCHNEIDER, JOEL, P.
IPCHEE AB61K35/12 A61K38/10 GO1N33/53 A61K9/14 A61B5/00 A61K9/00 A61K9/06 A61K47/42 A61L27/22
A61L27/52 CO7K7/08 GO1N33/543 GO1N33/545 GO1N33/84
CPCH¥%(= A61K9/06 A61K9/0024 A61K38/10 A61K47/42 A61L27/22 A61L27/52 CO7K7/08 GO1N33/54313
GO01N33/545 GO1N33/84
R 5 60/827156 2006-09-27 US
60/735846 2005-11-14 US
H {3 FF 30k EP1962870A2
ShEREERE Espacenet
HEF)

R BRE T A AR A K % M E A XM KRRY T R, AR

RET AUEBTARTIRE BARE R KRR, XFBARTEST
BEBBH—P RS MFERSKI, UKW RROFESEpH , B Triggered

%gig , fn%lﬁlf){&—ﬁﬁﬁﬁﬁiﬁ%ﬂ’ﬁﬁlﬁo 7‘3:!91* , ﬁﬂ«lﬁﬁﬂﬁ@é* Intramolewlar
BRRE — R SR, flllpH , BFRE  REN—HHZHEER Folding
FHORE | k2 AR B B KRR o —



https://share-analytics.zhihuiya.com/view/f7a3fc3b-20a6-4765-8e2a-08b97f59ad14
https://worldwide.espacenet.com/patent/search/family/038049388/publication/EP1962870A4?q=EP1962870A4

