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FIBER-REINFORCED HYDROGEL COMPOSITES AND METHODS OF
FORMING FIBER-REINFORCED HYDROGEL COMPOSITES

CROSS-REFERENCE TO RELATED APPLICATION
[0001]  This application claims the benefit of priority of US provisional application No.
6"1/647,166 filed on 15 May 2012, the content of which is incorporated herein by reference in

its entirety for all purposes.

TECHNICAL FIELD
[0002]  The invention relates to hydrogels, more particularly, to fiber-reinforced hydrogel

composites, and methods of forming the fiber-reinforced hydrogel composites.

BACKGROUND

[0003] Hydrogels are primarily composed "of synthetic or natural hydrophilic polymers.
Owing to their 3-D structures, which resemble that of extracellular matrices (ECMs),
hydrogels have been employed as tissue substitutes, space-filling scaffolds, and cell carriers.
To achieve maximal benefit, the hydrogel composition must be compvatible with the
mechanical (for example, modulus), physical (for example, mass transport) and biological
(for example, cell-matrix interaction) requirements of each biomedical application under
consideration. In particular, injectable hydrogels as biomaterials are attractive for many
biomedical applications.

[0004] - Strength of hydrogels depends largely on their cross-link density, which may be
physical (reversible) or chemical (permanent) in nature. Physical networks may be present in
hydrogels such as collagen, chitosan, and aminated hyaluronic acid (HA)-g-poly(N-
isopropylacrylamide), whereas chemical networks may be found in chitosan-HA,
polyethylene glycdl-ﬁbrinogen, and alginate hydrogels. However, such systems are usually
weak isotropic materials and are not able to bear significant loads, such as those presented by
living tissues, and also suffer from poor stability and survival following engraftment.

[0005]  Fiber reinforcement may be used to strengthen hydrogels and to obtain composite
structures  featuring anisotropic meéchanical behavior. Supportive impact of
hydrogel/electrospun fiber composites on cell growth and differentiation has been reported.

However, incorporation of fibers and their proper dispersion within the host material still
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pose a technological challenge, especially in case of injectable hydrogels, where injectability
is required and blockage of needles must be avoided.

[0006] In view of the above, there remains a need for hydrogel compositions, and methods
of forming the hydrogél compositions that address at least one of the above-mentioned

problems.

SUMMARY
[0007] In a first aspecf, the invention refers to a fiber-reinforced hydrogel composite
comprising: a hydrogel; and a fibrous component comprising a plurality of fibers, wherein the
length of each of the plurality of fibers is less than about 1,000 um.

[0008] In a second aspect, the invention refers to a method of preparing a fiber-reinforced

. hydrogel composite according to the first aspect, the method comprising: coating a hydrogel

precursor solution on a substrate to form a hydrogel precursor film; depositing the plurality of
fibers onto the hydrogel precursor film; and allowing the hydrogel precursor film to form a
hydrogel film, thereby forming the fiber-reinforced hydrogel composite.

{0009] In a third aspect, the invention refers to a scaffold comprising the fiber-reinforced
hydrogel composite according to the first aspect.

[0010] In a fourth aspect, the invention refers to a tissue repair method, the method

comprising contacting the tissue with a scaffold according to the third aspect.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]  The invention will be better understood with reference to the detailed description
when considered in conjunction with the non-limiting examples and the accompanying
drawings, in which: ‘
[0012] FIG. 1 shows a schematic diagram of the tested hybrid biomaterial having (i)
gelatin, (i1) dextran, (iii) albumin, and (iv) cells according to an embodiment. The inset shows
the covalent bond between the aldehyde group of modified dextran and the amino group of
gelatin. ‘
[0013] FIG. 2 is a graph showing Fourier Transform Infra-red (FTIR) spectroscopy
spectra of gelatin, dextran dialdehyde and crosslinked gelatin-dextran.
[0014]  FIG. 3 shows (a) optical; (b) and (c) scanning electron microscopy (SEM) images

of electrospun short fibers according to various embodiments. Referring to (b), the arrow
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points to a fibrillar structure. (c) debicts fractured fibers with a sharp end and bi-tails. The
inset in (c) shows a sketch of the fiber cross-section. Magnification is 10,000 x in (c) (Ultra
Plus). The scale bar in (a), (b) and (c) denote a length of 100 um, 10 um, and 2 pm
respectively. |

[0015]  FIG. 4 is a graph showing results from time sweep experiments carried out on the
tested hydrogels of (i) control, (ii) L-composite, (iii) M-composite, and (iv) H-composite.
Phase angle 6 = tan'(G"/G"), is plotted vs. time. Tested hydrogels were prepared by mixing

10 wt% polymer precursor‘ solutions in a 1:1 ratio. L, M and H denote nominal fiber weight

‘contents of about 1.4 %, about 2.9 %, and about 6 % respectively. Frequency was 1 st and

strain 3 %. The insets show optical images of pre-gel solution (left image) and gel (right
image).

[0016] = FIG. 5 is a graph showing results from fime sweep experiments carried out on the
tested hydrogels of (i) G’ control, (i) G” control, (iii) G’ M-composite, and (iv) G” M-
composite. Storage G' (full symbols) and loss G" (open symbols) moduli are plotted vs. time.
M denotes nominal fiber weight content of about 2.9 %. Frequency was 1 s and strain 3 %.
[0017] FIG. 6 is a graph showing results from strain sweeﬁ experiments of hydrogels (1)
G’ control (symbol: full square), (i) G” control (symbol: open square), (ii1) G’ M-composite
(symbol: full triangle), and (iv) G” M-composite (symbol: open triangle). Storage G' (full
symbols) and loss G" (open symbols) moduli are plotted vs. strain amplitude. M denotes
nominal fiber weight content of about 2.9 %. Frequency was 1 s™.

[0018] FIG. 7 is a graph showing shear rate sweep (flow) experiments of the pre-gel
solutions of gelatin/dextran hydrogel (squares) and hybrid gelatin-albumin fibers/dextran
composites (triangles). Each point represents an average measurement of 20 sec; waiting time
for steady state was 1 min. |

[0019] FIG. 8 depicts cell adherence on hydrogel/fiber composites. Fibroblasts (asterisks)
grown in (a) Dextran Dialdehyde (DDA)-gelatin hydrogel; or (b) composite with fiber
content of about 3.9 % for two days. The arrow indicates a bovine serum albumin (BSA)
fiber. Magnification is 100 x.

[0020]  FIG. 9 depicts cell viability on hydrogel/fiber composites. Viability assays were
performed on fibroblasts grown for two days in (a) DDA-gelatin hydrogel; or (b) composite
with fiber content of about 3.9 %. Live cells and dead cells are stained green and red

respectively. The scale bar in (a) and (b) denotes a length of 750 um.
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DETAILED DESCRIPTION
[0021] By embedding short-length fibers, wherein length of each fiber is less than about
1,000 pm, in a hydrogel, properties of the resultant composite may be improved due to
structural reinforcement of the hydrogel by the fibers. In various embodiments, for example,
elastic modulus of the hydrogel component in the composite is increased by about 40 % and
gelation time for the hydrogel 1s decreased by about 20 %. This may be attributed to the short
length of the reinforcing ﬁbers, which facilitate dispersion of the fibers within the hydrogel
and injectability of the resultant composite. The hydrogel, on the other hand, retains its
properties as a tunable matrix for various applications. For example, injection performance of
the pre-gel solution through medical heedles at moderate shear rates is not affected by
presence of the short-length fibers in the composite. Viability of seeded fibroblasts in
experiments conducted has confirmed the biocompatibility of scaffolds formed using a fiber-
reinforced hydrogel composite according to various embodiments of the invention. This
fiber-reinforced hydrogel composite material represents a class of biomaterials that
structurally mimics the extracellular matrices (ECMs) of common tissues, and may be
delivered by a minimal invasive approach. '
[0022]  Accordingly, in a first aspect, the present invention relates to a fiber-reinforced
hydrogel composite. The term "composite" as used herein refers to a construct including a
fibrous component and a hydrogel component. The components in the composite may be -
physically mixed together to form the composite. By the term “physically mixed”, it is meant
that the hydrogel component and the fibrous component are merely dispersed in one another,
and do not chemically react to form a new material.
[0023]  The fibrous component comprises a plurality of fibers. The term "fiber" as used
herein refers to a class of materials, that may be natural or synthetic, that are in discrete
elongated pieces. They may be used as a component of composite materials, or matted into
sheets. They may further be used in the manufacturing of composites via cross-linking,
gluing, weaving, braiding, knitting, knotting, molding, and the like.
[0024] The fibers may be produced by conventional techniques such as electrospinning,
interfacial polymerization, and the like. Ellectrospinning affords control of the length of the
resultant electrospun fibers by, for example, varying the voltage applied to the needle or by

varying the composition of the melt or solution in the syringe. Thus, in various embodiments,
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the plurality of fibers consists of eléctrospun fibers, wherein the fibers are produced by
electrospinning.

[0025] In electrospinning, fibers are formed by application of an electrical charge on a
liquid to draw micro- or nano-fibers from the liquid. The process may comprise the use of a
spinneret with a dispensing needle, a syringe pump, a power supply and a grounded
collection device. Material to form the fibers may be present as a melt or a spinning solution
in the syringe, and driven to the needle tip by the syringe pump where they form a droplet.
When' voltage is applied to the needle, a droplet is stretched to an electrified liquid jet. The jet

1is elongated continuously until it is deposited on the collector as a mat of fine fibers of

micrometer or nanometer sized dimensions.

[0026] In this regard, it has been ‘surprisingly found by the inventors of the present
invention that use of a solution that does not contain water, for example, a non-aqueous
solution, or a solution that is essentially free of water as the spinning solution results in short-
length fibers with each fiber having a length of less than about 1,000 um. By the term
“essentially free”, it is meant that the soluﬁon contains less than 1 wt% water, such as less
than 0.5 wt%, less than 0.3 wt%, or less than 0.1 wt% water. As mentioned above, the short-
length fibers which are produced may be dispersed readily into a hydrogel to form a fiber-
reinforced hydrogel composite. In so doing, the short-length fibers reinforce structure of the
hydrogel to result in improved physical properties of the hydrogel, such as increase in elastic
modulus and decrease in gelation time, while maintaining injectability of the hydrogel.

[0027] In various embodiments, the composite consists of less than about 10 wt% of the
fibrous component based on the total weight of the composite. For examplé, the composite
may consist of about 1 wt% to about 6 wt% of the fibrous component based on the total
weight of the composite, such as about 1 wt% to about 5 wt%, about 1 wt% to about 4 wt%,
about 1 wt% to about 3 wt%, about 2 wt% to about 6 wt%, about 2 wt% to about 5 wt%,
about 2 wt% to about 4 wt%, about 3 wt% to about 6 wt%, about 3 wt% to about 5 wt%, or
about 1 wt%, about 2 wt%, about 3 wt%, about 4 wt%, about 5 wt%, or about 6 wt%.

[0028]  The plurality of fibers may be selected from the group consisting of fibers that
comprise or consist of proteins, carbohydrates, hydroxy carboxylic acids, or combinations
thereof. In such embodiments, the fibers may comprise or consist of albumin, collagen,
elastin, alginate, polylactide, polyamide, poly(siloxane), poly(silicone), poly(ethylene),
poly(vinyl pyrrolidone), poly(2-hydroxy ethyl methacrylate), poly(N-vinyl. pyrrolidone),
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poly(methyl methacrylate), poly(vinyl alcohol), poly(acrylic acid), poly(vinyl acetate),
polyacrylamide, poly(ethylene-co-vinyl acetate), poly(ethylene glycol), poly(methacrylic
acid),  polyglycolide, poly(laétide-co-glycolide), polyanhydride,  polyorthoester,
poly(carbonate), poly(ethylene oxide), polyaniline, poly(vinyl phenol), polyhydroxyacid,
poly(caprolactone), polyhydroxyalkanoate, polyurethane, chitosan, starch, hyaluronic acid,
blends thereof, or copolymers thereof.

[0029] In various embodiments, the fibers consist of serum albumin. For example, the
fibers may consist of bovine serum albumin.

[0030] The fiber-reinforced hydrogel composite according to the first aspect comprises a
fibrous component, the fibrous. component comprising a plurality of fibers, wherein the
length of each of the plurality of ﬁberé is less than about 1,000 pum. Fibers of this (short)
length range facilitate dispersion of the fibers within the hydrogel while retaining injectability
of the resultant composite. |

[0031] In various embodiments, the length of each of the plurality of fibers is about 100
um to about 1,000 um, such as about 100 um to about 800 um, about 100 um to about 500
pm, about 100 um to about 300 pm, about 300 um to about 1,000 um, about 500 ym to about
1,000 ﬂm; about 800 pm to about 1,000 um, about 300 um to about 800 um, about 300 um to
about 500 um, or about 500 um to about 800 yum. |

[0032] The aspect ratio, defined herein as ratio of length to width of each fiber, is typically
about 100:1. The width of each of the plurality of fibers is generally less than about 5 um,
such as about 2 ym to about 5 um, about 1 um to about 3 um, about 2 um to about 3 um,
about 0.5 pum to about 3 um, about 1 um, about 2 um, about 3 pm, about 4 um, or about 5 um.
In various embodiments, the width of each of the plurality of fibers is about 2 um.

[0033] Besides the fibrous component, the fiber-reinforced hydrogel composite also
comprise a hydrogel. The term "hydrogel" as used herein refers to a broad class of polymeric »
materials, that may be natural or synthetic, which have an affinity for an aqueous medium,
and is able to absorb large amounts of the aqueous medium, but which do not normally
dissolve in the aqueous medium.

[0034]  The term “aqueous medium” as used herein refers to water or a solution based
primarily on water such as phosphate-buffered saline (PBS), or water containing a salt
dissolved therein. The term “aqueous medium” may also refer to a cell culture medium. The

term "cell culture medium" may also be termed as a “growth medium”, and refers to any
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liquid medium which enables cells prbliferation. Growth media are known in the art and may
be selected depending on the type of cells to be grown. For example, a growth medium
suitable for use in growing mammalian cells is Dulbecco's Modified Eagle Medium (DMEM),
which may be supplemented with heat inactivated fetal bovine serum and embryonic stem
cells derived conditioned medium.

[0035] A hydrogel is characterized by a high permeability for exchange of nutrients
necessary for cell proliferation. The physical properties of hydrogels are similar to native

tissue; and hydrogels may be used to encapsulate cells in the hydrogel matrix formed upon

‘gelation. In various embodiments, an injectable hydrogel, which may be injected into a

subject of interest, is used.

[0036]  Generally, a hydrogel may bé formed by using at least one, or one or more types of
hydrogel precursor, and setting or solidifying the one or more types of hydrogel precursor in
an aqueous solution to form a three-dimensional network, wherein formation of the three-

dimensional network may cause the one or more types of hydrogel precursor to gel.

- [0037]  The term “hydrogel precursor” refers to any chemical compound that may be used‘

to form a hydrogel. Examples of hydrogel precursors include, but are not limited to, a natural
polymer, a hydrophilic monomer, a hydrophilic polymer, a hydrophilic copolymer formed
from a monomer and a polymer.

[0038] In various embodiments, the hydrogel precursor comprises or consists of a natural
polymer. The natural polymer may form a three-dimensional network in an aqueous medium
to form a hydrogel. A “natural polymer” refers a polymeric material that may be found in
nature. Examples of a natural polymer include, but are not limited to, polysaccharide,
glycosaminoglycan, protein, peptide and polypeptide.

[0039]  Polysaccharides are carbohydrates which may be hydrolyzed to two or more
monosaccharide molecules. They may contain a backbone of repeating carbohydrate i.e.
sugar unit. Examples of polysaccharides include, but are not limited to, alginate, agarose,
chitosan, dextran, starch, and gellan gum.

[0040] Glycosaminoglycans are polysaccharides containing amino sugars as a component.
Examples of glycosaminoglycans include, but are not limited to, hyaluronic acid, chondroitin
sulfate, dermatin sulfate, keratin sulfate, dextran sulfate, heparin sulfate, heparin, glucuronic

acid, iduronic acid, galactose, galactosamine, and glucosamine.
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[0041] Peptides refer generallyi to amino acid dimers (dipeptides), oligomers
(oligopeptides) of up to about 25 to 50 amino acids, and short polymers of about 2 to 100
amino acids in length. Polypeptide refers generally to a single chain amino acid polymer of
more than 100 amino acid monomers. Protein refers generally to a 3D-structure of one or
more polypeptide chains that may be non-covalently or covalently (via disulfide bridges) be
associated with each other. Proteins have diverse biological functions and may be classified
into five major categories, i.e. structural proteins such as collagen, catalytic proteins such as
enzymes, transport proteins such as hemoglobin, regulatory proteins such as hormones, and
protective proteins such as antibodies and thrombin. Other examples of proteins include, but
are not limited to, gelatin, fibronectin, fibrin, pectins, albumin, ovalbumin, and polyamino
acids.

[0042) In some embodiments, the hydrogel precursor comprises or consists of a
hydrophilic monomer. As used herein, a hydrophilic monomer refers to any monomer which,
when polymerized, yields a hydrophilic polymer capable of fomﬁng a hydrogel when
contacted with an aqueous medium such as water. In some embodiments, a hydrophilic
monomer may contain a functional group in the polymer backbone or as lateral chains. The
term “functional group” as used herein fefers to a chemical moiety which exhibits bond
formation capability. Examples of functional group include, but are not limited to, hydroxyl
(-OH), carboxyl (-COOH), amide (-CONH-), thiol (-SH), or sulfonic (-SO;H) groups.

[0043] Examples of hydrophilic monomers include, but are not limited to, hydroxyl-
containing monomers such as 2-hydroxyethyl methacrylate, 2-hydroxyethyl acrylate, 2-
hydroxyethyl methacrylamide, 2-hydroxyethyl acrylamide, N-2-hydroxyethyl vinyl
carbamate, 2-hydroxyethyl vinyl carbonate, 2-hydroxypropyl methacrylate, hydroxyhexyl
methacrylate and hydroxyoctyl methacrylate; carboxyl-containing monomers such as acrylic
acid, methacrylic acid, itaconic acid, fumaric acid, crotonic acid, maleic acid and salts
thereof, esters containing free carboxyl groups of unsaturated polycarboxylic acids, such as
monomethyl maleate ester, monoethyl maleate ester, monomethyl fumarate ester, monoethyl
fumarate ester and salts thereof; amide containing monomers such as (meth)acrylamide,
crotonic amide, cinnamic amide, maleic diamide and fumaric diamide; thiol-containing
monomers such as methanethiole, ethanethiol, 1-propanethiol, butanethiol, tert-butyl

mercaptan, and pentanethiols; sulfonic acid-containing monomers such as p-styrenesulfonic

acid, vinylsulfonic acid, p-a-methylstyrene sulfonic acid, isoprene sulfonide and salts thereof.
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[0044] In some embodiments, the hydrogel precursor comprises or consists of a
hydrophilic polymer. The hydrophilic polymer may be a polymer that is made up of any one
of the above mentioned hydrophilic monomer, and which may be formed from any reaction
such as, but not limited to, free radical polymerization, condensation polymerization, anionic
or cationic polymerization, or step growth polymerization. For example, a hydrophilic
monomer such as ethylene glycol may undergo anionic or cationic polymerization, depending
on the type of catalyst used, to form poly(ethylene glycol) which is a hydrophilic polymer.
The hydrophilic polymer may also be obtained by chemical modification of an existing
polymer. For example, a functional group may be added or altered on polymeric chains such
that the resultant polymer is made hydrophilic.

[0045] In some embodiments, thev hydrogel precursor comprises or consists of a
hydrophilic copolymer. The hydrophilic copolymer may be formed from a hydrophilic
polymer and a monomer which may be hydrophilic, hydrophobic or amphiphilic. In some
embodiments, a hydrophilic copolymer may be formed from a hydrophilic monomer and a
polymer which may be hydrophilic, hydrophobic or amphiphilic. For example, a hydrophobic
monomer may react with a functional group present on a hydrophilic polymer to form a
hydrophilic copolymer.

[0046] The one of more types of hydrogel precursors may set or solidify in an aqueous

medium to form a three-dimensional network, wherein formation of the three-dimensional

- network can cause the one or more types of hydrogel precursor to gel. For example, a

hydrogel may be formed by physical bonding such as self assembly, or chemical bonding
such as cross-linking, of one or more types of hydrogel precursors in an aqueous medium.
[0047] In some embodiments, a hydrogel may be formed by self-assembly of one or more
types of hydrogel precursors in an aqueous medium. The term “self-assembly” refers to a
process of spontaneous organization of components of a higher order structure by reliance on
the attraction of the components for each other, and without chemical bond formation
between the components. For example, polymer chains may interact with each other via any
one of hydrophobic forces, hydrogen bonding, Van der Waals interaction, electrostatic forces,
or polymer chain entanglement, induced on the polymer chains, such that the polymer chains
may aggregate or coagulate in an aqueous medium, which may form a three-dimensional

network, thereby entrapping molecules of water to form a hydrogel.
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[0048] In some embodiments, a hydrogel may be formed by chemical bonding between'
one or more types of hydrogel precursors in an aqueous medium. For example, when the
hydrogel precursor is a hydrophilic polymer, the polymeric chains may be cross-linked using
a suitable cross-linking agent to form a three-dimensional network, which may entrap water
molecules to form a hydrogel.

[0049]  The term “cross-link” as used herein refers to an interconnection between polymer
chains via chemical bonding, such as, but not limited to, covalent bonding, ionic bonding, or

affinity interactions (e.g. ligand/receptor interactions, antibody/antigen interactions, etc.). The

chemical cross-linking may be carried out by reactions, such as any one of free radical

polymerization, condensation polymerization, anionic or cationic polymerization, or step
growth polymerization. |

[0050]  The term “cross-linking agent” refers to an agent which induces cross-linking. The
cross-linking agent may be any agent that is capable of inducing a chemical bond between

adjacent polymeric chains. For example, the cross-linking agent may be a chemical

~compound. Examples of chemical compounds that may act as cross-linking agent include, but

are not limited to, dextran dialdehyde, 1-ethy1-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride  (EDC),” vinylamine, 2-aminoethyl methacrylate, 3-aminopropyl
methacrylamide, ethylene diamine, ethylene glycol dimethacrylate, methymethacrylate, N,N'-
methylene-bisacrylamide, N,N'-methylenebis-methacrylamide, diallyltartardiamide,
allyl(meth)acrylate, lower alkylene glycol di(meth)acrylate, poly lower alkylene glycol
di(meth)acrylate, lower alkylene di(meth)acrylate, divinyl ether, divinyl sulfone, di- or
trivinylbenzene, trimethylolpropane tri(meth)acrylate, pentaerythritol tetra(meth)acrylate,
bisphenol A di(meth)acrylate, methylenebis(meth)acrylamide, triallyl phthalate, diallyl
phthalate, transglutaminase, or mixtures thereof.

[0051] . In various embodiments, the cross-linking agent comprises or consists of dextran
dialdehyde. When dextran dialdehyde is added to a hydrogel precursor such as gelatin, for
example, covalent bonds such as that shown in the inset of FIG. 1 is formed between the
aldehyde group of the dextran dialdehyde and the amino group of gelatin, thereby cross-
linking the gelatin to form dextran dialdehyde-crosslinked gelatin hydrogel via chemical
bonding. "

[0052]‘ In some embodiments, the hydrogel precursors may themselves be used as cross-

linking agents, and do not require addition or use of a separate cross-linking agent.
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[0053] In some embodiments, the cross-linking agent may be in the form of an
electromagnetic wave. Therefore, cross-linking may be carried out using an electromagnetic
wave, such as gamma or ultraviolet radiation, which may cause the polymeric chains to cross-
link and form a three-dimensional matrix, thereby entrapping water molecules to form a
hydrogel. Therefore, choice -of cross-linking agent is dependent on the type of polymeric
chain and functional group present, and a‘person skilled in the art would be able to choose the
appropriate type of cross-linking agent accordingly. -

[0054] Cross-linking induced by cross-linking agents may be used to vary the degradation
time of the hydrogel used for the composite of the present invention. The final degradation
rate of hydrogel may be measured using techniques known in the art. Most commonly, the
degradation rate of a hydrogel is deterfnined by measuring dry weight loss of the hydrogel
over time.

[0055] In various embodiments, the hydrogel comprises or consists of one or more
synthetic or natural hydrophilic polymers. For example, the hydrogel may comprise or consist
of one or more materials selected from the group consisting of polysaccharides, proteins,
polyethylene glycol, polylactic acid, polycaprolactone, polyglycolide, and combinations
thereof. In some embodiments, the hydrogel comprises or consists of one or more compounds
selected from the group consisting of dextran, chitosan, hyaluronic acid, gelatin, dextran
dialdehyde-crosslinked gelatin, collagen, aminated hyaluronic acid, hyaluronic acid-g-
poly(N-isopropylacrylamide), chitosan-hyaluronic acid, laminin, elastin, alginate, fibronectin,
polyethylene glycol-fibrinogen, and derivatives thereof.

[0056] Either one of or both the hydrogel and the plurality of fibers may comprise or

consist of a biodegradable polymer. The term "biodegradable" refers to a substance which

may—be-broken—down—by microorganisms, or which spontaneously breaks down over a
relatively short time (within 2-15 months) when exposed to environmental conditions

commonly found in nature. For example, gelatin may be degraded by enzymes which are

present in the body.

[0057] Examples of biodegradable polymers include, but are not limited to, polymers and
oligomers of glycolide, lactide, polylactic acid, polyesters of a-hydroxy acids, including lactic
acid and glycolic acid, such as the poly(a-hydroxy) acids including polyglycolic acid, poly-
DL-lactic, poly-L-lactic acid, and terpolymers of DL-lactide and glycolide; e-caprolactone

and e-caprolactone copolymerized with polyesters; polylactones and polycaprolactones
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including poly(e-caprolactone), poly(8-valerolactone) and poly (gamma-butyrolactone);
polyanhydrides; polyorthoesters; other hydroxy acids; polydioxanone; and other biologically
degradable polymers that are non-toxic or are present as metabolites in the body. Examples of
polyaminoacids includé, but are not limited to, polylysine (PLL), poly L-aspartic acid, poly
L-glutamic acid, and styrene-maleic acid anhydride copolymer. Examples of derivatives of
polyethylene glycol includes, but are not limited to, poly(ethylene glycol)-di-
(ethylphosphatidyl(ethylene glycol)) (PEDGA), poly(ethylene glycol)-co-anhydride,
poly(ethylene glycol)co—léctide, poly(ethylene glycol)-co-glycolide and poly (ethylene

‘glycol)-co-orthoester. Examples of acrylamide polymers include, but are not limited to,

polyisopropylacrylamide, and polyacrylamide. Examples of acrylate polymers include, but
are not limited to, diacrylates suéh as polyethylene glycol diacrylate (PEGDA),
oligoacrylates, methacrylates, = dimethacrylates, oligomethoacrylates and PEG-
oligoglycolylacrylates. Examples of carboxy alkyl cellulose include, but are not limited to,
carboxymethyl! cellulose and partially oxidized cellulose.

[0058]  Degradation of the fiber-reinforced hydrogel composite may take place over a time
period ranging from a few seconds to a few days or months. The time period required for the
fiber-reinforced hydrogel composite to degrade may be dependent on a few parameters, for
example, constituent of the fiber-reinforced hydrogel composite, such as type of hydrogel
and/or fibers used and water content of the hydrogel, degree of cross-linking, temperature,
pH, amount of aqueous medium present, and pressure during gelation. Under physiological
conditions, that means in an animal body, degradation takes place over about 2 months in
general. This period may be extended by varying the degree of cross-linking as described
above.

[0059]  In various embodiments, the hydrogel comprises or consists of dextran dialdehyde-
crosslinked gelatin, in Which gelatin is used as the hydrogel precursor and dextran dialdehyde
is used as the cross-linking agent. The term “gelatin” as used herein refers to protein
substances derived from collagen. In the context of the present invention, “gelatin” also refers
to equivalent substances such as synthetic analogues of gelatin. Generally, gelatin may be
classified as alkaline gelatiﬁ, acidic gelatin, or enzymatic gelatin. Alkaline gelatin may be
obtained from the treatment of collagen with a base such as sodium chloride. Acidic gelatin
may be obtained from the treatment of collagen with an acid such as hydrochloric acid.

Enzymatic gelatin may be obtained from the treatment of collagen with an enzyme such as
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hydrolase. As gelatin may be d form ‘of hydrogel, factors that affect degradation behavior of
hydrogels as mentioned herein may apply to gelatin as well.

[0060] In some embodiments, the material of the hydrogel and the material of the fibers
are the same. In such embodiments, the material of the hydrogel and the material of the fibers
are selected such that the physical properties of the respective material are different. For
example, the hydrogel material and the fiber material comprised in the fibrous component
may have different elasticity and toughness.

[0061] In alternative embodiments, the material of the hydrogel and the material of the

fibers are different. For example, in one specific embodiment, the composite comprises or

consists of a hydrogel of dextran dialdehyde-crosslinked. gelatin and fibers of bovine serum
albumin. |

[0062] In various embodiments, the composite comprises a plurality of layers of the
hydrogel and/or a plurality of layers of the fibrous component. In other words, the composite
may comprise a plurality of layers of the hydrogel and a layer of the fibrous component, or
vice versa. Each of the plurality of layers of the hydrogel and/or the plurality of layers of the
fibrous component may be the same or different, in terms of thé thickness of the layers or the
content of the layers. For example, the composite may comprise more than one layer of the
hydrogel, or more than one layer of the fibrous component, or more than one layer of each of
the hydrogel and fibrous component. In such embodiments, the composite may consist of
alternating layers of the hydrogel and the fibrous component.

[0063] In alternate embodiments, the fibrous component comprising a plurality of fibers is
at least substantially uniformly or is uniformly dispersed within the hydrogel. As mentioned
previously, the composite may comprise a plurality of layers of the hydrogel and/or a
plurality of layers of the fibrous component. To disperse the plurality of fibers at least
substantially uniformly within the hydrogel, instead of forming the composite as a plurality of
layers of the hydrogel and/or a plurality of layers of the fibrous component, the composite
may be formed by first forming a layer of a hydrogel precursor film, followed by deposition
of the plurality of fibers onto the hydrogel precursor film. The hydrogel precursor film
containing the plurality of fibers deposited thereon may be subjected to a heat treatment to
melt the hydrogel precursor film, to form a hydrogel precursor solution containing the

plurality of fibers dispersed therein. To form the hydrogel, a cross-linking agent may be
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added to the hydrogel precursor soluﬁon, so as to cross-link the hydrogel precursor to form
the hydrogel.

[0064] In embodiments wherein the plurality of fibers is formed by electrospinning,
concentration of fibers inside the ﬁber—reinforced hydrogel composite may be controlled by
controlling the duration of fiber collection, for example, from the electrospinningvprocess, or
by controlling thickness of the hydrogel layers. |

[0065] In a second aspect, the present invention relates to a method of preparing a fiber
reinforced hydrogel composite according to the first aspect. The method comprises coating a
hydrogel precursor solution on a substrate to form a hydrogel precursor film; depositing the
plurality of fibers onto the hydrogel precursor film; and allowing the hydrogel precursor film
to form a hydrogel film, thereby forming the fiber-reinforced hydrogel composite.

[0066] In various embodiments, the plurality of fibers is formed by electrospinning a
spinning solution containing the materials constituting the fibers. As mentioned above, it has

been surprisingly found by the inventors of the present invention that use of a solution that

does not contain water, for example, a.non-aqueous solution, or a solution that is essentially

free of water as the spinning solution, results in short-length fibers with each fiber having a
length of less than about 1,000 um, and which may be used to form the composite according
to the first aspect. Accordingly, in various embodiments, the spinning solution is prepared in
the absence of water.

[0067] The method of the second aspect includes coating a hydrogel precursor solution on
a substrate to form a hydrogel precursor film. Depending on the type of hydrogel precursor
solution used, any suitable coating or deposition methods such as spin coating, painting, or
casting may be used.

[0068]  The method of the second aspect includes depositing the plurality of fibers onto the
hydrogel precursor film, and allowing the hydrogel precursor film to form a hydrogel film,
thereby forming the fiber-reinforced hydrogel composite. The above-mentioned coating or
deposition steps may take place in any suitable order, and/or take place repeatedly depending
on the number of layers of the hydrogel film and/or fibrous component required. In various

embodiments, a second hydrogel precursor film is deposited on the plurality of fibers, such

~ that the plurality of fibers 1s sandwiched between two hydrogel precursor films.

[0069]  The method of the second aspect may further‘comprise a heat treatment to melt the
hydrogel precursor film having the plurality of fibers deposited thereon to form a hydrogel
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precursor solution. The heat treatment may be carried out at any suitable temperature that
melts the hydrogel precursor film into its liquid form. In various embodiments in which the
hydrogel precursor compriseé or consists of gelatin and the plurality of fibers comprises or
consists of bovine serum albumin, for example, a suitable temperature may be about 50 °C.
In so doing, the fibers which are deposited on the hydrogel precursor film may be dispersed
at least substantially uniformly within the hydrogel precursor. To facilitate melting of the
hydrogel precursor, the hydrogel precursor film having the plurality of fibers deposited
thereon may be sliced, cut,- or diced into smaller dimensions prior to the heat treatment. Any
suitable temperature that is able to melt the hydrogel precursor may be used.

[0070] The method of the second aspect may further comprise contacting the hydrogel
precursor solution having the plurality bf fibers dispersed therein with a cross-linking agent
to form the hydrogel. In various embodiments, gelation of the hydrogel precursor takes place
such that the plurality of fibers is embedded within the hydrogel so formed. The contacting
may be carried out at any suitable temperature, which may depend on the type of hydrogel
precursor solution and the cross-linking agent used. For example, the cross-linking may be
carried out under room temperature and pressure. In embodiments in which gelatin is used as
the hydrogel precursor and dextran dialdehyde is used as the cross-linking agent for example,
cross-linking may be carried out at a temperature of about 37 °C to form the fiber-reinforced
hydrogel composite.

[0071] In a third aspect, the invention relates to a scaffold comprising the fiber reinforced
hydrogel composite according to the first aspect. As used herein, the term “scaffold” refers to
an artificial, three-dimensional structure that may be used in vivo as a framework to which
additional cells may attach, and to which both existing and additional cells may grow to
regenerate tissues, which may be lost through injury or disease. In various embodiments, the
scaffold may be formed by pouring or injecting the composite into a mold having a desired
anatomical shape, and then hardened to form the scaffold for transplant into a patient. In
some embodiments, the composite 1s adapted to be deliverable to a site, such as a defect site,
in an animal or a human body, such that the composite may be injected directly into the site
in a patient to form the scaffold in vivo. The scaffold may be used as cell carriers or for
placement in the body for regeneration of soft, yet load-bearing tissues (for example, but not

limited to, heart muscle, cartilage and dermis).
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[0072] In a fourth aspect, the present invention relates to a tissue repair method,
comprising contacting the tissue with a scaffold according to the third aspect.

[0073] The term “tissue” refers to a structure formed by related cells joined together,
wherein the cells work together to accomplish specific functions. In various embodiments,
contacting the tissue comprises implanting the scaffold into a subject in need thereof. The
term "subject" as used herein refers to any living animal, preferably a mammal, and more
preferably a human. The scaffold as described herein is suitable for implantation within a
subject in need thereof. In various embodiménts, the scaffold may comprise cell growth
media contained embryonic stem cells derived conditioned medium, which typically provides
necessary nutrients and environmental conditions for cell growth. The cells may be
introduced and incubated under conditions suitable for cell growth by introducing the
scaffold into a patient and allowing native cells, such as stem cells to migrate into the
scaffold. The scaffold may be administered by injecting the composite with embryonic stem
cells derived conditioned medium into the region requiring cellular growth or remodeling,
such as a region of damaged tissue or a defect site.

[0074]  Hereinafter, the present invention will be described more fully with reference to
the accompanying drawings, in which exemplary embodiments of the invention are shown.
This invention may, however, be embodied in many different forms and should not be
construed as limited to the exemplary embodiments set forth herein. Rather, these
embodiments are provided so that this disclosure will be thorough and complete, and will
fully convey the scope of the invention to those skilled in the art. In the drawings, lengths and
sizes of layers and regions may be exaggerated for clarity.

[0075]  As used herein, the term "and/or" includes any and all combinations of one or more
of the associated listed items. The terminology used herein is for the purpose of describing
particular embodiments only and is not intended to be limiting of the invention. As used
herein, the singular forms "a", "an" and "the" are intended to include the plural forms as well,
unless the context clearly indicates otherwise. By "about" in relation to a given numerical
value, such as for temperature and period of time, it is meant to include numerical values
within 10 % of the specified value. '

[0076] The invention illustratively described herein may suitably be practiced in the

absence of any element or elements, limitation or limitations, not specifically disclosed

herein. Thus, for example, the terms "comprising”, "including", "containing", etc. shall be
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read expansively and without limitétion.- By "comprising" it is meant including, but not
limited to, whatever follows the word "comprising”". Thus, use of the term "comprising"
indicates that the listed elements are required or mandatory, but that other elements are
optional and may or may not be present. By "consisting of" is meant including, and limited td,
whatever follows the phrase "consisting of". Thus, the phrase "consisting of" indicates that
the listed elements are required or mandatory, and that no other elements may be present.
Additionally, the terms and expressions employed herein have been used as terms of

description and not of limitation, and there is no intention in the use of such terms and

‘expressions of excluding any equivalents of the features shown and described or portions

thereof, but it is recognized that various modifications are possible within the scope of the
invention claimed. Thus, it should be uﬁderstood that although the present invention has been
specifically disclosed by preferred embodiments and optional features, modification and
variation of the inventions embodied therein herein disclosed may be resorted to by those
skilled in the art, and that such modifications and variations are considered to be within the
scope of this invention. |

[0077]) The invention has been described broadly and generically herein. Each of the
narrower species and subgeneric groupings falling within the generic disclosure also form
part of the invention. This includes the generic description of the invention with a proviso or
negative limitation removing any subject matter from the genus, regardless of whether or not
the excised material is specifically recited herein.

[0078’] Other embodiments are within the following claims and non-limiting examples. In
addition, where features or aspects of the invention are described in terms of Markush groups,
those skilled in the art will recognize that the invention is also thereby described in terms of

any individual member or subgroup of members of the Markush group.

EXPERIMENTAL SECTION
[0079] Exemplary embodiments as shown below refer to a hybrid material containing a
hydrogel of dextran dialdehyde-crosslinked gelatin, which was embedded with electrospun
bovine serum albumin fibers. In the embodiments, the length of each fiber used ranged from
about 100 um to about 1000 um. Incorporation of fibers at, for example, weight fractions of
about 1 % to about 6 % increased the hydrogel elastic modulus by about 40 %, and decreased

the gelation time by about 20 %.
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[0080] A hybrid scaffold compﬁsing hydrogel and short electrospun fibers is also
presented. Dextran dialdehyde-crosslinked gelatin was used as the hydrogel component, and
serum albumin-derived electrospun fibers having a length in the range of about 100 ym to
about 1000 um were embedded therein. FIG. 1 shows a schematic diagram of the tested
hybrid biomaterial having (1) gelatin, (ii) dextran, (ii1) albumin, and (iv) cells according to an
embodiment. The inset shows the covalent bond between the aldehyde group of modified
dextran and the amino group of gelatin. The fibers provide structural reinforcement, while the
hydrogel is expected to prdvide a tunable matrix. The resulting scaffo_ld may mimic common
tissue ECMs at the level of both polysaccharide-and proteoglycan-based molecular networks
(hydrogels) and micro-/submicro-networks, which contain protein fibers such as collagen and
elastin.

[0081] Example 1: Materials

[0082]  Gelatin (type A, from porcine skin), dextran (70 kDa, from Leuconostoc spp.),
sodium periodate (ACS reagent, purity greater than 99.8 %), sodium tetraborate decahydrate

(Borax) and 2,2,2-trifluoroethanol (TFE, Reagent Plus®) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Bovine serum albumin (BSA, Fraction V) was purchased
from MP Biomedicals (Solon, OH, USA). 2-mercaptoethanol (ME, molecular biology grade)
was purchased froin Merck (Darmstadt, Germany). All chemicals were used without further
modification.

[0083] Example 2: Preparation of Composite Hydrogels

[0084] Example 2.1: Gelatin Solutions

[0085]  Gelatin was dissolved in water or phosphate-buffered saline (PBS) at 50 °C to form

solutions of different (w/w) concentration. Solutions were stored at 4 °C and heated to 50 °C
before each experiment. |

[0086] Example 2.2: Synthesis of Dextran Dialdehyde (DDA)

[0087] Dextran was dissolved in distilled water to form a 10 wt% solution, which
contained 68 mmol of glucose. Three equivalénts of sodium periodate dissolved in distilled
water were then added in a drop-wise manner. The oxidation reaction was carried out in a
dark room at room temperature for 24 h. The réddish solution was then poured into ethanol,
to precipitate the resulting dextran dialdehyde (DDA). The yellowish sediment was then
washed a few times in ethanol and finally in an ethanol-distilled water solution

(approximately 9:1 (v/v) in ratio) to remove iodate and un-reacted salts. The resulting
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material was dried in vacuum for 24 h and ground into a fine powder, using a mortar and
pestle. ‘

[0088] DDA was then dissolved in Borax solutions that are either water- or PBS-based to
form solutions of varying DDA (w/w) concentrations and Borax molar concentrations.
Solutions were stored at 4 °C and equilibrated to 37 °C before each experiment.

[0089]  Example 2.3: Fabrication of Electrospun Fibers

[0090] BSA was dissolved in TFE to form a 10 wt% BSA solution. ME was then added

(0.2 g ME per 1 g of BSA) to reduce the disulfide bonds in the protein. Electrospinning was
conducted at room temperature using a vertical setup that iricluded a syringe pump (Harvard
Apparatus, Holliston, MA, USA), a 23-Gauge needle (inner diameter about 0.37 mm) and a
custom-built high-voltage DC supply (30 kV max). Solution flow rate was 2 ml/hr under a
voltage supply of 11 kV and a tip-to-collector distance of 15 cm.
[0091] Example 2.4: Dispersion of Albumin Fibers in Gelatin

[0092]  The gelatin precursor solution was spread over a glass slide at room temperature to
form a film. BSA electrospun fibers were collected and held on the film, before an additional
gelatin layer was casted over them. The process was repeated to form three layers of fibers
enclosed between four layers of gelatin. The layered gel was stored at 4 °C for 1 hour before
being sliced into small squares, which were then melted at 50 °C, to form a solution. The
concentration of the fibers inside the gelatin solution was controlled by the duration of fiber
collection and the thickness of gelatin layers. Fiber nominal concentration was evaluated by
the difference in weight between gelatin/fiber solutions and equal volumes of gelatin. This
concentration was later reduced when gelatin was mixed with the DDA precursor solution.
[0093] Three dispersions were prepared to bear low-content (L), medium-content (M) and
high content (H), where L- and M-dispersion contained about 2.80 % and about 5.86 %
nominal fiber concentration, respectively. The H-dispersion was substantially concentrated to
evaluate its content and was estimated to contain about 12 % nominal fiber concentration.

[0094] Example 2.5: Hydrogel Preparation

[0095]  Gelatin or the gelatin/BSA fiber solution was mixed with DDA solutions at either
1:1 or 2:1 volume ratios. The resulting solutions were placed in 37 °C, to allow for
crosslinking within the composite hydrogel (following Schiff's base reaction).

[0096] Example 3: Microscopic Characterization
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[0097] Electrospun fibers were collected on a carbon tape-covered metal stub and
analyzed using Phenom desktop (5 kV accelerating voltage, FEI Company, Hillsboro, OR,
USA) and Ultra Plus (Gerhini column, 1 kV accelerating voltage, Zeiss, Oberkochen,
Germany) scanning electron microscopes, as well as with an optical microscope (Olympus
BX-51, Tokyo, Japan).

[0098] Example 4: Infrared Spectroscopic Measurement

[0099] Thin films of gelatin, DDA and gelatin-dextran were prepared by pouring the
polymer solutions into a Teflon mold and allowing them to dry at 55 °C for three days.
Fourier transform infrared (FTIR) measurements were conducted using a FTIR spectrometer
(Nicolet 380, Thermo Scientific, Waltham, MA, USA) equipped with a deuterated triglycine
sulfate (DTGS) KBr detector. Each spectrum was constructed from an average of 32 scans.

[00100] Example 5: Shear Rheometry

[00101] Rheological shear measurements of the electrospun solution were conducted using
a strain controlled rotational rheometer (ARES, Rheometric Scientific), with a stainless steel
cone-and-plate geometry, at 25 °C. Strain sweep tests were conducted to determine the linear
viscoelastic regime for frequency sweep tests, and step rate (transient) tests were conducted
to determine the steady state conditions for rate sweep (flow curve) tests.

[00102] Rheological shear measurements of the precursor solutions and hydrogels were
conducted using a strain controlled rotational rheometer (AR-G2, TA Instruments, New
Castle, DE, USA), with a stainless steel parallel plate geometry (20 mm), which included a
Peltier temperature control. All tests were conducted at 37 °C. Evaporation of water was
prevented using the solvent trap provided with the rheometer. Various precursor solutions,
gelatin-DDA mixing ratios, and final Borax concentrations were tested. The precursor gelatin
solutions were stored at 50°C, mixed with DDA solutions and immediately injected (about
350 pl) onto the bottom plate of the rheometer. The upper plate was set down at a disténce of
950 um. A time sweep test was conducted within 2 min of solution mixing, at a frequency of
1 s and strain amplitude of 3 %, in order to evaluate the gelation point. At the end of the
time sweep test, a strain sweep test was conducted at 1 s™' to determine the linear viscoelastic
regime of the hydrogels. Flow curve tests were performed on pre-gel solutions, using the
steady state averaging tool of the rheometer operating software.

[00103] Example 6: Biocompatibility Testing
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[00104] Normal human dermal fibroblasts (NHDF) (Lonza, Basel, Switzerland) were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Paisley, UK)
supplemented with 10 % fetal bovine serum (FBS) (Hyclone, Cramlington, UK), 1 %
penicillin/streptomycin antibiotics (Biological Industries, Beit-Haemek, Israel), 1 % non-
essential amino acid solution (NEAA) (Biological Industries), and 0.2 % ME (Sigma-
Aldrich). Sterilization of DDA precursor solutions was done using a 0.22 um syringe filter,
whereas gelatin precursor solutions were UV-treated for 20 min. Cells were suspended in
DDA and then mixed with gelatin to form 0.5 ml hydrogel samples. The final seeding density
was 1 x 10° cells/ml. Cell-embedded hydrogels were then incubated for 1 hour at 37 °C to
allow for chemical crosslinking before addition of media. Culture media were replaced three
times during the one-week culture peried. Images were taken during the culture period using
an Eclipse TS100 inverted microscope (Nikon Instruments, Melville, NY, USA). Viability
assays were conducted using calcein AM (cytoplasmic marker) and ethidium homodimer-1
(nucleic acids dye) (Sigma-Aldrich), according to standard protocols. Images of cells within
the whole constructs were taken using a super-zoom macro-confocal microscope (Leica TCS
LSI, Wetzlar, Germany). |

[00105] Example 7: Chemical Structure of Gelatin-Dextran Hydrogels

[00106] The FTIR spectra of gelatin, DDA and DDA-crosslinked gelatin (gelatin-dextran)

were collected and shown in FIG. 2. The gelatin spectrum was characterized by two strong
peaks at about 1535 cm™ and 1640 cm’', attributed to C-N and C=0O stretching vibrations,
respectively, in secondary amides that connect the amino acid monomers. The DDA spectrum
was characterized by a strong peak at about 1000 cm’™' that is attributed to the C-O stretching
vibrations at the ether linkage of the glucose monomers. These three peaks were also the
primary peaks in the gelatin-dextran spectrum, as expected even following simple blending.

[00107] The Schiff's base reaction between amines (in the gelatin) and between aldehydes
(in the modified dextran) results in imine groups that contain a carbon-nitrogen double bond.
The C=N stretching vibrations are typically characterized by a medium peak at 1620 cm™ to
1650 cm™ which may have been masked by peaks of the vibrations in the secondary amides
along the gelatin chain. In addition, two medium-sized peaks at 1238 cm’ and 1446 cm™ in
the gelatin spectrum, were not detected in analyses of gelatin-dextran. The former is
attributed to the C-N stretching vibrations in primary amines and the latter, to the N-H

bending vibrations in primary amides. These groups are found in the side chains of amino
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acids such as lysine, glutamine and asparagine and are potential sites for Schiff's base links.
The disappearance of these peaks provides evidence for the crosslinked nature of the gelatin-
dextran network. '

[00108] Example 8: Morphology of Short Electrospun Fibers

[00109] In general, a stable electrospinning process results in long uniform ﬁBers, while an
unstable process, resulting from insufficient extensional viscosity of the electrospun jet, leads
to formation of drops or beads-on-string structures. The correlation between the rheological
properties of BSA solutions and the resulting as-spun structures, namely drops, beads-on-
string fragments, or long uniform fibers, was studied by Regev et al. (O. Regev et al.,
Polymer 2010, 51, 2611). _

[00110] FIG. 3 shows (a) optical; (b)‘ and (c) scanning electron microscopy (SEM) images
of electrospun short fibers according to various erhbodiments. Referring to (b), the arrow
points to a fibrillar structure. (c) depicts fractured fibers with a sharp end and bi-tails. The
inset in (c) shows a sketch of the fiber cross-section. Magnification is 10,000 x in (c) (Ultra
Plus). | |
[00111] The spinning solution in the current study, which produced 100 ym to 1000 yum-
long fibers such as that shown in FIG. 3(a), differed from that which yields long fibers in that
it did not include water. Its bulk shear viscosity, 1.43 Pa.s, is higher than that of long fiber-
yielding spinning solutions (0.35 Pa.s, see Regev et al.), indicating that the volume occupied
by the protein chain in the present solution is higher. This observation lies in agreement with
the known effect of TFE on protein conformation in solution. Namely, at high TFE
concentrations, the molecules are stabilized in an open-helical struéture, where the favored
secondary structure is a-helix and the tertiary structure tends to an unfolded state. Therefore,
the present protein solution was expected to be more stable during the spinning process due
to its high extensional viscosity along the electrospun jet. However, its electrospinning
generated a unique structure of short uniform fibers. High inagniﬂcation images of the as-
spun fibers as shown in FIG. 3(b) and (c) expose a ribbon-like shape likely resulting from
fiber collapse (radial buckling), consequential of entrapped solvent and rapid evaporation of
the highly volatile TFE, which takes place during electrospinning. The fibers can be
characterized by their ductile sharp ends or by the more prevalent bi-tails with thick edges
that facilitate high elongation as shown in FIG. 3(c). These bi-tails are thought to have

formed as a result of the inhomogeneous cross-sectioning of the fiber (see inset in FIG. 3(c)).
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[00112] From the results obtained, it is hypothesized that water molecules in
electrospinning solutions may act as plasticizers to reduce the cohesive intermolecular
interaction, and result in a more ductile solution, thereby allowing the spinning thread to
stretch without jet breakage. It follows that the absence of water in the present electrospun
solution resulted in a more brittle material, which may also affect the occurrence of

instabilities in the stretched dry jet.

[00113] Example 9: Mechanical Characterization of Hydrogel/Electrospun_ Fiber
Composites |

[00114] The mechanical properties of gelatin-dextran hydrogels have been previously
studied under various production conditions, including ranges of temperature during gelation,
pH, oxidation level of dextran, molecular weight of polymers and gelatin/dextran weight
ratios.

[00115] Aqueous solutions of gelatin form a physical gel below the sol-gel transition

temperature (about 40 °C). In the present experiments, pre-heated precursor solutions were

mixed and then immediately injected onto the rheometer plates, thus assuring minimal

formation of physical crosslinks between the gelatin chains. The resulting gel is therefore
'locked' by the chemical crosslinks between gelatin and dextran chains, and contribution of
physi’cal crosslinking is minimal. This assures stable gel properties during both handling and
environmental changes.

[00116] In situ gelation of the pre-gel solution allows for determination of the gelation
point, and assures that the hydrogel is well attached to the plates, essential when performing
tests involving large strain amplitudes.

[00117] In oscillatory shear tests, the storage modulus G' and loss modulus G" are
evaluated.

[00118] The inverse tangent of G"/G', the phase angle 6, describes the material as either a
viscous-like liquid (solution) or an elastic-like solid (gel). The lower the phase angle, the
higher the elastic property (G') relative to the viscous property (G") of a material. The
material closely resembles a gel phase (see insets in FIG. 4). The time to crossing of the G'
and G" curves, 6 = 45 °, is typically regarded as the gelation point. The following data regard
the tested hydrogel without fibers (control) and with three fiber concentrations, namely low-
content (L), medium-content (M) and high-content (H) compoéites, containing about 1.4 %,

about 2.9 % and about 6 % nominal fiber weight concentration, respectively.
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[00119] FIG. 4 is a graph showing results from time sweep experiments carried out on the
tested hydrogels of (i) control, (i) L-composite, (iii)) M-composite, and (iv) H-composite.
Phase angle 6 = tan” (G"/G"), is plotted vs. time. Tested hydrogels were prepared by mixing
10 wt% polymer precursor solutions in a 1:1 ratio. L, M and H denote nominal fiber weight
contents of about 1.4 %, about 2.9 %, and about 6 % respectively. Frequency was 1 s™ and
strain 3 %. The insets show optical images of pre-gel solution (left image) and gel (right
image).

[00120] FIG.Sisa graph showing results from time sweep experiments carried out on the
tested hydrogels of (i) G’ control, (i1) G” control, (iii)) G’ M-composite, and (iv) G” M-
composite. Storage G' (full symbols) and loss G" (open symbols) moduli are plotted vs. time.
M denotes nominal fiber weight content‘ of about 2.9 %. Frequency was 1 s™' and strain 3 %.
[00121] Time sweep experiments of hydrogels prepared from a solution of 10 wt% gelatin
in water (with or without BSA fibers) mixed 1:1 with a solution of 10 wt% DDA and 0.01 M

Borax in water, demonstrated that gelation occurred at a faster rate as fiber concentration

increased (see FIG. 4), and resulted 'in composites with a higher elastic modulus (fiber

reinforcement) (see FIG. §). The control sample gelled within 20 min and reached G' of 100
Pa after 90 min, whereas the three composites gelled within 16 min to 17.5 min and reached
G' of 135 Pa to 140 Pa. These findings suggest that amine groups of albumin fibers form
Schiff's base links with the aldehyde groups of modified dextran chains (see FIG. 1).
Interestingly, hydrogels prepared from a solution of 10 % gelatin mixed 2:1 with a solution of
10 % DDA and 0.02 M Borax, demonstrated different trends. The storage modulus of these
hybrids was higher than that of the control, but the time-to-gelation was similar and even
longer for hybrids (data not shown). During the first minutes of gelation, the phase angle of
these hybrids was lower than that of the control, but then became higher during the gel-
forming period, and eventually reached similar values. These differences show how the
concentration of polymers and Borax and their relative ratios in the resulting hydrogel, affect
the gelation process in the presence of fibers as well as the extent of reinforcement.

[00122] In order to further explore the albumin-dextran interaction, FTIR measurements
were conducted on dry short BSA fiber mats that were immersed in a DDA Borax solution
for 1 hour. After washing for 1 hour in PBS, a strong peak was observable at about 1000 cm™
(ether linkage in dextran backbone) (data not shown). This peak, together with the typical |
peak of the protein at abouf 1640 cm™', was significantly reduced after further washing for 24
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h in PBS. These findings hint to the ihstability of short fiber mats in solution, do not confirm
that a covalent bond is formed between BSA and DDA chains, but do suggest a strong
adhesion between the pqumers, which may be of a non-covalent nature.

[00123] A strain sweep experiment was conducted to assess hydrogel durability under large
deformations. FIG. 6 is a graph showing results from strain sweep experiments of hydrogels
(i) G’ control (symbol: full square), (ii) G” control (symbol: open square), (iii)) G’ M-
composite (symbol: full triangle), and (iv) G” M-composite (symbol: open triangle). Storage
G' (full symbols) and loss. G" (open symbols) moduli are plotted vs. strain amplitude. M
denotes nominal fiber weight content of about 2.9 %. Frequency was 1 s

[00124] All tested hydrogels featured wide linear regions where the moduli were constant
up to strain amplitudes of 100 %. After this point, they reacted with increased moduli,
suggesting non-linear viscoelasticity, until failure at approximately 1000 % amplitude. It is
important to note that in biological environments, hydrogels are swollen with water and salts
and, as a result, the elastic modulus is expected to be somewhat smaller than that which is
experimentally measured.

[00125] All tested hydrogel/fiber composites were easily injected through 21, 25 and 30-
gauge hypodermic needles before the sol-gel transition occurred (data not shbwn). In order to
evaluate the flow properties of the pre-gel solution during the first seconds of injection, a
Borax-free gelatin/dextran solution (12 wt% gelatin in PBS mixed 2:1 with 10 wt% DDA in
PBS) was analyzed in steady state flow experiments.

[00126] FIG. 7 is a graph showing shear rate sweep (ﬂbw) experiments of the pre-gel
solutions of gelatin/dextran hydrogel (squares) and hybrid gelatin-albumin fibers/dextran
composites (triangles). Each point represents an average measurement of 20 sec; waiting time
for steady state was 1. min.

[00127] As may be seen from FIG. 7, the above solution is free of crosslinks, thereby
allowing for rheological tests over unlimited time periods. The addition of short BSA fibers
did not affect the Newtonian behavior of the pre-gel solution and only induced a minor
increase in its shear viscosity. | "

(00128] Example 10: In Vitro Analysis of Injectable Hydrogel/Fiber Composites

[00129] In vitro studies of fibroblast growth were performed in hydrogels prepared from a
solution of 12 % gelatin in PBS (with or without BSA fibers) mixed 2:1 with a solution of 10
% DDA and 0.03 M Borax in PBS, following the mixing ratio of previous studies.
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Fibroblasts cultured on the hydrogels for either two or four days, adhered and grew across the
hydrogel, owing apparently to recognition sequences, e.g. Arg-Gly-Asp (RGD), characteristic
of collagen molecules. FIG. 8 depicts cell adherence on hydrogel/fiber composites.
Fibroblasts (asterisks) grown in (a) DDA-gelatin hydrogel; or (b) composite with fiber
content of about 3.9 % for two days. The arrow indicates a BSA fiber. Magnification is 100 x.
[00130] BSA fibers were non-toxic, as demonstrated by similar cell viability in both
hydrogel and hybrid systems. FIG. 9 depicts cell viability on hydrogel/fiber composites.
Viability assays were performed on fibroblasts grown for two days in (a) DDA-gelatin
hydrogel; or (b) composite with fiber content of about 3.9 %. Live cells and dead cells are
stained green and red respectively. The scale bar in (a) and (b) denotes a length of 750 um.
The images in FIG. 9 are 3-D constrﬁct (Z-stack) of successive images taken in different
height across the scaffold, where each cross-section image was confirmed as containing
living cells (data not shown). Note the small amount of dead cells (red color) in the confocal
images. Cell-embedded composites were stable for at least one week in vitro.

[00131] Few cell types, among them fibroblasts from specific origins, present albumin
binding proteins (ABPs) such as gp30 and gp18. These proteihs act as scavenger receptors
that bind denatured serum albumin and stimulate their degradation. It is therefore expected
that only specific cell types will interact with the BSA fiber surfaces. However, this
interaction will only be noticeable in composites containing higher fiber concentrations than
those presented here, or, alternatively, with cell types expressing higher concentrations of
ABPs, such as endothelial cells. |

[00132] It was previously demonstrated that cells proceed through a soft hydrogel or
induce its contraction until they are signaled by a stiffer component inside the hydrogel/fiber
composite material. Ghosh et al. (Ghosh et al., Biomaterials 2007, 28, 671) showed that
fibroblasts migrate faster on a soft fibronectin (FN) hydrogel, but preferentially proliferate on
the stiffer HA/FN hybrid hydrogél. In the present study, the immersed protein fibers are
relatively soft, with a wet fiber network modulus of about 0.35 MPa (unpublished data). The
local stiffness of a single fiber is expected to be even lower, i.e. between two or three orders
of magnitude higher than the modulus of the tested hydrogel.

[00133] This work presents a thorough rheological analysis of the described composite,
prepared with increasing concentrations of electrospun fibers, in efforts to analyze the

resulting mechanical and flow properties. Biocompatibility was also evaluated by monitoring
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viability of fibroblasts embedded within the constructs. Conclusions of this study are
generally applicable to future investigations of hybrid scaffolds made of functional highly
flexible, short fiber embedded hydrogel.

[00134] A fiber-reinforced hydrogel composite comprising a hydrogel and a fibrous
component comprising a plurality of fibers, wherein the length of each of the plurality of
fibers is less than about 1,000 um is provided. Exemplary embodiments describe a hybrid
material composed of dextran dialdehyde-crosslinked gelatin embedded with electrospun
albumin fibers with typicai aspect ratio of 100:1. As may be seen from the results obtained,
incorporation of albumin fibers into dextran-gelatin molecular networks improves the elastic
behavior of hydrogel and reduces time to gelation. For example, the elastic behavior of the
hydrogel was increased by about 40 % and the time-to-gelation was reduced by about 20 %,
but still allowed for injection of the composite. During injection, the flow parameters of the
hybrid pre-gel solution were similar to those of the hydrogel solution. In vitro studies

demonstrated that fiber-enriched hydrogels are biocompatible and support fibroblast growth.

[00135] The proposed approach for preparation of hydrogel/fiber hybrid materials may

result in formation of biological, chemical and mechanical surface or structural cues critical
for cell migration, proliferation, and differentiation. These cues could be obtained for
example by designing the hydrogel/fiber modulus mismatch, by integrating bio-recognition
sequences onto fiber surface to enhance cell adhesion, or by encapsulating morphogens
within the fibers and subsequently their control release.

[00136] Potential applications of these biomaterials include space-filling scaffolds and cell
carriers, for the regeneration of soft, yet load-bearing tissues (e.g. heart muscle, cartilage and
dermis), where the need to enhance the mechanical properties of currently available mateﬁals
exists.

[00137] While the present invention has been particularly shown and described with
reference to exemplary embodiments thereof, it will be understood by those of ordinary skill
in the art that various changes in form and details may be made therein without departing

from the spirit and scope of the present invention as defined by the following claims.
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CLAIMS

A fiber-reinforced hydro gel composite comprising:
a hydrogel; and
a fibrous component comprising a plurality of fibers, wherein the length of

each of the plurality of fibers is less than about 1,000 pm.

- The composite of claim 1, wherein the length of each of the plurality of fibers is about

100 pum to about 1,000 um.

The composite of claim 1, wherein the plurality of fibers consists of electrospun

fibers.

The composite of claim 1, wherein the composite consists of less than about 10 wt%

of the fibrous component based on the total weight of the composite.

The composite of claim 4, wherein the composite consists of about 1 wt% to about 6

wt% of the fibrous component based on the total weight of the composite.

The composite of claim 1, comprising a plurality of layers of the hydrogel and/or a

plurality of layers of the fibrous component.

The composite of claim 6, wherein the composite consists of alternating layers of the

hydrogel and the fibrous component.

The composite of claim 1, wherein the plurality of fibers are selected from the group
consisting of fibers that comprise or consist of proteins, carbohydrates, hydroxy

carboxylic acids or combinations thereof.

The composite of claim 1, wherein the fibers comprise or consist of albumin,
collagen, elastin, alginate, polylactide, polyamide, poly(siloxane), poly(silicone),

poly(ethylene), poly(vinyl pyrrolidone), poly(2-hydroxy ethyl methacrylate), poly(N-
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vinyl pyrrolidone), poly(methyl methacrylate), poly(vinyl alcohol), poly(acrylic acid),
poly(vinyl acetate), polyacrylamide, poly(ethylene-co-vinyl acetate), poly(ethylene
glycol), poly(methécrylic acid), polyglycolide, poly(lactide-co-glycolide),
polyanhydride, polyorthoester, poly(carbonate), poly(ethylene oxide), polyéniline,
poly(vinyl phenol), polyhydroxyacid, poly(caprolactone), polyhydroxyalkanoate,

+ polyurethane, chitosan, starch, hyaluronic acid, blends thereof, or copolymers thereof.

- The composite of claim 1, wherein the fibers consist of serum albumin.

The composite of claim 10, wherein the fibers consist of bovine serum albumin.

The composite of claim 1, wherein the hydrogel comprises or consists of one or more

synthetic or natural hydrophilic polymers.

The composite of claim 12, wherein the hydrogel comprises one or more materials
selected from the group consisting of polysaccharides, proteins, polyethylene glycol,

polylactic acid, polycaprolactone, polyglycolide, and combinations thereof.

The composite of claim 13, wherein the hydrogel comprises one or more compounds
selected from the group consisting of dextran, chitosan, hyaluronic acid, gelatin,
dextran dialdehyde-crosslinked gelatin, collagen, aminated hyaluronic acid,
hyaluronic acid-g-poly(N-isopropylacrylamide), chitosan-hyaluronic acid, laminin,

elastin, alginate, fibronectin, polyethylene glycolfibrinogen and derivatives thereof.

The composite of claim 10 or 14, wherein the hydrogel comprises or consists of

dextran dialdehyde-crosslinked gelatin.

The composite of claim 1, wherein the material of the hydrogel and the material of the

fibers are different.

A method of preparing a fiber-reinforced hydrogel composite comprising:

a hydrogel; and
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a fibrous component comprising a plurality of fibers, wherein the length of
each of the plurality of fibers is less than about 1,000 um,
the method comprising:

coating a hydrogel precursor solution on a substrate to form a hydrogel
precursor film; .

depositing the plurality of fibers onto the hydrogel precursor film; and

allowing the hydrogel precursor film to form a hydrogel film, thereby forming

~ the fiber-reinforced -hydrogel composite.

The method of claim 17, wherein the plurality of fibers are formed by electrospinning

a spinning solution containing the materials constituting the fibers.

The method of claim .18, wherein the spinning solution is prepared in the absence of

water.
A scaffold comprising the fiber-reinforced hydrogel composite of claim 1.

A tissue repair method, comprising contacting the tissue with a scaffold according to

claim 20.

The method of claim 21, wherein the contacting comprises implanting the scaffold

into a subject in need thereof.



