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HYDROGEL SYSTEMS FOR SKELETAL INTERFACIAL TISSUE REGENERATION
APPLIED TO EPIPHYSEAL GROWTH PLATE REPAIR

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Patent Application No. 62/303,143
filed March 3, 2016, which isincorporated by reference herein in its entirety.

FIELD
This application concerns technologies for generation of skeletal interfacial tissue,

especially as applied to epiphyseal growth plate repair.

ACKNOWLEDGMENT OF GOVERNMENT SUPPORT
This invention was made with government support under Grant Nos. DE020740 and
AR062598 awarded by the National Institutes of Health. The government has certain rights in the

invention.

BACKGROUND

Skeletal interfacial tissue structures bridge tissues that differ in mechanical properties and
composition, such as the tide mark between articular cartilage and bone, the enthesis between
tendon/ligament and bone, and the epiphyseal plate between epiphyseal and metaphyseal bones.
The lack of proper interfacial tissue formation after tissue grafting (e.g., ACL allograft) is acritical
point of failure in current orthopaedic procedures. Many regenerative medicine approaches
require control over formation of interfacial tissues to bond neotissue to existing structures (e.g.,
neocartilage to bone for joint resurfacing) and to promote normal function (e.g., limb growth,
mechanical strength). For illustrative purposes, this disclosure focuses on regeneration of the
epiphyseal plate in children affected by sarcoma resection, fracture, and disease; however thisis
just one particular non-limiting implementation of the disclosed technology, which can also be
implemented for regeneration of various other skeletal interfacial tissues, in patients of any ages,
and to treat various other injuries or diseases affecting the muscul oskeletal tissues.

Epiphyseal injury, due to fracture, cancer, and infection, is a significant pediatric
orthopaedic problem and results in tremendous morbidity. The epiphyseal plate, or growth plate,
isthe cartilaginous structure at the ends of long bones that drives appendicular skeleton growth via
the process of endochondral ossification. In the pediatric population, the incidence of bone
fractures that involve the epiphyseal plate ishigh at 2.4 to 4.6 per 1,000 (about 178,800 - 342,700
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estimated US cases for 2015). Up to 75% of these fractures cause some growth disturbance,
which can lead to substantial physical impairment due to limb deformity and limb length
discrepancy. The amount of growth disturbance isproportional to fracture severity, with those
that traverse the epiphyseal plate typically resulting in aberrant limb growth due to formation of
boney tethers that cross through the growth plate and bridge bone ends. Small growth
disturbances may resolve over time, but are not well tolerated in the lower limbs. Thus corrective
surgery is more common in the portion of cases with lower limb involvement. For example in
knee injuries, the number of distal femoral physeal fractures estimated to have required surgical
correction in 2015 is 3000 to 6000. While 30-fold more individuals are estimated to have been
diagnosed with knee osteoarthritis in the same year, children live with these disorders much longer
and through their most active, socially formative and productive years. To restore limb length,
patients are treated with distraction osteogenesis, along (3-6 months) and painful procedure
employing hardware that pierces the skin.

Cancer-related injury isless common, but the morbidity is even greater. 5% of malignant
tumors in children less than 15 years of age are osteosarcomas, with 640 cases estimated in 2015.
75% of these form near the epiphyseal plate. At least 20% of osteosarcoma cases require limb
amputation because resection damage to the physisis severe and surgical reconstruction cannot
restore normal growth. Surgeons attempt reconstructive techniques, such as vascularized physeal
transfer from the distal limb, and perform rotationplasty to provide greater prosthesis function.
There are no accepted treatments to restore epiphyseal plate function after tissue resection.
Children can suffer from deformity, limb loss, functional impairment, prolonged immoabilization,
multiple surgeries, and/or physical and emotional pain during treatment. Costs are significant with
repeated clinic visits, surgeries, rehabilitation, prosthetic maintenance, and lost future productivity.

No regenerative approach exists to prevent growth arrest after physeal injury or to repair
large physeal defects and restore growth. Current clinical approaches to treat boney tether
formation in the growth plate involve excision of the tether and placement of an interpositional
material to prevent re-bridging. For example, the Langenskiold procedure is one approach that fills
the defect with autologous fat.

However, the success rate isonly 15-38% for inhibiting tether re-formation. Experimental
attempts to prevent tethers using other inter- positional materials, including autologous articular
cartilage and physeal alografts, have failed to promote normal growth in animal models.
Investigators have studied the regenerative potential of various biomaterials and cells implanted
into epiphyseal plate defects in animal models. Cell-treated limbs still show growth disruption, but

with less tethering and angular deformity compared to defects with cell-free implants. Transplants
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of entire physes have fared better in animals, likely because they possess the organized cellular
architecture that drives physeal growth. However none have been able to completely prevent
growth arrest, including transplantation of epiphyseal plate derived cells. Past approaches have
likely failed because they were unsuccessful in re-establishing the natural architecture of the
epiphyseal plate.

No reported study has endeavored to guide cells to reestablish the zonal architecture of the
epiphyseal plate to facilitate repair. The epiphyseal plate consists of chondrocytes (cartilage cells)
that are spatially stratified in zones of distinct differentiation states (FIG. 1). Intercellular signaling
between zones by diffusible growth factors, or morphogens, helps maintain equilibrium and drive
appendicular growth. Loss of equilibrium can result in growth termination or dwarfism. Transport
of parathyroid hormone (PTH) related peptide (PTHrP) and Indian hedge hog (IHH) between zones
establishes a negative feedback gradient loop that regulates chondrocyte phenotype progression,
zonal equilibrium and growth. Proper transport and binding of PTHrP and IHH through the ECM
are important for establishing gradient profiles. Thus, biomaterials employed for growth plate
regeneration can facilitate reconstitution of gradients in soluble growth factors to promote physesal

architecture formation.

SUMMARY

Described herein are biomaterials, systems, and methods for guiding regeneration of a
growth plate or similar interfacial tissue structures. In one aspect, the disclosed technology can
include abiologic material/device that can be loaded with minimally manipulated autologous
mesenchymal stem cells (MSCs) at the point-of-care.

The implanted material can comprise one or more of the following components: (1)
hydrogel carrier for growth factors and MSCs; (2) chondrogenic and immunomodul atory
cytokines; (3) microparticles for prolonged and spatially controlled growth factor delivery; and
(4) porous scaffold providing mechanical support. The implanted material can be applied via
various different modalities depending on the nature of the physeal injury. One modality is an
injectable hydrogel comprising components 1, 2, and 3 above. Another modality is an
implantable hydrogel infused scaffold comprising components 1, 2, 3 and 4 above.

An injectable hydrogel can be used to treat physeal fractures and small deficits after
boney tether removal, for example, and the implantable hydrogel infused scaffold can be used to
treat large deficits such as those resulting from osteosarcoma resection, for example (these
exemplary uses are non-limiting). The hydrogels can be physically or chemically crosslinkable

(solidified) via photopolymerization, via non-photo chemical bonding (e.g., thiol-ene/thiol-
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Michael addition), and/or viaphysical reactions (e.g., hydrophilic-hydrophobic interaction).
Examples of physically formed hydrogel materials include PIPAAm and poloxomer materials.

In one particular example, constructs were assembled ex vivo with MSCs and
components 1, and 2 above, they were implanted in subcutaneous pockets in mice (orthotropic
site, not the growth plate), and evaluation of chondrogenesis, cartilage growth, and chondrocyte
phenotype progression were performed. It was found that disclosed hydrogel compositions can
regulate chondrogenesis by MSCs (or other stem cells) and the progression of chondrocyte
differentiation to terminal hypertrophy. One exemplary hydrogel formulation (containing
poly(ethylene glycol), gelatin, and heparin) can inhibit osteogenesis (differentiation into bone
cells) while promoting chondrogenesis of MSCs (FIG. 8). Another exemplary formulation
comprising gelatin promotes terminal hypertrophy of chondrocytes. These hydrogels, for
example, can address the lack of control over MSC chondrogenesis and provide control over
progression of chondrocyte phenotype.

Injectable hydrogels can be more readily trandlated to surgical use in patients compared to
implantable scaffolds. However, it can be difficult to control the architecture of tissue formation
because injectable hydrogels do not provide spatial cues to induce different cellular phenotypes
and functions. Thus, testing of disclosed hydrogel biomaterials and regeneration approaches was
initially conducted using alayered assembly of different materials to fabricate the implantable
scaffolds with different cells, matrix composition, and growth factors throughout the construct to
facilitate spatial control over cellular function. In other embodiments, self-segregating
microparticles can be used that can localize to opposing regions of a defect after hydrogel
injection (such asviavariation in density relative to the hydrogel medium). Self-segregating
microparticles can be used to deliver cells, growth factors, or drugs to discrete regions, and
thereby localize different cell types or establish exogenous gradients in factors that guide
formation of an appropriate cellular architecture. Self-segregating microparticles can address the
problem of spatial control over cell and drug delivery ininjectable formulations.

The disclosed technologies includes several independently novel and useful aspects. For
example, the disclosed approach to growth plate repair is unique as there are no other effective
approaches to prevent tether reformation after excision or to repair large epiphyseal defects and
restore growth. Some disclosed approaches are innovative at least because they employ injectable
biomaterials with microparticles that can self-sort to discrete regions of the defect site and thereby
provide spatially controlled delivery of cells, growth factors, and/or drugs to guide proper tissue
architecture formation. This can be used to re-create gradients of key morphogens which regulate

chondrocyte differentiation through the epiphyseal plate zonal states. Implantable constructs can
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also be fabricated where cells, materials, and/or growth factors are patterned into spatial regions
using layered assembly. In some approaches, hydrogels of different densities can be layered in situ
(e.g., by injection) and then gelled simultaneously.

Furthermore, disclosed materials can, by nature of their composition:

1) control chondrogenesis by progenitor cells (e.g. mesenchymal stem cells);

2) control progression of chondrocyte phenotype (e.g. from proliferation and matrix
synthesis to terminal hypertrophy and matrix mineralization);

3) retain/deliver growth factors and drugs; and/or

4) support formation of gradients of key morphogens which regulate progression of
chondrocyte phenotype through the epiphyseal plate zonal states, specifically, re-creating the
signaling of spatial gradientsin PTHrP and IHH.

Alternative hydrogel formulations can be made using components in the same chemical
families as described herein (e.g. other polysaccharides instead of heparin). However, disclosed
hydrogel compositions, such as those containing poly(ethylene glycol), gelatin, and heparin, for
example, have not been disclosed. In addition, applications or embodiments of disclosed hydrogel
compositions are novel. For example, the ability of one formulation to promote chondrogenesis
and inhibit osteogenesis by MSCsisnovel. This ability aloneis not only useful for growth plate
repair, but can also be useful regeneration of articular cartilage and treatment of arthritis.

Furthermore, disclosed self-segregating microparticles are unique and have numerous
applications in drug delivery, tissue engineering, and/or regenerative medicine.

The disclose technology can be used to repair many different skeletal interfacial tissues.
These tissue structures bridge tissues that differ in mechanical properties and composition, such as
the tide mark between articular cartilage and bone, the enthesis between tendon/ligament and bone,
the tendinousjunction between muscle and tendons, and the epiphyseal plate between epiphyseal
and metaphyseal bones. Regeneration of these interfacial tissues can be needed to promote
mechanical stability of tendon, ligament, and muscle transplants. The disclosed technology may
also be applied to engineer other tissues with complex spatial architectures of cellular phenotypes,
such asliver. Disclosed technology for generating and controlling spatial gradients of specific
morphogens in 3D cell-laden hydrogels can also be useful to create microtissues for scientific
study, such asin epiphysea plate biology, where the biofactors that drive chondrocyte organization
into columns and orientation of their cytoskeleton remain unclear.

The foregoing and other objects, features, and advantages of the disclosed technology will
become more apparent from the following detailed description, which proceeds with reference to

the accompanying figures.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A shows an exemplary growth plate architecture, which includes cartilage cells that
are spatialy stratified in zones of distinct differentiation states, from reserve cells (top) to
proliferative cells stacked in columns to hypertrophic cells (enlarged, bottom) that mineralize the
matrix. Secretion and diffusion of PTHrP and IHH from distinct zones establish a negative
feedback signaling axis that regulates chondrocyte progression through these states and that is
essential for growth. Tissue engineering scaffolds and regenerative approaches can establish
such appropriate signaling to promote normal growth.

FIG. I B illustrates point-of-care therapies for epiphyseal growth plate regeneration.
Hydrogel precursors loaded with chondrogenic growth factors and immune modulating cytokines
are mixed with cells and either injected into defect site or loaded into a sponge/scaffold carrier and
implanted. Controlled spatial delivery of cells and growth factors can be effected with self-
segregating microparticles, scaffolds, and/or layered hydrogels.

FIGS. 2A-2D show exemplary freeze-casting and thermal crosslinking of composite
hydrogels used to manufacture solid scaffolds with controlled porosity. The pores can be made to
have apreferred orientation to guide blood vessel ingrowth from the periphery by controlling the
ice crystal growth. Porous sheet made from PG hydrogel showing average 100 un pores with no
preferred orientation (A,C) and out-of-plane orientation (B,D). Bar = 500 uin (A,C) and 100 uin
(C,D).

FIGS. 3A-3D illustrate a permeability analysis system. (A) Millifluidic device with
control well (left) and permeability chamber (> 300 i, right) containing 1.0 mm high x 2.0 mm
diameter cylindrical 10% (w/v) P hydrogel in center (3 i volume, arrow). Stars = access ports.
(B) Diffusion of Dex3 at 25 nM into cylinder. Valleysin plots at cylinder walls are produced by
diffraction (immersion flow from right to left). (C) Partitioning of four surrogate morphogens in
PEG cylinders. Partition coefficient is < 1for the Dexs (Dextrans), decreasing with increasing
molecular weight (Dex3 = 3kDa @ 160 nm, DexlO = 10 kDa @ 25 nM, Dex70 = 70 kDa @ 10
pM). The coefficient is> 1for sulforhodamine (SFR), which did not reach equilibrium even at
80 uM. (D) Equation representing analytical solution to Fick's 2 law for radia diffusionina
cylinder.

FIG. 4 shows a gradient in concentration of fluorescent dextrans of differing molecular
weight across ahydrogel cylinder (center) between two medium reservoirs in amillifluidic
bioreactor. Red = Dex3 3kDa, Green = Dex|O 10 kDa.

FIG. 5 shows a morphogen effect on hMSC chondrogenesis in pellet culture with
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chemically defined chondrogenic medium (+TGFP-3). IHH signaling agonist (purmorphamine)
treated pellets show more uniform chondrogenesis than control asevidenced by glycosaminoglycan
stain (red = Safranin-O). PTH signaling agonist (PTH1-34) inhibits chondrogenesis of hMSCs
compared to all other treatments. T3 (triiodothyronine) promotes hypertrophy as evidenced by
larger cells at day 21. Green = fibrous tissue (fast green), Purple = cell (hematoxylin).

FIGS. 6A-6F illustrate how hydrogel composition controls chondrogenesis and
endochondral ossification of subcutaneous implants in mice. (A-D) Multiplex assay at 3 weeks
testing chondrocytes at 3 differentiation states: Z| = proliferative, Z2 = prehypertrophic, Z3 =
hypertrophic. (A,B) PGH hydrogel (A) promotes more cartilage matrix secretion than G hydrogel
(B) shown by red glycosaminoglycan stain (red = Safranin O, green = Fast Green for fibrous tissue,
purple = Hematoxylin for cell nucleus). (C,D) PGH hydrogel (C) shows delayed mineraization by
hypertrophic chondrocytes compared to G hydrogel (D) shown by no black stain, the difference
most apparent at 3 weeks (black = Von Kossa, pink = Eosin). (E,F) Multiplex assay at 1week.
PGH hydrogel (E) showed delayed terminal differentiation of prehypertrophic chondrocytes
compared to G hydrogel (F) shown by less green immunostaining for Collagen Type 10 1 (blue =
DAPI). Thus the G component promotes hypertrophy and mineralization of chondrocytes. Black
bar = 0.5 mm, white bar = 0.2 mm.

FIGS. 7A-7F illustrate an experimental design for subcutaneous testing of hydrogel
formulation effects on chondrogenesis by MSCs and on progression of chondrocyte phenotype.

FIGS. 8A-8F illustrate how hydrogel composition controls chondrogenic differentiation of
human bone marrow derived stem cells (hMSCs) in subcutaneous implant (mice) loaded with the
osteochondrogenic factor TGF-P3. (A-F) Histology at 8 weeks (red = Safranin O for
glycosaminoglycans, green = Fast Green for fibrous tissue, purple = Hematoxylin for cell nucleus).
(A,B) PGH hydrogdl maintains the "sternness’ of hMSCs longer and shows no fibrous or
osteoblastic differentiation, only chondrogenic staining (red). No difference observed between
clustered hMSCs (A) and dispersed hMSCs (B). (C,D) G hydrogels support hMSC chondrogenesis
and osteogenesis shown by red stain and green stain, respectively, in both clustered (C) and
dispersed (D) hMSCs. (E,F) Pre-cultured (1 week in vitro static culture) PGH and G hydrogels
experienced tremendous cell loss. No significant matrix formation was observed. Black bar = 0.1
mm.

FIGS. 9A-9F illustrate how hydrogel composition controls osteogenic differentiation and
mineralization of hMSCs within subcutaneous implants (mice) loaded with the chondrogenic factor
TGF-P3. (A-F) Von Kossa at 8 weeks (black: mineral, red: fast red counterstain). (A,B) PGH
hydrogel prevents mineralization in both clustered (A) and dispersed (B) hMSCs. (C,D) G
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hydrogels promotes mineralization in both clustered(C) and dispersed(D) hMSCs. (E,F) No
mineralization was observed in pre-cultured (1 week in vitro static culture) PGH and G hydrogels
(note pre-cultured constructs showed significant cell loss. Black bar = 0.1 mm.

FIG. 10 illustrates alarge model animal test using a disclosed injectable composition for
epiphyseal growth plate regeneration. A 3.2 mm diameter x 15 mm deep defect was drilled in the
proximal tibial growth plate and filled with the injectable hydrogel groups depicted. K-wires were
implanted to monitor growth over time using x-ray imaging.

FIG. 11is agraph showing normalized GAG/DNA values for different test materials over
time.

FIG. 12 is agraph showing proportional fold change for PGH and GEL for different test
materials.

FIG. 13 illustrates how hydrogel compositions control chondrogenesis and endochondral
ossification, for proliferative, pre-hypertrophic, and hypertrophic examples.

FIG. 14 is agraph illustrating chondrogenicity after one week as afraction of cells, for
proliferative, pre-hypertrophic, and hypertrophic examples.

FIG. 15 is agraph illustrating normalized GAG/NDA value differences between control,
MMP, and ROCK, for proliferative, pre-hypertrophic, and hypertrophic examples.

DETAILED DESCRIPTION

Described herein are biomaterials, systems, and methods for guiding regeneration of a
growth plate or similar interfacial tissue structures. In one aspect, the disclosed technology can
include abiologic material/device that can be loaded with minimally manipulated autologous
mesenchymal stem cells (MSCs) at the point-of-care. The implanted material can comprise one
or more of the following components, and optionally other components:

1) hydrogel carrier for growth factors and MSCs;

2) chondrogenic and immunomodulatory cytokines,

3) microparticles for prolonged and spatially controlled growth factor delivery; and

4) porous scaffold providing mechanical support.

Asshown in FIG. 1A, the biologic compositions can be applied via various different
modalities depending on the nature of the physea injury. One modality is an injectable hydrogel
comprising components 1, 2, and 3 above. Another modality is an implantable hydrogel infused
scaffold comprising components 1, 2, 3 and 4 above. An injectable hydrogel can be used to treat
physeal fractures and small deficits after boney tether removal, for example, and the implantable
hydrogel infused scaffold can be used to treat large deficits such as those resulting from
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osteosarcoma resection, for example (these exemplary uses are non-limiting). In some
embodiments, the injectable material can include particles, microparticles, or nanoparticles that
can self-sort to discrete regions of the defect site and thereby provide spatially controlled delivery
of cells, growth factors, and drugs to guide desired tissue architecture formation.

Disclosed materials and compositions can provide various different novel properties, such
as the ability to control chondrogenesis by progenitor cells (e.g. mesenchymal stem cells), the
ability to control progression of chondrocyte phenotype (e.g. from proliferation and matrix
synthesis to terminal hypertrophy and matrix mineralization), the ability to retain/deliver growth
factors and drugs, and/or the ability to support formation of gradients of key morphogens which
regulate progression of chondrocyte phenotype through the epiphyseal plate zona states,
specifically, re-creating the signaling of spatial gradients in PTHrP and IHH. Some disclosed
biomaterials comprise hydrogels or hydrogel impregnated scaffolds that directly modulate
chondrogenesis and chondrocyte phenotype, and that support formation of endogenous or drug
delivery controlled gradients in key growth factors that regulate chondrocyte phenotype. In some
embodiments, microparticles or other particles secreting the biofactors PTH(I-34) (PTHrP
signaling agonist, promotes maintenance of phenotype) and triiodothyronine (T3, promotes
hypertrophy and IHH secretion) can produce gradients in signaling of the PTHrP and IHH
pathways that can further guide progenitor cells to re-establish the zona architecture in
epiphyseal plate defects and ultimately promote normal growth of the epiphyseal plate.

Disclosed technology for physeal regeneration was tested using two models: 1) pre-
assembled constructs and 2) gradient constructs. Tested pre-assembled physeal constructs were
three-zoned to mimic physeal architecture using photopatterned populations of chick sterna
chondrocytes (proliferative, prehypertrophic, and hypertrophic) that exhibit similar cell phenotypes
to physeal chondrocytes. In experimental studies, layered fabrication was used to create constructs
with the different cell populations in discrete layers. While such layered fabrication can be used
therapeutically, injectable formulations can aternatively be used where the cells sort to different
layers, such as by utilizing self- segregating particles as carriers.

Some investigations analyzed the effect of hydrogel composition on chondrocyte phenotype
progression and hydrogel permeability to morphogens (thus intercellular signaling). The gradient
constructs can comprise hMSC laden hydrogels with discrete growth factors and/or hydrogel
compositions at discrete layers. The spatial delivery of growth factors coupled with hydrogel
formulation can control formation of concentration gradients of the growth factors. Gradients in
concentration can also be used with endogenously secreted morphogens within the pre-assembled

and gradient constructs.
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In some embodiments, "sensor-cells' can be incorporated in a small number into the
constructs to report the local concentration of morphogens during culture in amillifluidic
bioreactor. The sensor cells can be read with Forster resonance energy transfer imaging and
provide atool for functional biomaterials characterization at the microscale.

Testing has also characterized the permeability of hydrogel formulations to fluorescently
labeled molecules and formation of gradients in concentration of these molecules. This technology
delivers anew model to study skeletogenesis, principles to control biomolecule transport and drug
delivery ininstructive matrices, and methods to facilitate tissue engineering of skeletal tissue
interfaces.

Disclosed technology for guiding cellular architecture formation can be applied to
regenerate other spatially-stratified skeletal tissues, such as the tendon/ligament enthesis,
myotendinous junction, and cartilage tide mark. Regeneration of these interfacial tissues can be
needed to promote mechanical stability of tendon, ligament, and muscle transplants. The disclosed
technology may also be applied to engineer other tissues with complex spatial architectures of cell
phenotypes such as liver. In addition, the methodology to generate and control spatial gradients of
specific morphogens can help address fundamental questions of epiphyseal plate biology, such as
what is the biofactor(s) that drives chondrocyte organization into columns and orientation of their
cytoskeleton.

I njectablehydrogels

Injectable hydrogels, compared to pre-shaped scaffolds, can be more readily trandated to
surgical use inpatients. They can be more readily infused into difficult-to-operate sites and can
fill defects of variable sizes. They also accommodate the surrounding healthy tissue and induce
less damage than pre-shaped scaffolds that can require tissue resection. The disclosed injectable
hydrogel formulations can provide the ability to tune cell differentiation and phenotype while
allowing controlled diffusion of important morphogens during growth plate regeneration.

Exemplary injectable hydrogel formulations can comprise three components:

1) PEG of similar: provides mechanical stability by resisting cell mediated contraction of
the hydrogel and maintains the hydrogel shape. PEG forms biocompatible and virtually
bio-inert hydrogels, but is of neutral charge and relatively hydrophobic (compared to
gelatin and heparin) with low electrostatic interactions with growth factors/morphogens.
Alternatives include neutral hydrophilic polymers such as poly(vinyl acohol),

poly (hydroxyethyl methacrylate), poly(vinylpyrrolidone), poloxamers, and water soluble
polymers with hydroxyl groups.
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2) Gelatin or similar: promotes cell viability compared to PEG-only gels, provides a
substrate for integrin- mediated cell adhesion, and mimics the morphogen-binding
properties of natural collagenous matrices. Basic morphogens can complex with gelatin
via electrostatic interactions. Gelatin also provides integrin-mediated adhesion sites that
are necessary for chondrocyte reorientation into growth plate columns and hypertrophic
differentiation. Gelatin type A and gelatin type B can be aternatively used. Other

alternatives include collagens.

3) Heparin or similar: improves growth factor retention, potentiates their signaling, and
serves as an analogue of heparan sulfated glycosaminoglycans. |t binds morphogens and
further potentiates their signaling due to its structural similarity to heparin sulfate (HS).
HS-containing proteoglycans (HSPGs) are co-receptors for over 200 proteins, and HSPGs
in ECM promote IHH oligomerization. Alternatively, other polysaccharides, chondroitin

sulphate, keratin sulphate, hyaluronan, alginate, chitosan and/or dextrancan be used.

Hydrogels can comprise three-dimensional, hydrophilic polymeric networks capable of
absorbing and retaining different amounts of water or biological fluids. The networks can be
insoluble due to the presence of chemical crosslinks (e.g., junctions, tie-points) or physical
crosslinks (e.g., crystallites, entanglement), which permit hydrogels to be thermodynamically

compatible with water.

The hydrogel polymers can be made photochemically crosslinkable (photopolymerizable),
for example by radical addition via methacrylation of the polymers and addition of a
biocompatible photoinitiator, asillustrated in FIGS. 6, 8, and 9. Some materials can be made
chemically crosslinkable under thiol-Michael addition (e.g. thiol-click chemistry, thiol-ene
reaction) viathiol-modification of one or more of the polymer component (e.g. G or H) and
methacrylation of the others. Photopolymerization can be preferred in fabricating the hydrogel
infused porous scaffold device because it polymerizes rapidly (within 3 minutes), while thiol-ene
crosslinking can be preferred for injectable hydrogel materials because no light is required.

In testing, the photopolymerizable hydrogels were prepared as follows. Bovine type B
gelatin (MW=40,000-50,000), PEG (MW=3500-4500), and intestinal mucosa sodium heparin
(MW=15,000) were methacrylated, purified, and characterized in-house. The hydrogels were
prepared by dissolving polymers in HBSS, adding 0.005% w/v initiator lithium phenyl-2,4,6-
trimethylbenzoyl phosphinate (LAP), and photopolymerizing with 2.5 Jcm2/mm UV-A.
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Por ous scaffolds fabricated from the hydrogel precursors

The porous scaffold can be made from the same polymers as the hydrogel (or other
materials) and can provide structural integrity to the implantable device in large defects. Porous
scaffolds can be manufactured using the hydrogel polymers (FIG. 2). They can be manufactured

using freeze casting and thermal crosslinking, for example.

Hydrogel Characterization
The effects of hydrogel composition and zona structure on chondrogenesis and chondrocyte
phenotype progression were evaluated. Engineered physeal constructs designs were fabricated and

tested in vivo in an orthotropic site. Additional characterizations were performed:

1) Permeability (diffusion and partition) characterization of hydrogels in vitro.

a. We studied permeability to model fluorescent molecules and the formation of

concentration gradients of these molecules in the hydrogels.

b. We evaluated mechanical proprieties (dynamic and relaxation moduli in compression,

not shown).

2) Morphogen (growth factor) effects on chondrogenesis and chondrocyte differentiation in

vitro.

3) Hydrogel composition and architecture control over chondrogenesis and chondrocyte

differentiation in vivo.

a. Growth and development over time of constructs varying in hydrogel composition
and construct layers, including elongation, cellular differentiation and structure,
PTHrP and IHH gradients, and endochondral ossification in an in vivo murine

subcutaneous implantation model.
b. Layers contain cells at different phenotype states, growth factors, and composition.

c. Thehydrogel compositions and construct structures described will (are proposed) to
generate different gradients in concentration and signaling of endogenously secreted
PTHrP and IHH. We have characterized the differences in secretion of these factors
by the chondrocyte populations. Their gradients in the constructs can aso be
visualized using sensor cells or molecular biology tools such as in situ hybridization

or immuno-staining.

4) Exogenous formation of gradients in concentration and signaling of growth factors using

self- segregating particles for drug delivery.
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a. The particles can be used to deliver cells, growth factors, and other chemicals in spatial

domains of the construct.

1. Permeability (diffusion and partition) characterization of hydrogelsin vitro

The permeability of photocrosslinkable hydrogels can be controlled by tailoring their
composition, acritical parameter to control the diffusion and binding of morphogens in the
hydrogels and their gradient formation. Asillustrated in FIGS. 3A-3D, permeability (Px) isa
function of amolecule's (x) diffusion coefficient (Dx, transport through the hydrogel) and partition
coefficient (Kx, interaction with the hydrogel). It isdefined in unperfused hydrogel matrices as Px
= Kx*Dx. Ingenera, diffusion and partition coefficients are lower for large molecules as shown
by dextrans of differing molecular weight (Dex70 & DexlO vs. Dex3, FIG. 3C). However
morphogens of smaller size but very different in polarity and hydrophilicity (Dex3 vs SFR) yielded
significantly different partition coefficients (Dex3 < 1, SFR > 1, FIG. 3C). The diffusion
coefficient can be calculated in the system using the analytical solution (FIG. 3D) when the
partition coefficient is 1. Increasing the fraction of gelatin and heparin in our hydrogels can
decrease the diffusion coefficients but increase the partition coefficients of these morphogens. To
regulate the permeability and signaling of IHH relative to PTHrP, the fractional concentration of
heparin can be tailored because IHH has ahigh affinity for heparin and heparan sulfate
proteoglycans relative to PTHrP. These hydrogels can support the formation of concentration

gradients of soluble molecules between sources and sinks (FIG. 4).

2. Morphogen (growth factor) effects on chondrogenesis and chondrocyte differentiation in
vitro

The concept of using gradients to promote zonal differentiation arises from the
understanding of epiphyseal plate biology and experiments that have been performed in vitro.
First, it has been validated that intracellular signaling by PTHrP, IHH, and T3 pathways can control
human bone marrow derived mesenchymal stem cell (hMSC) chondrogenesis and migration. In 3D
cultures hM SC pellets (250,000 cells/pellet) in chemically defined chondrogenic medium (aMEM,
10 ng/ml TGFP-3, ITS-X) undergo chondrogenesis over aperiod of 3 weeks (control group, FIG.
5). The addition of the IHH receptor agonist purmorphamine (IHH group, FIG. 5) increased
chondrogenesis rate and uniformity, while addition of the PTHrP receptor agonist PTH(I-34) (PTH
group, FIG. 5) suppressed chondrogenesis rate and induced matrix remodeling. Addition of both
without controlling spatial delivery further inhibited chondrogenesis and led to small pellets. In 2D

cultures purmorphamine increases hM SC migration while PTH(I-34) has no effect (not shown).
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This data, coupled with data from work with chondrocytes, shows that PTHrP prevents premature
hypertrophy of chondrocytes and suggests it supports maintenance of a stem cell progenitor pool.
T3 can be used to promote hypertrophy, which leads to IHH production.

Progenitor cell differentiation can be controlled in disclosed injectable hydrogels by loading
the hydrogel precursor with microspheres or other small particles that secrete soluble signaling
molecules which regulate formation of agradient in PTHrP and IHH signaling in the crosslinked
hydrogels. The microspheres segregate into opposing regions of the hydrogel precursor after
injection. They are physically locked in place in the subsequent hydrogel cross-linking step. This
establishes separate delivery locations for the morphogens and generates spatially distinct gradient
fields. The IHH can diffuse to the opposite end of the defect and promote PTHrP secretion by
chondrocytes, establishing the PTHrP-IHH signaling axis within hydrogel. Fluorescently dyed
microparticles have been shown to segregate in tested hydrogel precursors. Similar results can
occur for the delivery of PTH(I-34) and T3. In addition, layered hydrogels can be assembled with
such molecules located in separate layers, such as a PTHrP analog PTH(I-34), and IHH pathway

agonist purmorphamine, and T3.

3. Hydrogel composition and ar chitecture control over chondrogenesisand chondrocyte
differentiation in vivo

A multiplex assay can be used to screen hydrogel compositions using a pre-assembled
epiphyseal construct design (FIG. 6). Chick populations of chondrocytes were isolated at
different differentiation stages (proliferative, prehypertrophic, and hypertrophic). It was
verified that cells differed in phenotype as evidence by immunohistochemica staining of sterna
(source) for collagen type Il versus. X, and in production of the key physeal morphogens PTHrP
and IHH using ELISA (not shown). These populations were assembled in 3 distinct layers
(zones) of about equal thickness in cylindrical hydrogel constructs (10% wi/v, 5 mm diameter x
3 mm thickness, 30million/mL) using layered photo-assembly with the prehypertrophic layer
sandwiched between the proliferative, and hypertrophic layers. They were implanted in dorsal
subcutaneous pockets of 8 week old immuno-compromised male mice. Mice were sacrificed at
1, 3, and 8 weeks and the implants were removed for histology (e.g. GAG staining) and
immunohistochemistry evaluation (e.g. collagen type Il and X).

These cells and constructs were used to evaluate the effects of two hydrogel
formulations, methacrylated gelatin (G Hydrogel, 10% w/v) and a composite (PGH Hydrogel,
10% wi/v) of G with methacrylated poly(ethylene glycol)(PEG) and methacrylated heparin, on

micro-tissue growth in-vitro and in-vivo. Proliferative chondrocytes normally produce high
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amounts of collagen type Il and glycosaminoglycan (GAG) extracellular matrix (ECM) while
hypertrophic chondrocytes express high levels of collagen type X and go on to mineralize the
ECM. The addition of heparin to the PGH hydrogel (formulation 6.3% P, 2.1% G, and 1.6% H
w/v) augments maintenance of proliferative chondrocytes in glycosaminoglycan producing state
(FIG. 6A) and delays development of the hypertrophic phenotype which was most apparent at 3
weeks (FIGS. 6C, 6E). However, the G hydrogel (same total density = 10% wi/v) leads to
decreased GAG synthesis (FIG. 6B) and accelerated hypertrophy (FIG. 6F) and ECM
mineralization (FIG. 6D). Cell stacking was observed, but not longitudinally oriented along the
cylinder axis. The G constructs showed a non-uniform GAG stain with the intensity lessening
away from the proliferative layer and near the cylinder wall. The gradient of GAG staining in G
constructs (top to bottom) may indicate that adiffusing biofactor from the proliferative layer
impacts GAG production in the neighboring layers. The PGH scaffold may have greater
retention of this factor due to heparin incorporation leading to amore uniform stain in the
hypertrophic zones (23, Z4). These cartilaginous constructs grow well in the subcutaneous
implant site, acompartment of low vascularity compared to bone sites. They also promote local
angiogenesis surrounding the neotissue. These results show that selecting biomaterials, which
support the physeal chondrocyte phenotypes and signaling across zones, is essential to promote
establishment of physeal-like structure (e.g. oriented columnar stacking).

Evaluation of hydrogel composition effects on chondrogenic differentiation by human
MSCs was performed using the same two hydrogel formulations, subcutaneous implantation
model, and experimental time-points. Assembled cylindrical hydrogel constructs had the same
dimensions as above (10% w/v, 5 mm diameter x 3 mm thickness) with the hMSCs uniformly
seeded throughout at 30million/mL. However here the layered photo-assembly was used to
pattern the growth factors to discrete layers of the scaffold with the goal of controlling the
chondrocyte differentiation into zonal states similar to the epiphyseal growth plate, subsequent
to the initial chondrogenic differentiation by the MSCs (FIG. 7). The growth factors were
carried in the hydrogel proper and expected to have arapid release lasting less than a week.
Microparticles were not used for the growth factor delivery. The same hydrogel formulations
were used, G and PGH (FIG. 7, 1st vs. 2nd rows). The hMSCs were encapsulated in the
hydrogel as either individual cells or cellular microclusters (FIG. 7, left vs. right side). The
microclusters were used to test the effectiveness of cell-cell contact in promoting
chondrogenesis of hMSCs. Contact mediated signaling via cadherins modulates the initial
commitment of MSCs to the chondrogenic lineage. The ability of the hydrogels alone, sans
spatial delivery of the growth factors, was also tested to promote zonal states of chondrocyte
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differentiation (FIG. 7, bottom row).

In general, the PGH hydrogel maintained the "sternness’ of hMSCs longer and shows no
fibrous or osteoblastic differentiation, only chondrogenic staining (FIG. 8). In contrast the G
hydrogel promotes both osteogenesis and chondrogenesis throughout the construct as evidenced
by both fibrous tissue and cartilaginous tissue staining, and mineralization concomitant with the
fibrous tissue (FIG. 9). Thus the PGH hydrogel is suitable for physeal plate regeneration as the
direct osteogenesis by hMCSs in the G hydrogel is undesirable for the expansive growth that
must take place. However, the composite constructs composed of both G and PGH asin the
lower row of FIG. 7 may be used to engineer tissue interfaces that do not demonstrate spatial

growth such as the enthesis and tide mark.

4) Exogenous formation of gradients in concentration and signaling of growth factors
using self-segregating microparticlesfor drug delivery.

Self-segregating particles (e.g., microparticles, nanoparticles, etc.), can be configured to
be carried in the injectable hydrogel precursors and segregate prior to hydrogel crosslinking. In
some embodiments, the particles separate based on density separation in agravitational filed.
The particles can comprise alginate microbeads and alginate coatings of nanoparticles and
microparticles that adjust particle density to greater of less than the hydrogel. Heavier particles
can be made by using high alginate density and/or ionic crosslinking while lighter particles can
be made by incorporation of a salt that produces gas, for example calcium carbonate and
activation in amild glucuronic acid solution which does not adversely affect cell viability or
growth factor activity. The injury site can be positioned so that the desired axis of particle
segregation is aligned perpendicular to the ground (along earth's gravitational field). Injection
of the particle laden hydrogel into a defect causes the particles to self-sort to opposite regions of
the defect site and thereby provide spatially controlled delivery of cells, growth factors, and
drugs to guide proper tissue architecture formation. Alternative particle materials include
coacervates (e.g. heparin with PEAD), and alpha hydroxy acids. Any particles can be used that
provide arange of densities that spans across the density of the medium material in which the
particles are present. Alternatively, other sorting mechanisms can be used, such as magnetic
sorting based arange magnetic responses within avaried magnetic field that is applied (e.g., via
MRI).
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Additional Featuresand Embodiments

Disclosed regeneration technology provides many beneficial innovations in the application
of biomaterials that re-create gradients of key morphogens which regulate chondrocyte
differentiation through the epiphyseal plate zonal states. For example, we have developed anovel
morphogen delivery system where drug carriers self-segregate to different regions of the defect.
The materials can aso be pre-patterned to contain the growth factors in different regions of an
implant. In addition, specifically tailored hydrogel matrix formulations can control the diffusion
and matrix binding (e.g. the permeability) of the delivered morphogens, and thereby the gradient
that they form in the defect can be carefully controlled. Furthermore, disclosed hydrogel
formulations can promote chondrogenesis of MCS without osteogenesis. The disclosed technology
can be used to repair large defects resulting from resection of diseased epiphysea plate tissue by
using photopolymerization to fabricate large monolithic constructs that can be implanted. The
disclosed approaches to guide cellular architecture formation can also be applied to regenerate other
spatially-stratified skeletal tissues like the tendon/ ligament enthesis, myotendinous junction, and
cartilage tide mark. Regeneration of these interfacial tissues is needed to promote mechanical
stability of tendon, ligament, and muscle transplants. The disclosed technology can aso be applied
to repair articular cartilage defects caused by arthritis and traumatic injury, for example.

A preclinical test of the disclosed technology has also been conducted for regenerating
epiphyseal plate damage. The disclosed approach istested in cylindrical defects (15 mm deep x 3.2
mm diameter) made in the proximal tibia epiphyseal plate of immature 3 month old goats (FIG.
10). Thislarge model animal is helpful because it more accurately replicates the defect sizes,
mechanical forces and vascular environment of human injury than small model animals or in vitro
experiments. 1t more closely replicates human injury and repair, including the spatial domain in
which the morphogens act. Thusitisamore rigorous test of the disclosed therapeutic approaches.
This large model animal study investigates the utility of the PGH hydrogel in inhibiting boney
tether formation growth disruption, and the utility of stem cells in restoring growth, using the
following groups:

1. Unoperated controls to quantify normal growth

2. Empty defect control

3. Defect filled with PGH hydrogel delivering TGFs via hydrogel and nanoparticles
(uniform spatia distribution)

4. Defect filled with PGH hydrogel containing TGFs and goat MSCs
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A fifth group was also added to test the efficacy of immunomodulation in preventing tether
formation and facilitating epiphyseal repair. Subsequently, we test the benefit of controlled spatial
delivery of microparticles delivering growth factors that modulate the phenotype progression of

neo-chondrocytes within the defect asin FIG. 10.

Additional Applications, Test Data, and Future Studies
The disclosed biomaterials, constructs, and other disclosed technology continues to be
evaluated for regeneration of bone, cartilage, and the physis using in vitro and in vivo experiments.

The following are examples of recent and/or current studies:

1. We are testing how the individual components of the PGH hydrogel impact stem cell
differentiation and chondrocyte phenotype progression using in vitro experiments with
human stem cells and chick chondrocyte cells, respectively. We have first added inhibitors
of specific cell signaling pathways to determine if the inhibition of mineralization in the
PGH hydrogel isdue to differences in hydrogel stiffness or signaling of collagen
degradation products. We further plan to determine how the hydrogel modulates
differentiation and phenotype progression (with the goal to create optimum hydrogel
formulations) by 1) creating hydrogels with one (or more) of the PGH hydrogel polymeric

components removed, and 2) creating hydrogels of different density (% w/v).

2. We are awaiting histological results for 8 goats we operated on in February 2016
testing physeal regeneration in agoat model (samples harvested in June 2016). This model
tests re-formation of the gradient tissue architecture of the physis using the PGH hydrogel
(10% wi/v) laden with allogenic stem cells (30xI06/ml) and coacervate nanoparticles
delivery of ITGF- Bl & TGF-B3 (to drive chondrogenesis, note TGF-f3 not in coacervates
but doped into gel) and +IL-10 (to suppress deleterious immune response to non-autogenous

cells and surgery).

3. We are currently testing physeal regeneration in asecond round of the goat model.
This model test re-formation of the gradient tissue architecture using the PGH hydrogel and
spatially discrete delivery of growth factors with the self-segregating microparticles. We
operated 8 goats in December 2016 and will harvest tissues in March 2017. The hydrogels
were PGH (8% wi/v) laded with autologous stem cells (30xI06/ml). Note: 1) the decrease in

hydrogel density to better promote cell viability and chondrogenesis, 2) use of autologous
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cells (cells isolated and implanted into same goat). We used TGF-31 to promote
chondrogenesis, T3 to promote hypertrophy, and PTH(I-34) to maintain areserve cell pool
(maintain stem cell "sternness"). These drugs were delivered via coacervate nanoparticles.
The 4 groups were: 1) empty defect, 2) hydrogel with only TGF-1 throughout, 3) tri-
layered hydrogel made with TGF- 1 throughout but T3 in bottom layer and PTH in top
layer, and 4) tri-layered made with TGF-1 throughout but T3 in bottom layer via delivery
in microparticles that sink and PTH in top layer via microparticles that float. The
microparticles were made as described in the disclosure, with the drugs carried by

coacervate microparticles embedded within the microparticles.

4. We have begun planned research evaluating the PGH hydrogel for bone regeneration
viaendochondral ossification in aporcine model of both 1) segmental bone defect and 2)
comminuted fracture). This study is expected to span the next 3 years and includes 9
treatment groups in 45 animals. It evaluates the PGH hydrogel with/without stem cells and

delivery of TGF-31 and IL-10 for chondrogenic and immunomodulatory purposes.

5. Planned research will further evaluate chondrogenesis by human stem cellsin a
murine subcutaneous model. For example, we will test the PGH hydrogel at lower densities
(e.g. 8%).

6. Planned research will include optimizing microparticle fabrication using silicone oil
instead of organic oils (e.g., olive oil). In the future we may use amicrofluidic system to

control polydispersity of microparticle size.

FIGS. 11 and 12 illustrate test data that shows quantitatively that the disclosed PGH
hydrogels promote chondrogenesis over osteogenesis compared to the GEL hydrogel. This datais
for 10% w/v hydrogels (5 mm diameter x 3 mm height) seeded with human stem cells (3x106/ml)
after 8 weeks subcutaneous culture in mice. +C indicates cells were pre-clustered before
encapsulation in hydrogels. FIG. 11 shows measurement of glycosaminoglycan (GAG)
composition in hydrogel. Both PGH groups indicate chondrogenesis by GAG content. FIG. 12
shows that Col2 and AG are markers of chondrogenesis, higher in the PGH. Col 10 and BSP are
makers of chondrocyte hypertrophy and osteogenesis, lower in the PGH.

FIGS. 13 and 14 illustrate additional test data determining how the PGH hydrogel
composition affects chondrocyte phenotype progression. This dataisfor PGH hydrogel (10% wi/v)
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by embryonic day 17 chicken sternal chondrocytes (3xI06/ml) of different phenotype (i.e.,
proliferative, pre-hypertrophic, hypertrophic) after 8 weeks subcutaneous growth in mice. InFIG.
13, the top row shows GAG staining in the hydrogel (proliferative chondrocytes produce more).
Note that the pre-hypertrophic and hypertrophic cells also produce GAG, though they are also
staining positive for collagen type 10 (Col-10), as shown in the bottom row of FIG. 13. We now
know that the PGH hydrogel permits hypertrophic differentiation at arate likely delayed to normal
development in vivo (in the animal) and that PGH effectively inhibits terminal differentiation
(mineralization and death). Instead PGH keeps the hypertrophic cells in a GAG producing state.
The GEL hydrogel shows mineralization at rates consistent with in vivo growth of the sternum. We
have 1,3 and 8 week time course images showing development of Col-10 expression in the
different populations. FIG. 14 quantifies that the PGH hydrogel help maintains chondrogenic
phenotype (GAG production) of individual chondrocytes even though they are hypertrophic
(expressing Col-10).

Additional test data shows that the effect of PGH on chondrogenesis might be due to the
decreased collagen signaling (due to lower gelatin content). We tested 10% w/v hydrogels laded
with 3xI06/ml of the 3 different chick chondrocyte populations, but cultured in vitro for 1week (as
opposed to in vivo in the subcutaneous model). FIG. 15 shows that inhibition of matrix
metalloproteinases (MMPs) using GM6001 (MMP labeled group) increased GAG accumulation in
both PGH and GEL hydrogels. This suggests that more cells are retained in achondrogenic state
(progression to hypertrophy delayed) when signaling by collagen degradation fragments is reduced
by MMP inhibition. Inhibition of ROCK signaling with Y 27362 (ROCK labeled group) did not
change GAG levels, suggesting that any potential difference in matrix stiffness between hydrogels
is not responsible for the differences in GAG accumulation. Furthermore, ROCK results suggests
that hydrogels stiffness and/or cell adhesion is/are not promoting phenotype progression (hydrogel
isnot too stiff / cells are not adhering so strongly to develop actin stress fibers). 1t isbelieved that
the MMP inhibitor decreases mineralization and that the collagen fragment components are driving
in part phenotype progression.

Self-segregating microparticles has also been developed and are currently being tested for
their biological efficacy with goats.

Overall, the results disclosed herein support the PGH hydrogel as apromising material for
physeal engineering because it supports endochondral ossification while inhibiting direct
osteogenesis by progenitor cells, and because it still supports progression of chondrocytes through
their differentiation states. The results also show that the PGH hydrogel isideal for cartilage
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regeneration because it inhibits direct osteogenesis by stem cells and inhibits cell mineralization of
the matrix.

Further ongoing studies regarding this technology include development of the technology
for physeal regeneration in children and for bone regeneration in compromised wounds.

For physeal regeneration applications, ongoing research includes the above-described goat-
based study (8 goats). Future steps include alarger (more animals) pre-clinical test/optimization of
the technology (e.g., test three hydrogel densities, fine-tuning of relative ratios of polymer
components, high/low dosing of drugs) to promote fast chondrogenesis, formation of physeal
architecture, and demonstrate continued physeal growth. The current goat study will address some
of these issues, namely that the microparticles can control spatial delivery of growth factors to
induce physeal architecture formation.

For bone regeneration applications, planned research includes alarge pre-clinical study in
pigs that tests/optimizes hydrogel drug dosing for chondrogenesis and remodeling into bone.

For temporomandibular joint (TMJ) condyle regeneration applications, planned research
includes apilot study of using the disclosed hydrogel technology as one component of acomposite
device to regenerate the mandibular condyle. An exemplary device is composed of two layers: 1)
top of PGH to promote chondrogenesis, 2) bottom of GEL to promote direct osteogenesis by stem
cells, with aresorbable magnesium mesh at the base of the bottom layer to provide mechanical
integrity for insertion.

For cartilage regeneration applications, future studies may include a study in an
osteochondral defect of the knee using an approach similar to the TMJ condyle project described in
the previous paragraph.

A significant applicant of the disclosed hydrogel-based technology is as articular cartilage
resurfacing and focal defect filling material. Additional fields of application may include any
application of regenerative medicine where tissues with gradient structures must be repaired; e.g.,

tendon ligament enthesis (insertion site into bone).

For purposes of this description, certain aspects, advantages, and novel features of the
embodiments of this disclosure are described herein. The disclosed methods, apparatuses, and
systems should not be construed as limiting in any way. Instead, the present disclosure is directed
toward al novel and nonobvious features and aspects of the various disclosed embodiments, alone
and in various combinations and sub-combinations with one another. The methods, apparatuses,

and systems are not limited to any specific aspect or feature or combination thereof, nor do the
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disclosed embodiments require that any one or more specific advantages be present or problems be
solved.

Characteristics and features described in conjunction with aparticular aspect, embodiment,
or example of the disclosed technology are to be understood to be applicable to any other aspect,
embodiment or example described herein unless incompatible therewith. All of the features
disclosed in this specification (including any accompanying claims, abstract and drawings), and/or
all of the steps of any method or process so disclosed, may be combined in any combination, except
combinations where at least some of such features and/or steps are mutually exclusive. The
invention is not restricted to the details of any foregoing embodiments. The invention extends to
any novel one, or any novel combination, of the features disclosed in this specification (including
any accompanying claims, abstract and drawings), or to any novel one, or any novel combination,
of the steps of any method or process so disclosed.

Although the operations of some of the disclosed methods are described in aparticular,
sequential order for convenient presentation, it should be understood that this manner of description
encompasses rearrangement, unless aparticular ordering isrequired by specific language. For
example, operations described sequentially may in some cases be rearranged or performed
concurrently. Moreover, for the sake of simplicity, the attached figures may not show the various
ways in which the disclosed methods can be used in conjunction with other methods.

Asused herein, the terms "a", "an", and "at least one" encompass one or more of the
specified element. That is, if two of aparticular element are present, one of these elementsis also
present and thus "an" element is present. The terms "aplurality of and "plural” mean two or more
of the specified element. Asused herein, the term "and/or" used between the last two of alist of
elements means any one or more of the listed elements. For example, the phrase "A, B, and/or C"
means "A", "B,", "C", "A and B", "Aand C", "B and C", or "A, B, and C." Asused herein, the
term "coupled” generally means physically coupled or linked and does not exclude the presence of
intermediate elements between the coupled items absent specific contrary language.

In view of the many possible embodiments to which the principles of the disclosed
technology may be applied, it should be recognized that the illustrated embodiments are only
examples and should not be taken as limiting the scope of the disclosure. Rather, the scope of the
disclosureis at least as broad as the following claims. We therefore claim al that comes within the

scope of the following claims.
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CLAIMS:

1. A biomateria comprising:

ahydrogel capable of carrying growth factors and mesenchymal stem cells (MSCs);
chondrogenic and immunomodulatory cytokines; and

self-segregating particles for prolonged and spatially controlled growth factor delivery;
wherein the biomaterial is injectable for regeneration of an epiphysea growth plate.

2. The biomaterial of claim 1, wherein the hydrogel comprises PEG, gelatin, and

heparin, or functionally similar materials.

3. The biomaterial of claim 1or claim 2, wherein the self- segregating particles vary in
density and self-segregate relative to the hydrogel based on gravity.
4. The biomaterial of any one of claims 1-3, wherein the biomaterial can control

chondrogenesis by progenitor cells, such as mesenchymal stem cells.

5. The biomaterial of any one of claims 1-4, wherein the biomaterial can control
progression of chondrocyte phenotype, such as from proliferation and matrix synthesis to terminal

hypertrophy and matrix mineralization.

6. The biomateria of any one of claims 1-5, wherein the biomaterial can retain and

deliver growth factors and drugs.

7. The biomaterial of any one of claims 1-6, wherein the biomaterial can support
formation of gradients of key morphogens which regulate progression of chondrocyte phenotype
through the epiphyseal plate zonal states, specifically, recreating the signaling of spatial gradients
in PTHrP and IHH.

8. An implantable hydrogel infused scaffold for regeneration of an epiphyseal
growth plate, comprising:

aporous scaffold providing mechanical support;

ahydrogel carrying growth factors and mesenchymal stem cells (MSCs);

chondrogenic and immunomodulatory cytokines; and

self-segregating particles for prolonged and spatially controlled growth factor delivery.
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9. The implantable hydrogel infused scaffold of claim 8, wherein the hydrogel

comprises PEG, gelatin, and heparin, or functionally similar materials.

10. The implantable hydrogel infused scaffold of claim 8 or claim 9, wherein the self-
segregating particles vary in density and self-segregate relative to the hydrogel based on gravity.

11. The implantable hydrogel infused scaffold of any one of claims 8-10, wherein the
implantable hydrogel infused scaffold can control chondrogenesis by progenitor cells, such as

mesenchymal stem cells.

12. The implantable hydrogel infused scaffold of any one of claims 8-11, wherein the
implantable hydrogel infused scaffold can control progression of chondrocyte phenotype, including

from proliferation and matrix synthesis to terminal hypertrophy and matrix mineralization.

13. The implantable hydrogel infused scaffold of any one of claims 8-12, wherein the
implantable hydrogel infused scaffold can retain and deliver growth factors and drugs.

14. The implantable hydrogel infused scaffold of any one of claims 8-13, wherein the
implantable hydrogel infused scaffold can support formation of gradients of key morphogens which
regulate progression of chondrocyte phenotype through the epiphyseal plate zonal states,
specifically, recreating the signaling of spatia gradients in PTHrP and IHH.

15. A method of forming alayered biomaterial implant in an epiphyseal growth plate,
comprising:

injecting the biomaterial of claim 1into adefect in the growth plate;

allowing the biomaterial to self-segregate based on gravitation interaction with the particles;
and

causing the biomaterial to solidify in adesired segregated configuration that establishes

native structure of the growth plate.

16. A method of forming alayered biomaterial implant in an epiphyseal growth plate,

comprising:

-4 -
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injecting plural layers of hydrogel carrying growth factors and MSCs, as well as
chondrogenic and immunomodulatory cytokines, into the defect in the growth plate one layer at a
time; and

allowing or causing the plural layers to solidify in adesired layered configuration that

mimics native structure of the growth plate.

17. The method of claim 16, wherein each layer is allowed to solidify before the next
layer is applied.

18. The method of claim 16, wherein the layers are al applied prior to solidification and

allowed to solidify at the same time.

19. The method of claim 16, wherein the layers each have a different density and remain

segregated from injection to solidification due to the differences in density.

20. The method of any one of claims 15-19, wherein the material is solidified using

photopolymerization.

21. The method of any one of claims 15-19, wherein the material solidifies without the

application of light.
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FIG. 8A
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