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ABSTRACT

A NANOPARTICULATE-REINFORCED HYALURONAN COPOLYMER

HYDRGEL FOR INTERVERTEBRAL DISC REPAIR

Degenerative disc disease (DDD) is an inevitable consequence of aging,
commonly resulting in low back pain (LBP). Current clinical treatment options for disc
degeneration exist at two extremes: conservative management or extensive surgical
intervention. Given the economic impact of lost productivity and disability associated
with low back pain, there is significant interest in earlier, less invasive intervention.
Biomimetic disc replacement and regenerative therapies offer an attractive alternative
strategy for intervertebral disc repair, but materials employed to date have not exhibited a
successful combination of mechanical and biological properties to achieve viable

solutions.

The composite material developed and characterized in this work consisted of a
novel hyaluronan-co-poly(ethylene-al/t-maleic anhydride) (HA-co-PEMA) hydrogel
matrix reinforced with nanoparticulate silica; the hydrogel matrix provided a compliant
hydrated matrix conducive to integration with the surrounding tissue while the
nanoparticulate reinforcement was manipulated to mimic the mechanical performance of
healthy ovine nucleus pulposus (NP) tissue. HA-co-PEMA was formed via an
esterification reaction between a hydrophobically-modified HA complex and PEMA, and
candidate formulations were characterized by chemical, thermal, and physical means to

select an appropriate base hydrogel for the reinforced composite. Three grades of
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commercially-available fumed silica, varying by degree of hydrophobic surface
modification, were evaluated as nanoparticulate reinforcement for the composite

materials.

Mechanical testing of two reinforced composite formulations (620-R and 720-R)
emphasized dynamic shear properties and results were directly compared to ovine
nucleus pulposus (NP) tissue. The complex shear modulus (G*) for 620-R ranged from
1.8+0.2 KPa to 2.4+0.3 KPa over the frequency range 0.1 Hz < /< 10 Hz, while G* for
720-R varied from 4.4 + 0.5 KPa to 6.1 = 0.6 KPa over the same frequency range. Ovine
NP tissue tested using identical methods exhibited G* of 1.7 = 0.2 KPa at 0.1 Hz up to
3.8 £ 0.5 KPa at 10 Hz. Thus, the complex shear moduli (G*) for 620-R and 720-R
effectively bracketed G* for NP over a physiologically-relevant frequency range.
Subsequent in vitro cytotoxicity and biocompatibility experiments suggest that the 720-R

formulation warrants consideration for future in vivo modeling.
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MOTIVATION AND SIGNIFICANCE

Low back pain (LBP) is nearly ubiquitous in industrial societies. Estimates of the
lifetime incidence of back pain range up to 80% [1]. In working populations LBP has
been reported to affect as many as 35% of sedentary workers and 45% of heavy handlers
during the course of their careers, and ranks second only to respiratory infections such as
the common cold in lost productivity [2]. Furthermore, disorders of the spine are the
leading cause of chronic disability for those under the age of 45 [2, 3]. Costs associated
with this lost productivity and disability have been estimated to be as much as $50 billion
per year in the United States [4]. Given the economic loss as well as the morbidity
associated with low back pain, there is considerable research interest in preventing and

treating lumbar degenerative disc disease.

Current clinical options for treatment of back pain exist at two extremes: non-
invasive conservative management or surgery. The current “gold standard” for the
surgical treatment of low back pain is fusion of one or more spinal motion segments
(SMS), though total disc arthroplasty (TDA) is becoming more available. These are
invasive surgical procedures with risks of serious complications and poor clinical
outcomes. Thus, those suffering from symptomatic degenerative disc disease often
attempt to manage the pain conservatively until they have no option but to undergo

surgery.



The risk of certain iatrogenic complications associated with arthrodesis has
promoted the development of less invasive interventions and non-fusion treatment
strategies. Advances in instrumentation have enabled the development of minimally-
invasive discectomy procedures; these advances may also be leveraged for disc
augmentation via nucleus replacement. Nucleus replacement technologies replace the
desiccated, dysfunctional nucleus pulposus (NP) tissue while maintaining a healthy
annulus fibrosus (AF). The AF works in conjunction with the implant to restore normal
loading and kinematics and, it is hoped, alleviate pain [5]. Nucleus replacements can be
targeted for mechanical reinforcement, delivery of biologic agents, or a combination of

both mechanical and biological effects [6].

To our knowledge, there is no published literature on nucleus replacement
therapies that adequately address both the mechanical and biological requirements for the
IVD. Thus, the vision for this research endeavor is to mechanically reinforce while also
restoring the biochemical composition and water content of the disc, elevating the nuclear

hydrostatic pressure and thus slowing or halting the progression of disc degeneration.



LITERATURE REVIEW

Intervertebral Disc Anatomy and Physiology

The intervertebral discs (IVD) are an integral component of the spinal column,
which is among the most intricate structures within the skeletal system [3]. The spinal
column provides axial rigidity to support the trunk and protect the spinal cord, yet affords
enough flexibility to allow motion in six degrees of freedom at each vertebral element.
While the spine is very mobile overall, motion is limited in a vertebra-disc-vertebra
functional spinal unit (FSU). The discs primarily resist compression, but also assist the

facet joints in constraining rotation, flexion, extension, lateral bending, and shear.

The human spine contains 23 intervertebral discs separating the vertebrae. They
increase in size from cranial to caudal, and the lumbar intervertebral discs are the largest
avascular structures in the human body [3]. The disc is not a homogenous tissue; rather,
it includes a fibrous outer annulus encapsulating a central, gelatinous nucleus. These
structures are capped by vertebral endplates consisting of hyaline cartilage. Disc health

and normal biomechanical function require the integrity of all three of these structures.

Origin and Development

The structure and composition of the IVD change radically with age (Figure 1).
Developmentally, the NP arises from the central notochord while the AF derives from the
surrounding mesenchyme [7]. The notochord is a transitional structure that regulates

spinal development by secreting ECM molecules and growth factors and by modifying



the behavior of other cell types
through cell-cell contact [8]. In the
fluid NP

embryo, the fluid-like nucleus is rich

in notochordal cells and

proteoglycan, while the annulus is

poorly vascular AF

gelatinous NP
notochordal cells
mesenchymal cells

composed primarily of fibroblast-like

cells and collagen. Vascularization of

the end plates and AF persists

I calcified endplate

through juvenile growth and
indistinct inner AF

fibrous NP
mesenchymal cells

development, providing a rich
nutrient supply to allow for the rapid

accumulation of extra-cellular matrix Reprinted with permission from Roughley, P.J., Biology
of intervertebral disc aging and degeneration -
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blood vessels recede the notochordal Figure 1: Changes in structure and composition of the

intervertebral disc with age and development. The
cells slowly decline, such that by age vertebral endplates and annulus fibrosus are vascularized
in the fetus, but the blood vessels recede and eventually
disappear during juvenile development. The nucleus
pulposus has a fluid-like form in the fetus, but becomes
more gelatinous as mesenchymal cells replace

ten in the human they are essentially

absent. They are replaced by notochordal cells and collagen begins to accumulate in
the juvenile. By adulthood the demarcation between
chondrocyte-like cells of nucleus and inner annulus becomes indistinct.

mesenchymal origin. The texture of the nucleus pulposus becomes firmer with the

appearance of these cells due to the accumulation of collagen.

At maturity, the cell density of the NP is on the order of 4 x 109 cells/cm?; this is

much less than even hyaline cartilage (typical cell density of 1.4 x 107 cells/cm?), making

the NP one of the least cellular tissues in the human body [7]. The cells of the IVD exist



in a complex physicochemical environment; the unique properties of this environment are
a function of the avascular nature of the adult intervertebral disc, the composition of the

ECM, and the mechanical loading experienced over a diurnal cycle [9].

All the cells of the mature human disc are mesenchymal in origin, and no unique
phenotypic markers have been identified to differentiate disc cells from chondrocytes
[10]. However, the ECM produced by the different cells is distinct. Both nucleus
pulposus and annulus fibrosus cells produce macromolecules similar to those found in
hyaline cartilage — namely collagen and proteoglycans (PG) — but the ratio of PG to
collagen varies by an order of magnitude. Mwale et. al. [10] found a glycosaminoglycan
(GAG):hydroxyproline ratio, indicative of the PG to collagen ratio, of 27:1 in the NP and
2:1 in the AF. The differences in ECM production are maintained in vitro, suggesting

distinct phenotypes rather than environmentally-induced differences [7].

Macroscopic Structure and Matrix Composition

Collagen and proteoglycan are the chief components of the extra-cellular matrix
in the disc, but the organization of these components differs greatly among the different
structural components. In the AF, the primarily Type I collagen fibrils are parallel and
arranged in up to 25 concentric laminae of alternating lay-up, an arrangement optimized
to resist tensile forces caused by bending and twisting of the spine. Type II collagen is
most abundant in the NP, with a randomly-oriented collagen fibril meshwork interspersed
with PG-rich matrix. This PG matrix can also be found between lamellae of the inner
AF. These regions enriched with proteoglycans are responsible for resistance to

compression [7].



The role of the vertebral endplates in the structure and function of the disc should
not be overlooked. Nutrients to the inner annulus and nucleus are supplied by a capillary
network originating from the vertebral arteries and terminating in loops at the bone-
cartilage endplate junction. The capillaries are protected by the dense hyaline cartilage
endplate. The cartilage of the endplate is lower in hydration than that of articular
cartilage, so it limits transport of large molecules into and out of the disc [11]. Studies
tracking the infiltration of contrast medium into the disc have shown that transport
characteristics vary appreciably with age and degeneration, but the status of the endplate
zone was the principal factor influencing rate of diffusion to the center of the disc [11,

12].

The intervertebral disc contains more types of collagen than any other connective
tissue [13]. Varieties found in the disc include Types I, 11, II1, V, VI, IX, X, XI, XII, and
X1V, but Types I and II are most abundant [7, 13]. Collagen Types I and II are found in
opposing gradients, with Type I most abundant in the outer AF and Type II most
concentrated in the NP. The most prevalent PG in the disc resembles the bottlebrush-
structured aggrecan of articular cartilage. At birth, the aggrecan variant in the disc
consists primarily of GAGs rich in chondroitin sulfate (CS) bound by a link protein (LP)
to a hyaluronan core, but as an individual ages the proportion of keratin sulfate (KS)-

based GAGs increases (Figure 2).

The GAG side chains of the aggrecan molecule are negatively charged, giving the
matrix a high fixed negative charge density. Intramolecular repulsion forces among the

negatively charged GAGs in this proteoglycan are responsible for resistance to
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Figure 2: Age-related changes to the extra-cellular matrix of the nucleus pulposus. In the fetus all side
chains for the aggrecan molecule are based upon chondroitin sulfate. Substitution with keratin sulfate
begins in the juvenile, and collagen accumulation begins. With age, proteolytic cleavage of the side chains
begins, resulting in an increased proportion of non-aggregating proteoglycan in the mature adult.

compression [7]. The high concentration of aggrecan in the disc matrix also affects the

extracellular ionic composition and osmolarity. In order to maintain charge equilibrium,

the concentration of cations and anions in the disc are higher and lower, respectively,
than those found in other surrounding fluids [9]. Since the osmolarity of the disc is
higher than that of surrounding tissues, the disc tends to imbibe fluid. This helps
maintain hydration and swelling pressure within the disc, enabling its function as a

hydrodynamic cushion.



Disc Metabolism
Cell Nutrition

As with all cells, nutrients are required to sustain disc cells and to fulfill their
cellular functions. Nutrient flow into the disc is supplied from its margins. The outer
annulus is supplied by blood vessels surrounding its periphery, while the nucleus is
nourished by the vasculature of the vertebrae via diffusion through the endplates.
Diffusion distances may be as large as 6-8 mm distant from the blood supply. The
balance between the rate of cellular demand and the rate of transport results in steep
concentration gradients of both glucose and oxygen from disc margin to the center of the
disc [11]. Metabolic waste products including lactic acid are cleared through the reverse

pathway, resulting in concentration gradients in the opposite direction.

Maintenance of the ECM is also heavily influenced by extracellular pH. The local
acidity is one factor that affects the rate at which disc cells metabolize glucose.
Extracellular pH is driven by concentrations of both GAG and lactic acid, while
intracellular pH can be maintained by specialized transporters until extracellular pH falls
below 6.8 [9]. Below this pH level synthesis of ECM components falls steeply, and at
acidic pH levels on the order of 6.0 cell viability is reduced. Production of catabolic
factors such as matrix metalloproteinase (MMP) is less sensitive to pH, leading to a

further accelerated degeneration cascade under acidic ECM conditions.

In addition to reducing production of ECM, nutritional stresses can adversely
affect the disc cell population. Reduction in nutrients may inhibit cell division, thus
accounting for the age-related reduction in cell density. Furthermore, loss of glucose

appears to be the driving factor for cell death; while they produced no matrix at 0% O,,



disc cells have survived for up to 13 days under completely anaerobic conditions [9]. In
contrast, disc cells begin to die within 24 hours when the glucose concentration falls

below 0.2 mM. It is not clear whether cell death occurs by apoptosis or necrosis [11].

Mechanical Factors

In vivo discs are always under the influence of mechanical loads, whether by the
effects of body weight, muscular forces, or a combination of both. When resting and
lying down, hydrostatic pressures in the disc are on the order of 0.1 to 0.2 MPa; they
increase 5 to 10-fold with normal daily activity [9]. The load history plays a role in
determining the physicochemical environment of the disc. The pattern of mechanical
loading over the course of a diurnal cycle significantly alters the water content of the
disc; disc hydration is approximately 25% lower in the evening than in the morning.
Mechanically, loss of hydration reduces the compliance of the disc, thus leading to
differences in the load-induced hydrostatic pressure experienced by the disc cells [9].
Disc height loss during the course of a day reduces the diffusional transport distances and
thus may affect oxygen, glucose, and pH gradients; however, these effects may be offset

by changes in matrix permeability.

Matrix loading is recognized as an important disc metabolism signaling pathway,
in that it results in deformation of the matrix and cells, an increase in hydrostatic
pressure, and exudation of interstitial fluid. Both unloaded and static loading states have
been found to inhibit ECM generation, while intermittent cyclic loading enhances ECM
production [7, 9]. The cyclic application of hydrostatic pressure within a physiologic
range upregulates synthesis of proteoglycans and production of tissue inhibitors of

metalloproteinase production (TIMPs), whereas pressures outside the physiologic range



reduce proteoglycan synthesis or increase production of catabolic factors such as MMPs.
The level of hydration based upon whether fluid is imbibed or expressed appears to play
a role in this effect; hydration-induced changes in osmolarity lead to changes in disc cell

volume and behavior [9].

Degenerative Disc Disease

The susceptibility of the disc to degeneration is a function of its unique
physiology. The avascular nature of IVD tissue presents a physiological milieu in which
the precarious balance between anabolic and catabolic processes is easily disrupted.
Disruption of this environment, whether by injury or the inevitable consequences of

aging, initiates a degenerative cascade.

Disc health requires good transport properties from the blood supply, across the
endplates, and through the ECM [7, 12]. With endochondral ossification and invasion of
calcified cartilage, the permeability of the endplates is reduced and severe calcification
acts as a barrier to solute transport [9, 11]. Even further upstream, atherosclerosis of the
arteries supplying the vertebral bodies can restrict blood supply and thus the nutrients

available to the disc [11, 12].

When the nutrient supply is disrupted the disc cells are unable to maintain the
extracellular matrix; notably, the large aggregating proteoglycans begin to break down.
The proportion of aggregates relative to the total PG content of the disc decreases [14];
analyzed spatially, aggregation decreases gradually from the outer annulus to the inner
annulus and nucleus of the mature disc [15]. Interestingly, when studying the structure of
newly-synthesized disc proteoglycan in vitro a single proteoglycan morphology of high

molecular weight is the main product no matter the age, the type of disc cell or the
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pathologic status of the disc. This suggests that the increasing proportion of non-
aggregating proteoglycan in the disc is the consequence of proteolytic cleavage and an
accumulation of degradation products resulting from a long diffusion pathway and poor
transport properties due to size rather than age-related or pathologic changes in the ability

of the disc cell to produce the desired aggregating proteoglycans [7, 15].

The water content decreases with the loss of PG and with it the turgor of the disc
[16]. Macroscopic characteristics of disc degeneration include progressive dehydration
of the NP, formation of tears in the annulus fibrosus, and in severe cases disruption of the
endplates [14, 17]. Endplate fissures can also lead to loss of hydration, further altering

the permeability of the disc matrix proper [18].

As this degenerative cascade progresses the disc loses its ability to fulfill its
structural function — to serve as a hydrodynamic cushion. This loss of function adversely
affects other structural components of the spinal motion segment (SMS), notably the
facet joints. Overloading of the facet joints can lead to osteoarthritis, one potential source
for chronic LBP. Degenerative changes to the SMS can also lead to neuropathic pain, as
when narrowing of the intervertebral foramina due to loss of disc height causes

impingement of spinal nerves.

Clinical Treatment Paradigm

Degenerative conditions of the lumbar spine span a pathophysiologic continuum
from the asymptomatic to the chronically disabling; diagnosis of the root cause of low
back pain is imprecise and often an exercise of exclusion [19]. Given the uncertain
etiology, conservative treatments are often prescribed first. In cases where conservative

treatment proves ineffective clinicians turn to major surgical procedures such as
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decompression, fusion, or disc arthroplasty. Success rates vary, as psychosocial factors

tend to have a large influence on outcomes.

While some disc injuries can be managed conservatively, the altered
biomechanics of the injured disc can initiate a biochemical cascade leading to disc
degeneration; e.g. Melrose et. al. demonstrated in an ovine model that rim lesions can
lead to progressive degeneration of the nucleus and inner annulus, even when the outer
annulus heals [20]. Matrix loading is recognized as an important disc metabolism
signaling pathway, and the cyclic application of hydrostatic pressure outside of the
normal physiologic range can reduce proteoglycan synthesis and/or increase production

of catabolic factors [9].

Spinal Fusion

The current “gold standard” surgical treatment is discectomy and fusion of two or
more adjacent vertebrae. IVD disorders now account for 51% of patients requiring
lumbar fusion procedures [21]. In 2001 more than 300,000 spinal fusion operations were
performed, putting the number of procedures on par with that of hip replacement surgery
[22]. Spine fusion is considered to be one of the most challenging bone grafting
applications, as even autograft has a relatively high failure rate [23]. The rate of

nonunion has been reported to be on the order of 15% of all primary procedures [24].

Artificial Disc Replacements

A more recent innovation for the treatment of back pain is the artificial disc.
Currently, two lumbar disc replacement devices and one cervical disc replacement device
have FDA approval. Given the few approved indications and many contraindications for

lumbar disc replacement, only about 5% of current lumbar surgical patients are
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considered total disc arthroplasty (TDA) candidates. Based upon numerous case series
published on lumbar TDA, clinical success rates are on par with fusion. However, no
Class I (prospective, randomized) evidence has been published, nor have long-term
results. The effects of device wear observed for TDA mirror what is seen for total hip
arthroplasty (THA). For metal-on-metal devices serum chromium levels slightly exceed
THA, and devices with polyethylene inserts have exhibited wear-debris mediated
inflammation and osteolysis. Other complications observed include subsidence,

expulsion, loosening, migration, fracture, and adjacent segment disease.

While total disc replacement preserves spinal motion, it is a complicated
surgical procedure similar in invasiveness to fusion. Replacement of the nucleus
pulposus is a potentially less invasive prosthetic strategy, in that the AF is spared. By
replacing the nucleus, disc height can be restored, thus restoring annulus tension,

stabilizing spinal ligamentous structures, and restoring segmental biomechanics.

Intradiscal Implants

Given the high complication rate associated with fusion procedures, there is
considerable interest in the development of non-fusion treatment strategies and less-
invasive interventions. Mechanical characteristics of an effective nucleus replacement
include a similar stiffness to the native disc to avoid stress shielding, a modulus
compatible with the vertebral endplates to minimize implant subsidence, and high wear

resistance and fatigue life to endure up to 100 million cycles over 40 years [25].

The traditional medical device companies have taken an intradiscal implant approach to
nucleus replacement. The intradiscal implant with the longest clinical track record is the

Prosthetic Disc Nucleus (Raymedica, Inc., Bloomington, MN), a polyacrylamide and
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polyacrylonitrile copolymer hydrogel pellet encased in an inelastic polyethylene jacket
that has performed favorably in biocompatibility and biomechanical tests. Similar
hydrogel-based intradiscal implants include Aquarelle (Stryker Spine, Allendale, NJ),
NeuDisc (Replication Medical Inc., New Brunswick, NJ), and the Newcleus (Zimmer
Spine) [25]. The premise of many of these systems for nucleus pulposus replacement is
that restoring mechanical function is of utmost importance; thus, intradiscal implants still
require open surgical procedures. Furthermore, these relatively stiff implants do not
conform to the intra-annular space, thus they do not benefit from load sharing from the

annulus and implant subsidence remains a significant complication [5].

Regenerative Therapies

Current research interest in inducing biologic repair via methods including tissue
engineering, gene therapy, and cellular therapies is high [6]. Generally, the aim is to
prevent, arrest, or reverse degeneration by increasing accumulation of ECM either by
upregulating synthesis or by downregulating degradation. This strategy can be
implemented directly by providing appropriate growth factors and cytokine inhibitors or

by altering gene expression [26].

Although the cytokine-mediated catabolic cascade is not yet well-understood,
some growth factors have been investigated as regenerative treatments for degenerative
disc disease (DDD). Growth factors known to stimulate matrix production include bone
BMP-2, BMP-7 (also known as osteogenic protein or OP-1), GDF-5, TGF-f3, and IGF-1,
whereas the cytokines IL-1 and TNF are known to inhibit matrix synthesis. Protein
“cocktails” may be more effective; e.g. combinations of TGF-f, BMP-2, and IGF-1 have

been shown to act collaboratively to stimulate proteoglycan synthesis [26]. These small-
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molecule biologics are amenable to percutateous injection, opening up the possibility of a
non-invasive IVD therapy. However, a significant drawback to the use of recombinant
proteins is their price; e.g. a single dose of BMP-2 can cost $5,000. Furthermore, such
approaches focus solely upon regeneration of the extracellular matrix (ECM) and do not
account for the physiological processes that initiated disc degeneration in the first place.
It is unclear whether the exogenous signalling molecules will be able to induce

production of new ECM without removal of the existing pathologic tissue.

More recently, tissue-engineering principles have been incorporated as a means to
stimulate a repair response in the IVD -- therapies might include cells, a scaffold,
signaling molecules or any combination thereof [27]. Numerous research groups have
based their regenerative therapies upon injectable natural biopolymers including forms of
HA [28-30], collagen derivatives [31-33], or combinations of these with proteoglycans
[27]. These ECM mimics, either stand-alone or seeded with cells, have been shown to
provide a favorable, bioactive environment for endogenous ECM synthesis. However,
these systems still lack the mechanical strength required for IVD function. Other
biopolymers such as chitosan [34] and a silk-elastin copolymer [35] have been
investigated to better match the mechanical properties of native nucleus pulposus, but

these systems are not injectable.

Most tissue engineering approaches involve a combination of cells, scaffold, and
signaling molecules, but drawing from results seen in viscosupplementation of
osteoarthritic diarthroidal joints it appears that the bioactivity of the repair material itself
may be of greater importance. Supplementation of diarthroidal joints with hyaluronan

was initially seen as a means to restore the viscoelastic properties of the synovial fluid,
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but the beneficial effects of the injections far outlast the expected residence time of the
exogenous hyaluronan [36]. The beneficial effect of viscosupplementation is likely
multi-factorial, but broadly four mechanisms are described in the literature: (1)
restoration of viscoelastic properties of the synovial fluid, (2) upregulation of
biosynthetic processes resulting in chondrogenesis, (3) anti-inflammatory effects slowing
or preventing degradation, and (4) analgesia resulting from desensitization of stretch-
activated ion channels to mechanical stimuli [36, 37]. These effects are also desirable in
treating low back pain, thus hyaluronan and other bioactive molecules are good

candidates for systems to repair the nucleus pulposus.

Hydrogel-Based Biomaterials

Revell et al [28] evaluated two HA-based materials, one acellular (HY AFF®) and
the other (HY ADD®) seeded with mesenchymal stem cells (MSC), in a porcine
nucleotomy model. After six weeks in vivo, they found that injected discs retained a
central nucleus pulposus-like region and a relatively normal biconvex morphology,
though the biconvex region was smaller than control discs. Interestingly, discs injected
with the acellular gel retained relatively normal disc space while those injected with the
MSC-seeded gel showed some signs of disc narrowing. Histologic examination of discs
injected with the acellular gel showed cellular tissue with chondrocytes producing matrix
in the center of the disc while the MSC-treated discs exhibited a heterogeneous cell
population and areas of loose matrix relatively lacking in cells. The authors suggest that
the cells in the HY AFF® were recruited from the inner annulus region, which has been
shown to be the main site of cell proliferation in the normal IVD. Thus, while the

acellular HY AFF® showed promise, the inability to retain biconvexity comparable to
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control discs may be attributed to the inferior mechanical properties of HY AFF® relative

to NP tissue.

This in vivo study demonstrates the promise of injectable HA-containing
biomaterials as a DDD treatment, but the inability of the injected materials to withstand
physiological loads compromised outcomes. The study focused on the regenerative
capability of the gels without regard for the mechanical characteristics. In vitro
mechanical testing of similar ECM mimics [27, 29, 34] achieved aggregate moduli on the

order of one-third to one-half that of healthy human NP tissue.

Crosslinking Strategies

Other research groups have focused upon developing materials that are
mechanically comparable to the NP based upon the hypothesis that maintaining
physiologic biomechanical loading is sufficient to prevent the degenerative cascade. One
means of achieving this mechanical integrity is by further crosslinking the hydrogel.
Numerous crosslinking chemistries for hyaluronan have been studied. One relatively
non-toxic scheme involves the use of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC), also known as water-soluble carbodiimide (WSC), which is known to crosslink
HA and other polysaccharides [38]. The byproduct of the crosslinking reaction, a urea
derivative, displays a very low degree of cytotoxicity. However, the pH dependence of
this crosslinking scheme disqualifies it for in situ use; an optimal pH range from 3.5 to

4.5 has been reported.

Cloyd et al [30] have reported on a mechanical characterization of three HA-
based hydrogel systems. While some of the gels were able to match or exceed elastic

properties of NP tissue, they did not mimic the viscoelastic behavior of the NP tissue.
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The gels that had comparable unconfined compression moduli to NP tissue showed
significantly less stress relaxation. This lack of stress relaxation is likely due to the
crosslinking used in the gels to increase modulus. Natural NP tissue has a relatively
compliant, proteoglycan-rich matrix that is reinforced with collagen fibers to increase its
compressive modulus. The natural tissue’s more compliant matrix reinforced with
collagen affects the health and migration of cells [39]; furthermore, as described above
cell proliferation is dependent upon diffusion of nutrients and waste products through the

matrix.

Particulate-Reinforced Hydrogels

The idea of reinforcing hydrogels with particulates to increase compressive
properties has also been explored. Usta ef al [40] studied the behavior of gelatins
reinforced with alumina particulates. In this case, the alumina was meant to model
hydroxyapatite filler and it was employed for ease of handling and reduced cost. The
small particles were very effective at increasing the compressive modulus of the gelatin:
volume fractions of alumina as low as 7% in the hydrated gelatin doubled the
compressive modulus, while volume fractions of 14% resulted in a 5-fold increase in
compressive modulus. These results far exceeded the 1.2x and 1.4x modulus increases
predicted by rule of mixtures for those volume fractions of reinforcement in a typical

thermoplastic polymer/ceramic particulate composite.

Giordano et al [33] found similar results studying hydroxyapatite-reinforced
HYAFF 11. HYAFF 11 is a benzyl ester of hyaluronic acid that exhibits poor
mechanical properties. Large amounts of reinforcement (14/86 weight ratio of

hydroxyapatite/HY AFF) were employed in an effort to raise the compressive mechanical
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properties of the HY AFF to those of spongy bone. The reinforcement increased the

elastic compressive modulus of the HY AFF 7-fold.

Methods for Intervertebral Disc Study

Mechanical Testing

Classically, the NP has been considered to be an incompressible fluid; as such
most of the early mechanical testing of NP tissue focused upon measuring hydrostatic
pressure in situ or swelling pressure in vitro. However, as computational modeling has
become more prevalent it has become clear that the incompressible fluid assumption is
flawed. The need for better characterization of the deformational behavior of the NP
under load for more accurate spinal finite element models led to a resurgence in the

experimental measurement of NP material properties.

One such study strove to assess the solid and fluid characteristics of the NP in
torsional shear. latridis et a/ [41] used parallel plate rheometry to study the behavior of
healthy NP tissue under both dynamic oscillatory shear and transient stress relaxation test
conditions. At a strain amplitude of 0.01 rad over the frequency range 1 rad/s < w < 100
rad/s mean values for the complex modulus (|G*|) ranged from 7-21 kPa and tand
increased from 23° to 31° indicating that the NP became more dissipative with frequency.
In the stress relaxation tests, rapid relaxation immediately following the peak shear stress
followed by more gradual relaxation to near-equilibrium values at the 600 s duration of

the test indicated fluid-like transient behavior.

While dynamic shear testing provides useful information on the viscoelastic
nature of materials, confined compression testing accounts for the biphasic and

viscoelastic nature of NP tissue while also better mimicking the actual stress state of the
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native NP. The specific aggregate modulus derived from confined compression depends
upon the constitutive model used, but all have been shown to characterize the viscoelastic
nature of the native NP tissue and to delineate the state of degeneration in the tissue [42-
46]. For example, Johannessen et al found the isometric swelling pressure measured
during confined compression decreased by 73% comparing healthy to degenerated human
NP tissue [44]. Perie et al found that confined compression aggregate moduli (H, and
Hao) for NP tissue tend to vary from about 0.31 to 1.0 MPa depending on the species

tested and constitutive models used [42, 43].

There continues to be great variation in the methodologies used to mechanically
characterize NP tissue. However, the increasing body of literature (Table 1) will provide
useful points of comparison for potential NP mimics tested by the same or similar

methodology.

In vitro Culture Systems

In vitro cell culture is a useful tool for the study of biological responses in a
particular system. In cases where specific functions of a particular cell type is not under
consideration, transformed cell lines provide well-characterized, robust models for
experimentation. As an example, generalized cytotoxicity assays are typically run on cell

lines derived from target tissues, e.g. fibroblasts.

In vitro systems specifically for the study of the IVD include the use of primary
cell culture, tissue culture, and whole-disc (including end plates) organ culture.
Appropriate culture conditions depend upon the question under study; e.g., to study the
physiology of degenerative disc disease the pH, oxygen tension, and nutrient supply

should be altered to mimic a catabolic microenvironment [47].
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Table 1: Material properties for intervertebral disc tissue

Species Material Properties Methodology Reference
Compressive Modulus
41.2+5.1 Pa(NP) Stress relaxation under .
Ovine 64.6 = 5.3 kPa (AF) confined compression Mizuno et al. [48]
3 kPa Unconfined compression Johannsessen et al [44]
H, =0.31+0.04 MPa (NP), i .
Bovine A0 (NP) Stress relaxation ur}der Perie ef al [42]
0.74 £ 0.13 MPa (AF) confined compression
5.39 + 2.56 kPa (linear region), | Stress relaxation under
Poisson’s ratio 0.62 + 0.15 unconfined compression Cloyd et al [30]
ff
H,~ =1.01+043 Mpa
Human i
(noerfrfnal) Stress relaxation ur}der Johannsessen ef al [44]
H, =0.44%0.19 MPa confined compression
(degen)
6+ 0.05 kPa Indentation Umehara et al [49]

Dynamic Properties

Fresh: E’ =64 +£28 KPa
E”=23+13 KPa Sinusoidal cyclic compression
) tand = 0.34 + 0.08 w/ 10 wm displacement .
Ovine Frozen: E’ =83 +£20 KPa applied at 8 frequencies (1Hz Leahy and Dukins [50]
E> =26 + 8 KPa reported)
tand = 0.33 £ 0.05
. G'~300 Pa at 1 Hz, G” ~80-90 | Small amplitude oscillatory
Porcine Pa, tand ~0.24-0.4 shear tests Causa et al [51]
|G*|land o @ 1, 10, 100 rad/s
Human I: 7.4+ 11.6 kPa, 23 + 5 Dynamic shear latridis et al [52]

10: 11.3+£179kPa, 24+ 5°
100: 19.8 £31.4kPa, 30 £6°

Hydraulic Permeability

Ovine

2.1+ 1.8 x 10-14 m2/Pa s (AF)
6.2+ 1.5x 1014 m2/Pa s (NP)

Mizuno et al [48]

Bovine

0.67 + 0.09 x 10°13 m*/N s (AF)
0.23+0.19 x 10°13 m*/N s (NP)

Perie et al [42]

Water Content

Ovine 80 £ 2% Leahy and Hukins [50]
. 86.5 = 0.7% (confined swelling) .
Bovine 145 3 + 0.6% (free swelling) Perie ef al [42]
86 +3% Antoniou et al [53]
Human |88 +3.5% to 92 = 7.1% (cultured NP cells) Sakai et al [54]

78-80%

Antoniou et al [53]
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Cell culture techniques for disc cells have benefited from a deep body of literature
on articular cartilage chondrocyte cell culture. Fibrochondrocyte-like cells of
mesenchymal origin are found in both the annulus fibrosus and nucleus pulposus in the
adult human; cells of notochordal origin are also found in the nucleus pulposus of young
humans and some animal models. As with articular chondrocytes, these mesenchymal-
derived disc cells have been found to de-differentiate in monolayer culture. They take on
a “spindle-shaped” cell morphology and alter gene expression for aggrecan and collagen I

and II [55, 56].

While monolayer culture may be appropriate for expansion of primary disc cells,
three-dimensional culture systems better preserve the chondrocytic phenotype [57]. As
with articular cartilage chondrocytes, common three dimensional culture systems include
agarose, alginate, and collagen sponges [54, 58-60]; more exotic scaffolds under recent

investigation include chitosan derivatives [61, 62] and bioactive glass [63].

Common assays for cell viability, metabolic activity, gene expression, ECM
synthesis, etc. have also been adapted from the extensive cartilage cell culture literature.
Fluorescence assays such as LIVE/DEAD™ (Molecular Probes) and AlamarBlue
(Invitrogen) have been used to assess cell viability [64, 65] and relative metabolic activity
[65], respectively. Radiolabeling techniques such as [*H]-thymidine uptake into newly-
synthesized DNA can be used as a marker for cellular proliferation [54]. Similarly, [*>S]-
sulfate uptake can be used to monitor proteoglycan synthesis [54, 66] and release into
media [67]. The dimethylmethylene blue (DMMB) assay is also commonly used to
measure sulfated GAG content and thus proteoglycan accumulation [48, 54, 64, 67].

Collagen synthesis can be determined by measuring the hydroxyproline content using the
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Chloramine T assay (VWR) [68] or can be inferred by evaluating gene expression levels

via RT-PCR [65].

Traditional histology methodologies should not be overlooked; they remain a
useful tool for the assessment of tissue and organ culture systems. Hematoxylin and
eosin (H&E) is an effective stain for collagen [54] while Toluidine blue [54, 69] or

Safranin O with a Fast Green counterstain [64, 68] have been used for GAG and PG.

Often, a range of in vitro techniques will be used to probe different aspects of the
biologic response before moving on to more resource-intensive in vivo studies. While
cytotoxicity studies can be used to screen a wide range of test articles with relatively little
investment of resources, their results do not always translate directly to the response in
vivo. Rather than taking any one assay as a sole measure of the biological response,
multiple assays taken together can paint a broader, more well-rounded picture of the

biologic response.
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RESEARCH OBJECTIVES AND SPECIFIC AIMS

Study Rationale

The avascular nature of IVD tissue presents a physiological milieu in which the
balance between anabolic and catabolic processes is easily disrupted, making
intervertebral disc degeneration a natural consequence of aging. Current clinical
treatment options for disc degeneration exist at two extremes: conservative management
or surgical intervention. Given the economic impact of lost productivity and disability
associated with low back pain, there is significant interest in earlier, less invasive

interventions.

Numerous research groups are investigating polymer systems as tissue
engineering scaffolds for the nucleus pulposus. Nucleus replacement systems open-up
the possibility of less invasive procedures that maintain the existing annulus structure.
The premise of many of these systems for nucleus pulposus repair is that restoring
mechanical function is of utmost importance; hence, the chosen material must duplicate
native nucleus pulposus mechanical properties. However, drawing from results seen in
viscosupplementation of osteoarthritic diarthroidal joints, the bioactivity of the repair
material may be of greater importance. Thus, the overall goal of this work is to establish
a nucleus pulposus replacement that (a) sufficiently restores mechanical function and (b)
induces tissue regeneration via cell migration from the inner annulus fibrosus and

upregulation of extracellular matrix synthesis.
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The ubiquity of low back pain in industrialized societies makes the intervertebral
disc an attractive target for regenerative medicine research. Its avascular nature, while on
the one hand a causal factor in the development of degenerative changes, on the other
allows for immunogenic isolation. As such, current research interest in inducing biologic
repair via methods including tissue engineering, gene therapy, and cellular therapies is
high. However, it must be noted that in comparison to other orthopaedic tissues,
relatively little is known about disc biology. The extent to which the mechanisms linking
load, the chemical milieu, and cellular activity in the disc have been characterized does
not approach that of chondrocytic activity in cartilage or osteoblastic and osteoclastic

behavior in bone.

We propose that taking a materials-based approach is a more logical first step in
developing a minimally-invasive implantable treatment for degenerative disc disease. A
reinforced hydrogel based upon the natural polysaccharides found in the disc ECM could
be used to restore the mechanical function of the disc. While such a hydrogel could be
seeded with cells as part of a regenerative strategy, the materials-only approach is not
affected by nutritional limitations of the degenerated disc and how these limitations will
affect the viability of implanted cells in vivo. We expect that the reinforcing phase of the
composite will provide immediate mechanical support while the polysaccharide hydrogel
phase will restore the biochemical composition and water content of the disc, elevating
the nuclear hydrostatic pressure and thus slowing or halting the progression of disc

degeneration.
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Research Objectives

The long term goal of this research is to develop an implantable polysaccharide-
based hydrogel as a less invasive alternative to fusion or disc arthroplasty for the
preventative or therapeutic treatment of degenerative disc disease. The immediate
objective is to take a materials-based approach to develop a bioactive hydrogel that will
restore the swelling behavior and mechanical properties of the NP. Thus, it is proposed
that particulate-reinforced hydrogels can be used for an NP replacement, providing a
compliant matrix for cell migration from the inner annulus. This composite biomaterial
will also mimic the mechanical performance of healthy NP tissue in order to maintain
structural support of the functional spinal unit and to provide an appropriate mechanical

signaling environment to resident cells.

The foundation of this work is a hyaluronan-co-high density polyethylene (HA-
co-HDPE) copolymer that was recently developed in the James Laboratory. The
amphiphilic nature of this copolymer allows for the engineering of unique
microstructures and properties appropriate for different applications by adjusting the raw
material molecular weights, constituent ratios, and extent of reaction (Figure 3).
Additionally, the compressive properties of hydrogels have been improved with relatively
small volume fractions of particulate reinforcement [40]; fumed silica is used as a model

system to evaluate the effect of such reinforcement.

Mechanical Objectives
Mechanically, the NP serves as a hydrodynamic cushion in the spinal column. It
1s viscoelastic in nature, allowing for an elastic solid-like response to impact loading (as

during locomotion) as well as a viscous fluid-like response to static loads (exuding or
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Figure 3: Potential microstructures based upon constituent molecular weight, weight ratio and degree of
reaction. (a) suggests a microstructure for an HA-co-HDPE copolymer with a low molecular-weight HA
(blue) covalently bonded (red) to high molecular-weight PE (green). The PE is primarily crystalline with
HA grafted in the amorphous regions. Such a microstructure would behave as a lubricious solid. (b)
illustrates a copolymer with a sub-critical proportion of PE. The PE grafts to single HA chains, forming
an amphiphilic molecule. Depending upon the size of the PE phase compact crystalline regions may
form or the PE will collapse into a micelle with a hydrophobic PE core surrounded by the hydrophilic HA
phase. The resulting structured fluid will have unique rheologic properties. (c) shows an intermediate
structure in which a the critical extent of reaction has been reached such that a gel network forms. A
copolymer with this structure will still be very hydrophilic while having some solid-like behavior.

imbibing fluid during the diurnal cycle). In order to effectively mimic the function of a
healthy NP, we aim to tune the hydrogel system to closely match the properties of native

nucleus pulposus in terms of dynamic shear parameters and water-carrying capacity.

Biological Objectives

The core component of they hydrogel system is hyaluronan, a highly conserved
natural biopolymer that is found throughout the body. Given the ubiquity of hyaluronan,
we expect that the gel will be biocompatible. Furthermore, it has been seen in other
tissues that an appropriately-bioactive implanted substrate can initiate a regenerative
healing response, as is seen in viscosupplementation of diarthroidal joints. We expect

that a hyaluronan-based hydrogel serve as a substrate for a similar healing response.
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Hypotheses and Specific Aims

We hypothesize that an HA-based copolymer hydrogel can be developed for use
following nucleotomy as a less invasive implantable treatment to restore the swelling
behavior, mechanical properties, and biochemical signaling environment of a moderately

degenerated nucleus pulposus.

We further hypothesize that though the structure will differ, the viscoelastic
properties of the large aggregating proteoglycans found in healthy intervertebral discs can
be mimicked. We will use rheometry to evaluate the mechanical properties of

particulate-reinforced hydrogels based upon two hydrogel formulations.

Lastly, since HA is abundant in the healthy disc and silica has a history of use in
pharmaceuticals and as a biomaterial we hypothesize that the hydrogel will be
biocompatible; further, it will provide a compliant matrix for the infiltration of disc cells

and integration with remaining disc tissue.
To explore the hypotheses described above, three specific aims were formulated:

Specific Aim 1: Material Formulation

Two variations on a HA-based copolymer will be explored for use as a particulate-
reinforced hydrogel. The design goal for this copolymer is to achieve a persistent
network structure while retaining a high degree of water-binding ability as demonstrated

through swell testing.

Specific Aim 2: Mechanical Characterization
The mechanical behavior of the copolymers developed in Specific Aim 1 will be

characterized, including the effect of particulate reinforcement with fumed silica. The
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target formulation will have dynamic shear properties similar to healthy nucleus pulposus

(NP) tissue.

Specific Aim 3: In vitro Modeling

Cytotoxicity will be assessed according to an ISO standard assay appropriate for
implanted devices. The in vitro response of a transformed cell line exposed to leachable
substances from the HA-based composite hydrogels will be assessed. An explant tissue
culture study will evaluate the integration of the hydrogel with the tissue as a further

measure of biocompatibility.
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DISSERTATION RESEARCH

THE SYNTHESIS AND CHARACTERIZATION OF A
HYALURONAN-CO-POLY(ETHYLENE-ALT-MALEIC ANHYDRIDE)
HYDROGEL COMPOSITE

Introduction

Previous work in the James Laboratory [70, 71] has focused upon randomly
bonding high-density polyethylene (HDPE) chains onto hyaluronan (HA) molecules. An
interfacial polymerization was used to react HA and maleic anhydride-grafted HDPE

(MA-g-HDPE) under inert synthesis conditions,

resulting in the amphiphilic copolymer HA-co- N}/?\Fo
N

OH
HDPE (Figure 4). This unique copolymer retained

HO

.. .. . .. cta. 0 0 ° o
hydrophilic qualities from the HA while gaining © -
HO

some desirable characteristics from the HDPE, such =
as mechanical strength and melt-processability. Figure 4: Hypothesized chemical

structure for HA-co-HDPE.

HA-co-HDPE has been investigated for use in a number of orthopaedic
applications. To date, the formulations that have been explored include lubricious solids
for diarthroidal joint repair [72], scaffolds for cartilage tissue engineering [73], and
viscous fluids to bind demineralized bone matrix (DBM) into malleable putties [74]. For
treatment of the intervertebral disc a hydrogel formulation is most desirable in order to
mimic the “hydrodynamic cushion” functionality of the disc. Broadly speaking, a

hydrogel is a 3-dimensional network comprised of hydrophilic polymers that are
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crosslinked such that they remain insoluble in water. Relative to the previous
incarnations of HA-co-HDPE, a hydrogel requires a greater capacity to imbibe water and
a denser crosslinked network. While still useful, the mechanical strength and
hydrophobic interactions afforded by the crystalline polyethylene domains of HA-co-

HDPE are less critical in this application.

The development of such a hydrogel is the focus of the work described herein.
Another synthetic polymer, poly(ethylene-alt-maleic anhydride) (PEMA), was identified
for use in place of the MA-g-HDPE in order to achieve the necessary crosslink density.
PEMA differs from the graft copolymer in that rather than hanging pendant, the maleic
anhydride (MA) groups are directly incorporated into the polyethylene backbone (Figure
5). The strictly alternating monomer sequence results in a substantially greater
proportion of the reactive MA groups: PEMA is
77.8% MA by weight, whereas currently

commercially-available MA-g-HDPE is at most 3%

MA by weight. The greater availability of anhydride
reactive groups enables the required crosslink density

for hydrogel formation via a reaction scheme similar

to that for HA-co-HDPE (Figure 6). The design © o} °

(b)
requirement for this new copolymer, HA-co-PEMA,
Figure 5: Chemical structures for
(a) poly(ethylene-alt-maleic
anhydride) and (b) maleic anhydride-
grafted polyethylene.

was to achieve a persistent, covalently bound network

while retaining a high degree of hydrophilicity.

While substituting PEMA for MA-g-HDPE was necessary to achieve the desired

hydrogel network, it also sacrificed the mechanical strength provided by the crystalline
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Figure 6: HA-co-PEMA hydrogel reaction scheme. Maleic anhydride groups are subject to nucleophilic

attack by alcohols, resulting in a ring-opening reaction and formation of an ester linkage to the hyaluronan
molecule.

domains of the HDPE. The mechanical integrity required for an intervertebral disc
application would be approached by a different strategy, namely that of a particulate-
reinforced composite system. Much recent research interest has focused upon the use of
inorganic nanoparticles in composite hydrogels; the unique physical properties of the
nanoparticles and the possibility of chemical or physical interactions with the hydrogel
polymer provide a rich set of tools for the design of improved soft materials [75]. Fumed
silica was chosen as the model system to study the effect of reinforcement. It is a
common additive used for rheology modification in a wide range of commercial products
and industrial applications, including cosmetics, pharmaceuticals, and packaged foods. It
is commercially available in many forms, including some with different surface

treatments to allow for varying degrees of hydrophobicity. Incorporating different
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surface chemistries into the particulate reinforcement model system can provide insight
into the strengthening effect of non-covalent interactions, i.e. hydrogen bonding or
hydrophobic interactions. Three such surface treatments on otherwise identically-sized

and shaped fumed silica were investigated in this work.

Lastly, though the intervertebral disc can be thought of as an immunologically
privileged compartment owing to its avascular nature, biocompatibility testing is required
of any material destined for use in the human body. While hyaluronan, the main
constituent of the HA-co-PEMA hydrogel is a natural biomacromolecule with a long
history of use in medical treatments, less is known about PEMA. Further, reaction
intermediates or degradation products can influence biocompatibility. As an initial step
toward demonstrating biocompatibility, a cytotoxicity assay modeled after ISO standard
10993 was performed [76]. Finally, based upon preliminary cytotoxicity screens two
materials were carried forward into a pilot tissue culture experiment in which the
integration between nucleus pulposus (NP) tissue and the hydrogels was explored as a

second test of biocompatibility.

Specific Aim 1: Hydrogel Synthesis and Characterization

Materials and Methods

Sodium hyaluronate (Na-HA, 720-780 kDa) was purchased from Lifecore
Biomedical (Chaska, MN) and stored at -20°C until use. Cetyltrimethylammonium
bromide (CTAB), poly(ethylene-al/t-maleic anhydride) (PEMA), and dimethyl sulfoxide
(DMSO, anhydrous, 99.9+%) were obtained from Sigma-Aldrich (Milwaukee, WI).

Acetone and sodium chloride were supplied by Mallinckrodt Chemicals (Phillipsburg,
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NJ). Potassium bromide (99+%, for spectroscopy, IR grade) came from Acros Organics

(Morris Plains, NJ). All chemicals were used as received unless otherwise specified.

Hydrogel Synthesis

Hydrophobic modification of hyaluronan (HA) by complexation with a cationic
surfactant has been described previously [77, 78]. Briefly, Na-HA was dissolved in
deionized water to a concentration of approximately 0.5% (w/v). An aqueous solution of
CTAB was titrated into the HA solution until a precipitate was observed. The precipitate
was centrifuged and washed in several changes of deionized water to remove residual
CTAB, then was vacuum dried at 50°C and -25” Hg until no change in weight was
observed. Once dry, the precipitate was ground to a fine powder using a freezer mill
(SPEX Sample Prep, Metuchen NJ). The resulting hyaluronan ammonium salt (HA-
CTA) is soluble in DMSO, a polar solvent that is miscible with a wide range of organic

solvents as well as water.

While the PEMA was used as received from the supplier, care was taken to ensure
dry copolymer synthesis conditions since the reactivity of the anhydride moieties is
sensitive to water. Both the PEMA and HA-CTA powders were vacuum dried at 50°C

for a minimum of 24 hours prior to use,
Table 2: Design parameters for hydrogel variations

and the 99.9+ anhydrous DMSO solvent LD [ HD
HA M,, 750 — 780 KDa
. HA-CTA:PEMA . .
was handled assiduously to prevent the (w/w) 36:1 7:1
[HA-CTA]
: . 0.5% 1.5%
absorption of water from the Solution (W/v) 0 0
: , 501[11iE()1:14?v1/v) 0.5% 1%
environment. Table 2 summarizes two u d
Reactive Ratio 1-46 1:9
. . [MA]:[OH] i i
preliminary hydrogel formulations that Network Ratio
mol MA:mol HA chain 164:1 85211
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were evaluated; they differed primarily in PEMA content and solution concentration.
With four OH groups per disaccharide, one covalent bond for roughly every ten HA
disaccharide pairs was possible for the low crosslink-density (LD) formulation given the
1:46 reactive ratio; for the high density (HD) formulation one covalent bond was possible
for approximately every other disaccharide unit. While it was unlikely that every MA
would form a covalent bond with the HA, theoretically just one crosslink per HA chain
was required to form an infinite network [79]. Thus, MA was available in sufficient
excess that both formulations were expected to form gels. Details of these stoichiometric

design ratios are discussed in further detail in Appendix C.

To synthesize the gels, concentrated solutions of HA-CTA and PEMA were
prepared in separate round-bottomed flasks by solvation in DMSO at 80°C under an N,
blanket. Once the reactants were fully dissolved, they were combined into a single flask
via cannula under dry N, flow. The temperature was raised to 90°C and the reaction was
allowed to proceed under magnetic stirring for 12 hours. Upon completion of the
reaction, the contents of the reaction chamber were allowed to swell in a copious volume
of acetone. Since PEMA is soluble in acetone while HA-CTA is not, this step was
intended to remove unbound PEMA. Swollen gels were separated from the solvents and
then were hydrolyzed to remove complexed -CTA by ion exchange in a 0.2M aqueous
NaCl solution with gentle agitation overnight. Following hydrolysis the gels were

vacuum dried at 50°C for 24 hours or until no change in weight was observed.

Characterization

The chemical structures of the synthesized hydrogels were investigated by means

of Fourier transform infrared spectroscopy (FTIR). Dry powdered samples were mixed
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with potassium bromide (KBr) salt at approximately 2% (w/w) and pressed into pellets
for analysis. Spectra were collected using a Nicolet Magna-IR 760 spectrometer
(Thermo-Nicolet, Madison WI). Absorption spectra were averaged over 128 scans
spanning the mid-IR range (4000-400 cm™) at a resolution of 4 cm™. Peak locations were

automatically identified using the OMNIC software suite (Thermo-Nicolet, Madison WI).

Thermal stability and bulk composition were investigated using
thermogravimetric analysis (TGA). Dry powdered samples of 3-7 mg were loaded in
open aluminum pans under an inert He atmosphere using a TA Instruments TGA-2950
(TA Instruments, New Castle DE). A heating rate of 10°C/min was used from ambient
temperature to 110°C, at which point the temperature was held for 15 minutes to
evaporate residual water. The 10°C/min heating rate was then resumed up to 600°C.
Thermogravimetric (TG) and derivative thermogravimetric (dTG) curves were collected

for compositional analysis per ASTM E1131-08 [80].

Swell tests were used to investigate the water-carrying capacity of the hydrogels.
Dry hydrogel samples (n=3 per group) were immersed in deionized water (DI) or
phosphate buffered saline (PBS) and allowed to swell at room temperature. The weight
of the swollen hydrogels was monitored until equilibrium swelling was achieved.
Equilibrium was determined by three consecutive measurements with no further weight

gain. The swelling ratio was determined as follows:

- (Ws_Wd)

Q W,

where Q is the swelling ratio, Wy is the swollen weight, and Wy is the dry weight. For
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comparison to the hydration levels of natural tissues, the weight percentage of solvent

was also determined:

= (Ws_Wd)
W

s

H

Q and H for the LD and HD formulations were statistically compared using a pair-wise
Student’s t-test. Statistical significance was set at a=0.05. All statistical analyses were
conducted using the statistical tools built into the SigmaPlot® 11.2 software package

(Systat Software Incorporated, San Jose CA).

Results

Upon completion of the 12-hour reaction a golden-hued, viscous product
remained in the round-bottomed flask as seen in
Figure 7. The consistency of the putative HA-co-
PEMA reaction product ranged from jelly-like for
the LD formulation to a firm gel with the HD

formulation. The gels lost color as hydrolysis in

0.2M NaCl solution proceeded, eventually .
Figure 7: Result of reaction between

becoming completely transparent and colorless HA-CTA and PEMA (LD formulation) in
DMSO after 12 hours at 90°C.

when fully hydrolyzed.

FTIR spectra for the original reactants and the two HA-co-PEMA gel
formulations are shown in Figure 8. The spectra for both gels exhibit the characteristic
peaks seen in the HA spectra, but key peaks in the PEMA spectra associated with the
maleic anhydrides are not apparent. The carboxylic acid peak at roughly 1600 cm™ in the

HD spectra is blunted in comparison to the same peak in the HA and LD spectra. A
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Figure 8: FTIR spectra for high- (HD) and low-network density (LD) HA-co-PEMA hydrogels.

Spectra for the base constituents of the hydrogels, hyaluronan (HA) and poly(ethylene-al/t-maleic
anhydride) (PEMA), are provided for comparison.

Table 3: FTIR peak identification and location comparison

Vibration Identification H(]an:_?;‘k Lzll;ﬁz)'k H(‘tlz_?;‘k Pel;EIX::'I)
Bonded OH 3609.43
OH stretch 3406 3336.92 3353.68
CH, asymmetric 2930 2921.97 2939.01
CH, symmetric
CH; symmetric 2897.05
Cyclic anhydride C=0 (sym) 1857.95
Cyc. Anhydride C=0 (asym) 1778.29
Ester C=0 stretch 1725.15
-COO 1619.55 1621.50 1618.99
C-CHj; asymmetric bend 1466.82
C-CH; scissors 1457.21
-COOH 1411.24 1408.69 1407.42
C-CHjz umbrella bend 1374.22
Secondary amide 1317.82 1318.06 1318.77
Cyc. Anhydride C-C stretch 1222.87
Ester C-C-O stretch 1205.45 1160.25
Cyc. Anhydride C-C stretch 1097.97
Ester O-C-C stretch 1042.89 1035.85
Cyc. Anhydride C-O stretch 956.45
Cyc. Anhydride C-O stretch 911.72 918.24
C-CH,; rocking 721.39 720.81
610.99 617.67 612.22
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Figure 9: TGA results for LD and HD gel formulations compared to their respective control blends
(HA and PEMA blended in the same weight ratio as for the gel formulation). TG traces show the
change in mass as a function of temperature, while dTG scans highlight the rate of mass loss.

prominent new peak is seen in the HD gel at 1742 cm™. In the LD gel a shoulder has

appeared at 1741 cm™, but otherwise new peaks are not as readily apparent as in HD.

Peak locations and functional group identification are summarized in Table 3.

Thermogram (TG) and derivative thermogram (dTG) traces for the LD and HD
hydrogels compared to their respective control blends of HA and PEMA are shown in
Figure 9, while Table 4 summarizes decomposition temperature intervals and peak mass
loss temperatures. For both control blends, thermal degradation begins at 230°C,
consistent with the decomposition behavior of neat hyaluronan. Roughly 40% of the

mass was lost for both control blends in this first decomposition interval.

Thermal decomposition initiates at 5°C lower for the LD gel and proceeds at a
slower rate over a wider interval than the control blend. An additional maximum in the

dTG curve for the LD gel is seen at 313°C. For the HD gel the initiation temperature was
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Table 4: Summary of TGA transitions and dTG peaks for hydrogels and reactants

o Decomposition dTG Peak Residue at 600°C
Sample Mass Loss (%) | Interval °C) | Temp (C) (% mass)
HA (780 KDa) 42.62 230.43 — 268.20 253.53 39.04!
PEMA? n/a 290.9 —n/a 296.41 n/a
41.26 230.87 —271.23 241.26
LD control blend 19.69 27123 — 47535 254.05 31.46
239.69
LD 49.47 225.1 -352.22 260.42 36.88
313.07
39.06 230.09 — 272.44 25432
HD control blend 7350 270 44 — 473 .44 29.77
32.68 207.31 — 24339 222.97
HD 16.13 375.39 — 470.02 37.90
I Residue at 400°C

2 PEMA TGA scan stopped at 300°C due to rapid weight gain

depressed even further, to 207°C. Decomposition proceeded rapidly over the interval up

to 243°C, then flattened out to a non-zero decomposition rate up to 470°C. Both gel

formulations left a larger residue at 600°C than their respective control blends.

Swell test results for the two hydrogel formulations are shown in Figure 10. The

data illustrated in this figure represent equilibrium swelling in PBS; a complete dataset

for swelling in DI could not be collected since the LD hydrogel samples partially

dissolved or broke apart.

The swell ratio (Q) and 200
percent hydration (H) are o 150
: 100
related parameters, in that ?
v

Q describes the weight
ratio of absorbed solvent
to dry polymer whereas H

considers the percentage

w1
o

% Hydration

Figure 10: Swell test parameters for LD and HD HA-co-PEMA

formulations, swollen to equilibrium in phosphate buffered saline.

Mean = SEM, n=3 per group.
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of solvent in the swollen gel. Both parameters indicate HD < LD but Q is the more
sensitive measure, achieving statistical significance (p=0.003). Mean values and standard

errors for both parameters are tabulated in Table 5.

Table 5: Swell test parameters (mean = SEM, n=3 per group)

Group Q (D) H (DB) Q (PBS) H (PBS)
LD n/a n/a 168.37 +22.44 98.23 +0.78
HD 75.70 £ 25.22 98.58 £ 0.52 21.67 £5.46 95.09 = 1.05

Discussion

In this specific aim two hydrogel formulations were explored, varying primarily in the
density of the network that forms via the reaction of MA functional groups provided by
the PEMA with OH groups on the HA. The density of the hydrogel network was
adjusted by varying the ratio of reactants and the solution concentrations. Network
polymer theory states that the gel point at which an infinite network first appears is given

by the critical extent of reaction, p.:

1 1
C iwi(Ni—l) iwiNi
i=1 i=1

where N; is the degree of polymerization of the i"™ chain, w; is the weight fraction of Nj-

» b
N w
mers, and N, is the weight-average degree of polymerization [79]. HA with a molecular
weight of 750 KDa averages 1870 disaccharide units, so the gel point p.= 0.0005. For the
formulations explored here, MA functional groups are available in orders of magnitude
excess for gelation; multiplying p. by the network ratios given in Table 2 indicates that if
every MA formed a covalent bond with the HA p=0.0877 for formulation LD and
p=0.0456 for HD. In addition to the availability of the reactive groups, the solution

concentrations come into play in determining the density of the crosslinked network. In

dilute solutions the polymer chains have the freedom to adopt more extended
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conformations and the reactive functional groups are less likely to encounter one another,
resulting in greater distances between crosslinks and thus a looser network structure. At
higher solution concentrations one would expect to see more entanglement among
polymer chains in addition to increased interaction between reactive groups, thus

increasing network density.

Upon completion of the synthesis procedure, a single swollen mass was left in the
flask for both formulations. These reaction products were insoluble at room temperature
in DMSO, acetone, 0.2M aqueous NaCl solution, and ethanol suggesting that an infinite
polymer network had indeed formed. The synthesis method employed here was similar
to that described previously for the synthesis of HA-co-HDPE, in that maleic anhydride
(MA) is the key functional group that enables the reaction. However, while HA-co-
HDPE was based upon a graft copolymer of MA and PE, the hydrogel utilized the
alternating copolymer, poly(ethylene-a/t-maleic anhydride) or PEMA, allowing for

significantly more linkages between the HA and the synthetic polymer.

The PEMA had the further advantage of being soluble in polar solvents including
DMSO, thus allowing for a simplified reaction scheme compared to HA-co-HDPE.
Synthesizing HA-co-HDPE involved a reaction at the interface of two immiscible
solvents: the MA-g-HDPE in a xylenes phase and the HA-CTA in a dimethyl sulfoxide
(DMSO) phase. Reaction efficiency was dependent upon the emulsification of the two
solvents, a variable that was difficult to control. In contrast, since both the PEMA and
HA-CTA are soluble in DMSO a single-phase reaction was possible for the HA-co-

PEMA hydrogel. Furthermore, dissolving PEMA in DMSO can be accomplished with
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Figure 11: Difference spectrum highlighting changes in peak intensities between HA-co-PEMA and
an equivalent control blend of HA and PEMA

lower temperatures than is required for solvating MA-g-HDPE in xylenes, thus reducing

the risk of degrading the HA when the two solutions are mixed.

Evidence of the proposed reaction is readily seen when the FTIR spectrum for a
control blend of HA and PEMA is subtracted from the HA-co-PEMA spectrum (Figure
11). The intensities of the peaks related to cyclic anhydrides are reduced, as would be
expected since the reaction mechanism involves the opening of the anhydride rings.
Once open half of the anhydride is
used the formation of the ester bond
to the HA chain and the other half
forms a carboxylic acid, as seen in

Figure 12. Ester bonds exhibit strong

infrared bands corresponding to the . :
Figure 12: Ester bond linkage bettween HA and PEMA
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(@) (b) © C.,

Figure 13: The “rule of 3” for identifying ester bonds in FTIR spectra is based upon strong IR bands
due to (a) vibration of the carbon-oxygen double bond, (b) asymmetric stretching across the carbonyl
carbon, and (c) stretching of the first two carbons in the reactive species bonded to the ester oxygen.

C=0 vibration, asymmetric C-C-O stretching, and the O-C-C stretch (Figure 13); thus
they are identified by the “rule of three” in FTIR spectra, with prominent peaks at
roughly 1700, 1200, and 1100 cm™ [81]. Taken together, these three peaks provide
strong evidence for the presence of ester bonds. All three characteristic peaks are clearly
seen in the FTIR spectra for the HD gel formulation. For the LD formulation, peaks at
1160 cm™ and 1035 cm™ were detected and a shoulder in the vicinity of 1700 cm™ is

apparent.

TGA was employed to investigate changes in thermal degradation behavior of the
hydrogels compared to blends of the starting materials. Both the LD and HD hydrogel
formulations began losing mass at lower temperatures than their respective control
blends. Chemical alteration to the hyaluronan structure inevitably affects its physico-
chemical properties; in this case the formation of ester bonds with the PEMA likely
interrupted the normal, most stable arrangement of hydrogen bonding within and among
HA molecules, thus resulting in a reduction in thermal stability [82]. The reduction in

thermal stability appears to be concentration-dependent, in that the degradation
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temperature for the HD formulation is depressed by 23°C while that for the LD

formulation is only 5°C lower.

For the LD formulation, there is a second, smaller dTG peak at 313°C, perhaps
due to the PEMA phase. The degradation behavior of the PEMA is difficult to ascertain
in the control blend, but TGA analysis of PEMA alone (Appendix B) shows that it is
thermally stable up to 290°C and that just beyond this temperature it rapidly loses the
entirety of its mass. Given this sharp stair-step behavior when analyzed alone, it is
surprising not to see a distinct PEMA degradation step in the control blend. However, it
is possible that during the TGA temperature ramp the PEMA reacts with the HA even
when simply blended; vapor-phase solventless attachment of long-chain molecules to
PEMA films have been described in the literature [83]. When linked into the LD
hydrogel network, conformational constraints may limit further reaction with the HA,
allowing for the PEMA degradation peak to be observed. The PEMA degradation peak
in the LD hydrogel occurs at a higher temperature than in neat PEMA, suggesting that it

1s more thermally stable when covalently bound to HA.

Interestingly, the HD hydrogel formulation does not exhibit the dTG peak
attributed to PEMA in the LD formulation. Over the temperature range studied HD
degrades in nearly a single stair-step fashion, more similar to neat HA than to LD. In
fact, HD degrades at a higher peak mass loss rate over a narrower temperature range than
HA, suggesting a relatively homogenous underlying chemical structure. In contrast, the
two-step degradation profile of the LD formulation may be an indication of

inhomogeneity due to phase separation or incomplete mixing.
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The consistency or lack thereof of the hydrogel structure suggested by TGA
results was borne out in the swelling behavior. The swell ratios measured among
different samples of the LD gel formulation were highly variable in comparison to those
for HD samples; furthermore, LD samples partially dissolved or otherwise began to lose
weight with time in the swelling media, suggesting domains of incomplete polymer
networking. While somewhat delicate, the HD gels remained intact when handled
carefully. The HD formulation swelled significantly less than the LD gel, but still

achieved a 95% hydration level when swollen in PBS.

The goal for Specific Aim 1 was to develop a hydrogel that could serve as an
appropriate matrix for a particulate-reinforced composite nucleus pulposus replacement.
Briefly defined, a hydrogel is a hydrophilic polymer that is crosslinked to the extent that
it retains its shape and is insoluble in water. The strategy pursued involved an
esterification reaction between HA and PEMA, where the PEMA served the role of a
long-chain, multifunctional crosslinking agent. FTIR confirmed the presence of ester
bonds in the reaction products for the two formulations investigated. TGA suggested that
the HD formulation was more homogenous than LD, a result that was confirmed with
swell testing. Swell testing further demonstrated a 95% hydration level in PBS for the
HD formulation, still above the typical water content for healthy NP tissue. For these
reasons the HD formulation was selected as the base formulation for the particulate-

reinforced hydrogels investigated in Specific Aim 2.
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Specific Aim 2: Mechanical Properties of Reinforced Hydrogels

Materials and Methods

In addition to materials described for Specific Aim 1 above, fumed silica was

used as a particulate reinforcing agent. Three grades of fumed silica were generously

donated by Cabot Corporation (Boston, MA): CAB-O-SIL® M-5, CAB-O-SIL® TS-

620, and CAB-O-SIL® TS-720. All three grades are of similar particle size and density,

but while the untreated M-5 grade has a hydrophilic surface the TS-620 and TS-720

grades have been hydrophobically modified with dimethyl-dichlorosilane and

polydimethylsiloxane, respectively. Specifications for the three grades of fumed silica

are summarized in Table 6.

Table 6: Fumed silica specifications
M-5 TS-620 TS-720
Density 2.2 g/em’ @ 20°C 2.0 g/ cm’ @ 20°C 2.2 g/em’ @ 20°C
pH 3.6-4.5 4.0-5.0 Not determined
Melting temperature 1700°C 1700°C 1700°C
Thermal stability n/a >300°C > 150°C
(decomposition T)
Water solubility Insoluble Insoluble Insoluble
Surface treatment None -- hydrophilic Moderately Hydrophobic
hydrophobic
Surface chemistry OH HsC
I PN PN
_— Si . Si _“\\\\CI ‘ Si Si
%z ’//,O / ~= | n |
0 I HaC
-I\I\IIN\I‘

Gel Casting

A concentrated, 2.5% w/v stock solution of hyaluronan (HA, 720-780 kDa,
Lifecore Biomedical, Chaska, MN) complexed with an ammonium salt (CTAB, Sigma-
Aldrich, Milwaukee, WI) (HA-CTA) was prepared by dissolving HA-CTA in dimethyl

sulfoxide (DMSO, anhydrous, 99.9+%, Sigma-Aldrich) at 80°C in an inert environment.
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The solution was stored at room

Table 7: Cast gel constituents

. . F lation* HA-CTA PEMA Silica
temperature in a flask charged with N, ormulation (ml) (ml) (2)
HD-GC 16.5 0.6 -
gas. Similarly, a 10% w/v solution of M5-R 16.5 0.6 0.8
620-R 16.5 0.6 0.8
poly(ethylene-alt-maleic anhydride) 720-R 16.5 0.6 0.8

* The HD gel cast without silica reinforcement is distinguished from the ge
in Specific Aim 1 by the “GC” designation. M5-R, 620-R, and 720-R are
reinforced with CAB-O-SIL M-5, TS-620, and TS-720, respectively.

(PEMA, Sigma-Aldrich) in DMSO

was prepared using identical methods and stored under the same conditions.

The composition of gels used for mechanical testing are summarized in Table 7.
Silica reinforcement levels were chosen empirically after formulating trial gels with 0.1
g, 0.4 g, and 0.8 g reinforcement. It was observed that 0.8 g was approaching the
maxmum amount of fumed silica that could be incorporated into the concentrated stock
solution of HA-CTA in DMSO, and the resulting reinforced gels were observed to be
qualitatively similar to NP tissue. Reinforced gels were stained with Toluidine Blue O to

confirm the presence of HA.

The HD gel described in Specific Aim 1 was used as the base gel, but rather than
carrying out the reaction in a sealed round-bottomed flask the reactants were cast as a
slab to enable samples for mechanical testing to be punched. The concentrated HA-CTA
and PEMA solutions were mixed in a 70x50 mm crystallizing dish, forming a layer
approximately 2 mm in thickness. The crystallizing dish was then sealed in a vacuum
bag, charged with N, gas, and left to cure in an oven at 75°C for 24 hours. To synthesize
reinforced gels, fumed silica was mixed into the concentrated HA-CTA solution prior to
the addition of the PEMA solution. The reinforced gels were then cast and cured by the
same method employed for the gel without reinforcement. Following curing, excess

reactants and reaction intermediates were washed from the gel by sequentially swelling in
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acetone, 0.2M NaCl solution, and ethanol. Washed gels were vacuum dried (-25” Hg,
25°C) for a minimum of 24 hours. Gels were characterized by swell tests (n=3 per

group) as described in Specific Aim 1.

Rheometry Sample Preparation

In preparation for mechanical testing, the cast gels were swollen in Dulbecco’s
phosphate-buffered saline (DPBS, Thermo Scientific HyClone, Logan UT) a minimum of
72 hours. Test samples were punched from the swollen gels using an 8 mm biopsy punch

and were maintained in a copious volume of DPBS until testing.

To allow for direct comparison to physiologic tissue, intervertebral disc tissue was
harvested from a sheep euthanized in conjunction with an Animal Care and Use
Committee (ACUC)-approved research study. The lumbar spine was removed en bloc
and endplate-disc-endplate units were isolated using a bone saw (Exakt Technologies,
Inc., Oklahoma City, OK). Extracted tissue was wrapped in saline-soaked gauze until
use. Immediately prior to testing, the disc was dissected from the endplate using a
scalpel, and an 8 mm sample was taken from the nucleus pulposus with a biopsy punch.

A total of six samples suitable for rheometry were obtained.

Rheometry

Dynamic shear testing was performed on an Advanced Rheometric Expansion
System (ARES, TA Instruments, New Castle, DE) equipped with a 2K FRTNI1
transducer (measurement range from 0.02 to 2000 g-cm torque, 2 to 2000 gmf normal
force). An 8mm parallel plate geometry was used for testing, where a bath chamber with
a serrated surface was used as the bottom plate for improved sample grip. A 150-grit

sandpaper disc was adhered with ethyl-2-cyanoacrylate to the 8mm top plate for the same
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reason. Temperature was held at 25°C via a Julabo recirculating fluid bath (Julabo
Labortechnik GmbH, Seelbach, Germany). A humid atmosphere was maintained by

placing a saline-soaked tissue inside the bath chamber and installing the bath cover.

Samples were loaded by placing the test

specimen on the bath chamber surface and manually

lowering the top platen until approximately one
4

gram force was indicated by the axial load cell i
(Figure 14). The gap displacement value was taken

to be the sample thickness. The instrument’s Figure 14: Hydrogel sample loaded on
the rheometer. This image also shows

the serrated surface of the bath chamber
and a moistened tissue that was used to
maintain humidity within the chamber.

software control was then used to set the gap to a
10% compressive strain to ensure planar contact and

gripping of the sample.

Test methods employed included an oscillatory strain sweep and a dynamic
frequency sweep. The strain sweep was run over the strain amplitude range from 0.005%
to 10% at a frequency of 1 Hz. The strain sweep was conducted on at least one sample
from each group in order to determine the linear viscoelastic region (LVR) for that
material type. Within the linear viscoelastic region the moduli are independent of stress
amplitude and are thus become a function of only oscillation frequency; this allows for
selection of an appropriate strain amplitude for subsequent frequency sweeps. The
chosen strain amplitude for the dynamic frequency sweep experiments was within the
LVR for all testable sample groups, and frequency sweeps were run from 0.05 Hz to 20
Hz to cover a physiologically relevant range. Dynamic shear modulus parameters for the

620-R and 720-R gels (n=7 per group) were compared to NP (n=6) at 0.1, 1, and 10 Hz.
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Statistical analysis made use of a one-way ANOVA with multiple comparisons
adjustment by the Holm-Sidak method for multiple comparisons against a control group.

The overall significance level was set to a=0.05.

Results
Gel Casting

High-network density gel-cast
(HD-GC) HA-co-PEMA hydrogels
were successfully cast using the weight

ratio and solution concentrations for the m

HD gel described in Specific Aim 1. —

620 #20
Reinforcement with the two grades of . .

&

hydrophobically-modified fumed silica

Figure 15: Reinforced gels produced through the gel
casting method (top). Toluidine Blue-O staining of
. . reinforced gel samples compared to a tissue sample
720-R), but the casting incorporating from ovine nucleus pulposus (bottom).

also produced intact gels (620-R and

the un-treated hydrophilic fumed silica crumbled apart during the wash and hydrolysis
procedure. Staining with Toluidine Blue-O verified that the 620-R and 720-R gels were
held together by a hyaluronan-based matrix (Figure 15). The water content of the
equilibrium-swollen reinforced gels was characterized by swell tests as described
previously, using both deionized water and PBS as swelling media. No significant
differences were detected for Q in either DI or PBS for the two reinforced gels (p > 0.7),
but both reinforced gels had a significantly smaller Q than HD-GC (p <0.007). Swell

test results are summarized in Table 8.
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Table 8: Swell ratio and hydration for reinforced gels

Media Group Q H (%)
HD-GC 175.25 +43 99.40 = 0.15
DI 620-R 22,75+ 1.54 95.78 +0.26
720-R 25.59 + 13.54 95.10 +3.94
HD-GC 46.77 + 4.23 97.89 +0.19
PBS 620-R 6.92 +0.72 87.31 x1.35
720-R 444 +0.63 81.47+2.55

Rheometry

During the strain sweep experiments it was found that the HD-GC gels were too
compliant to be tested with the 8 mm parallel plate geometry; even at very large strains,
torque measurements fell below the detection capability of the instrument. Based on the
strain sweep data for the 620-R, 720-R, and NP groups a 2% strain amplitude was
selected for the dynamic frequency sweep experiments. As with the HD-GC gels, shear
measurements could not be reliably made at small strain amplitudes, but the measurement
stabilized by roughly 0.3% strain. Torque measurements for all groups were within the
specification of the load cell by 2% strain; 2% strain also appeared to be near the upper
limit of the LVR for two of the three groups (Figure 16).
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Figure 16: Strain sweep traces for reinforced gels and ovine nucleus pulposus. The strain sweep data
was used to assess the linear viscoelastic region and to select a strain amplitude for subsequent
frequency sweep esperiments.
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Figure 17: Frequency sweep results for complex modulus. Lines represent mean values, and shaded
areas are = 95% confidence intervals. Synthesized gels were statistically compared to NP at 0.1, 1, and
10 Hz (inset)

Figure 17 illustrates the complex modulus, G*, across the entire frequency

spectrum studied. The complex modulus is a phasor describing the dynamic shear

properties of a material, accounting for both elastic and dissipative effects. Data shown
in the main figure represent mean values + 95% confidence interval. Over the range
studied, NP is effectively bound on the low end by 620-R and capped by 720-R. When
statistically compared at discrete frequencies (Figure 17 inset), no significant difference
is detected between 620-R and NP at 0.1 and 1 Hz (p>0.147). At 10 Hz, there is a
statistically significant difference among all groups (620-R<NP, p=0.005; NP<720-R,

p<0.001).
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G* can be broken into storage (G’) and loss (G”) components where G’ describes
the in-phase elastic response and G” represents the 90° out-of-phase dissipative behavior.

The loss factor, also known as tan(d), is the ratio of G” to G’. A comparison of these

dynamic shear parameters at 0.1, 1, and 10 Hz is shown in Figure 18. While G* for NP is
effectively bound by 620-R and 720-R, the loss factor for NP is significantly higher than
for the other two groups (p<<0.001). G’ tracks trends seen in G*, in that NP is bound by
620-R and 720-R with no significant differences between NP and 620-R at 0.1 and 1 Hz

(p>0.226). A different trend is seen for G”’; mean values for the synthetic gels trend
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Figure 18: Statistical comparisons of all dynamic shear parameters at 0.1, 1, and 10 Hz: (a) complex
modulus G*; (b) loss factor or tan(d), where 0 is the phase angle by which the material response lags
the sinusoidal stimulus; (c) storage modulus G’; (d) loss modulus G”.
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lower than that for NP, with no significant differences detected between 720-R and NP at

0.1 Hz (p=0.758) and 1 Hz (p=0.076).

Discussion

In order to improve the mechanical properties of the hydrogel developed in this
research, fumed silica was used as a particulate reinforcement. Fumed silica is a
rheology modifier, so mixing it into the already-viscous concentrated HA-CTA solution
was not possible with magnetic stirring. Furthermore, since these gels would be subject
to mechanical testing, shape control was needed in order to enable the desired sample
geometry. Both of these factors led to the decision to formulate the samples using a gel

casting process.

Initially, the environment for gel casting was not controlled. Fumed silica was
mixed with the gel reactants by hand while exposed to air. It was recognized that this air
exposure could cause a reduction in the MA reactivity, particularly when the air is humid.
However, since MA moieties were available in excess, it was expected that gels would
form even with exposure to air. Indeed, HD-GC gels and gels reinforced with
hydrophobically-modified fumed silica were successfully produced. M5-R gels
reinforced with untreated silica disintegrated during the hydrolysis process. Two
mechanisms can explain this failure. Firstly, the hydrophilic surface chemistry of the
untreated silica likely introduced a greater amount of water into the reaction during the
air-exposed mixing process, reducing the overall reactivity of the PEMA. Further, the
silanol surface chemistry (Table 6, page 47 above) provides OH functional groups that
can react with the PEMA in competition with the OH groups on the HA. Either factor

can explain a reduction in the HA crosslinking density to below p..
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Another consequence of the methods used to produce reinforced gels was the
introduction of bubbles into the cast gels. Larger bubbles formed due to the vigorous
mixing of the concentrated reactant solutions could be manually dissipated, but the
smaller bubbles resulting from trapped gases introduced when the dry, low-density fumed
silica was added were not addressed. For future processing refinements, a centrifugation
step or degassing procedure prior to the overnight cure should be considered to eliminate

this potential source of variability.

Swell test parameters measured for the HD-GC gel were higher than those for
HD determined in Specific Aim 1, suggesting that a looser network formed. In order to
investigate the effect of air exposure on the HD-GC and reinforced gel properties, a
follow-up experiment was conducted in which HD-GC and 620-R gels were re-cast using
a disposable glove bag to eliminate air exposure during casting. Swell test parameters
for the HD gel produced in Specific Aim 1, the HD-GC, 620-R and 720-R gels
synthesized for mechanical testing in Specific Aim 2, and the replicate HD-GC and 620-
R gels cast in an air-free environment (AF-HD-GC and AF-620-R) are summarized in

Table 9. Casting in an air-free environment reduced the swell ratio for both the HD-GC

Table 9: Summary of PBS swell test parameters determined for different gel synthesis methods

Formulation (experiment) Synthesis Method Q H (%)
HD (Specific Aim 1) f;ggz(g)lacssware’ 21.67+5.46 | 95.09 = 1.05
HD-GC (current) ‘;‘;;'%p%sfg casting, 46.77+423 | 97.89+0.19
620-R (current) ‘;‘;;'%p%sfg casting, 6.92+0.72 | 8731135
720-R (current) ‘;‘;;'%p%sfg casting, 444063 | 81.47x2.55
AF-HD-GC (follow-up) ?j;gigi‘scﬁ“g’ 2255+0.66 | 95.75=0.11
AF-620-R (follow-up) ‘;j;fgigi‘scﬁ“g’ 357016 | 78.07=0.79
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(AF-HD-GC < HD-GC, p <0.001) and 620-R formulation by a factor of 2. The AF-HD-
GC gels cast using the air-free glove bag method had similar swell characteristics to the
HD gels produced using air-free glassware as in Specific Aim 1 (AF-HD-GC = HD,

p=0.831).

On the basis of G*, the measured value for NP is effectively bound by 620-R on
the low end and 720-R on the high end across the frequency range of interest. However,
when broken down into storage and loss components it is apparent that the bounding
behavior is driven by G’. G” is for the most part lower for both 620-R and 720-R
compared to NP across the frequency range studied. Physically, this suggests that the
reinforced gels behave less dissipatively, suggesting less shock absorbing capability than
the healthy natural tissue. The dynamic shear properties of the reinforced gels are less
variable with frequency than the NP tissue, indicating less variation in viscoelastic
behavior with loading rate. In particular, the natural tissue behaves most elastically at
frequencies associated with locomotion, while at semi-static (standing) and high

(vibration, e.g. riding in a car) frequencies more viscous behavior is seen [84].

While dynamic shear testing is a suitable methodology for probing the
viscoelastic characteristics of materials, compression testing is more reflective of the
primary physiologic loading state of NP tissue. Further, the properties of biphasic
materials are better probed using a confined compression apparatus equipped with a
porous platen to allow for exudation of the liquid phase. Confined compression tests
were not performed in these experiments due to a scarcity of materials in that larger,
thicker sample geometries were required to achieve loads within the detection limits of

the test systems that were available for use.
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As previously discussed, the reinforced gels evaluated by shear rheometry were
synthesized under non-ideal conditions. The practicalities of mixing the fumed silica
reinforcement into viscous solutions and the need for shape control drove the
development of a gel casting methodology. Initial trials of the gel casting process
included a step where the reactants were briefly exposed to air, potentially altering the
reactivity of MA functional groups. The resulting lower crosslink density in turn can

affect the physical properties of the gels.

To determine the effect of air-
exposure during casting on mechanical

properties of the gel, rheometry was

G* (Pa)
T T PYPT

repeated on gels synthesized using the

)
1

air-free glove box method in the

0.1 OH

Hz

follow-up experiment described
Frequency

| 620-R AF-620-R]

previously. As with the gels tested in . , N , ,
Figure 19: Effect of synthesis conditions (air vs. air-

. . . . free) on the mechanical properties of 620-R gels.
Spemﬁc Aim 2, gels cast in an air-free 620-R < AF-620-R (p < 0.007).

environment (AF-620-R) were swollen in PBS and samples (n=3) were punched for
evaluation by rheometry. The G* results for the AF-HD-GC gel are compared to the

HD-GC gel in Figure 19.

The AF-620-R gel exhibited nearly an order of magnitude increase in G*
compared to the gel cast in air. These results suggest the possibility of achieving
mechanical properties appropriate to the intervertebral disc application with a reduced
fraction of silica reinforcement when the synthesis environment is well-controlled.

Reducing the volume fraction of silica reinforcement may also increase the dissipative
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behavior of the gel, in that the viscoelastic behavior of the crosslinked hyaluronan matrix
may play a more prominent role in the overall mechanical behavior of the composite.
Preliminary results from a follow-on experiment exploring the effect of reinforcement

level on air-free cast gels is detailed in Appendix G.

In this specific aim two particulate-reinforced hydrogels were produced and
mechanically evaluated against ovine NP tissue. Despite non-ideal synthesis conditions,
the 620-R and 720-R hydrogels bracketed G* and G’ of the NP over the frequency range
of interest. This is a significant result, in that other hyaluronan-based hydrogels
described in the literature [85, 86] have lacked the mechanical strength required for load-
bearing tissues. While these reinforced gels were found to be a good match for the elastic
aspects of NP mechanical behavior, they are not as well matched for the shock-absorbing,
dissipative properties described by G”. However, the results of the follow-up
experiments in which reinforced gels were cast under better controlled synthesis

conditions demonstrate that a wide range for tuning of mechanical properties exists.

Specific Aim 3: In vitro Biocompatibility

The final aim was to assess the biocompatibility of the materials developed and
characterized in the previous two aims. Two in vitro experiments were conducted to
probe their interaction with biological systems. The first was a cytotoxicity elution assay
modeled after ISO standard 10933; this assay evaluates the cytotoxic effects of leachable
substances from implanted or otherwise tissue-contacting materials and has found utility
in the testing of other hydrogel-based medical devices such as contact lenses [76, 87].
Following the cytotoxicity experiment, a tissue culture pilot experiment was conducted.

This experiment aimed to assess the integration between ovine nucleus pulposus tissue
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and the materials developed in this research when cultured in direct contact with each

other.

Materials and Methods

Media Conditioning

HD-GC, 620-R, and 720-R hydrogels synthesized as described in Specific Aim 2
were used to condition a 10:1 volume of Dulbecco’s Modified Eagle Medium (DMEM)
buffered with 1% HEPES and were allowed to elute for 72 hours at 37°C. Two reference
materials were similarly eluted: biologically inert high-density polyethylene (HDPE) and
biologically active latex rubber. A solution control, medium absent test or reference
materials, was incubated in the same manner. Conditioned solutions were sterile filtered

and stored at 4°C until use.

Cell Lines and Culture

HEK-293 human embryonic kidney cells, a common cell line known for ease of
culture, were used for the cytotoxicity assay. Cells were taken from liquid nitrogen
storage and expanded in monolayer culture under standard conditions (5% CO,, 37°C)
using a propagation medium of DMEM supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin. At approximately 90% confluence adherent cells were
detached from the cell culture flask using Trypsin-EDTA, resuspended in a minimal
medium of DMEM with 1% FBS, and seeded into 48-well plates. 36 test wells were
seeded at a density of 6x10" cells/well, and the remaining 12 wells were used as a
concentration ladder, with cell densities ranging from 1x10* to 10x10* cells/well. Seeded
plates were maintained in culture for 24 hours to allow the cells to attach into a sub-

confluent monolayer.
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Cytotoxicity Assay

Seeding medium was aspirated from the prepared well plates prior to application
of the test solutions. 400 ul of conditioned DMEM was aliquoted in six replicates for
each test article, reference material, and the solution control. DMEM supplemented with
1% HEPES was used for the concentration ladder wells. Plates were incubated for 24
hours, then cell viability was assessed using the alamarBlue® (Invitrogen, Carlsbad CA)

assay.

AlamarBlue® is based upon resazurin, a non-toxic cell-permeable compound that,
upon reduction due to cellular metabolism, is converted to the highly fluorescent red
compound resorufin. Viable cells continuously perform this reduction, resulting in
increased fluorescence with viable cell count and incubation time. Test solutions were
aspirated from all wells and replaced with 500ul of a 10% solution of alamarBlue in
DMEM. Plates were incubated for 3 hours, then fluorescence was read using a
SpectraMax Gemini XS (Molecular Devices, Sunnyvale CA) microplate reader with

fluorescence and emission wavelengths of 344 nm and 390 nm, respectively.

A test plate was prepared as previously described for the test article found to be
cytotoxic (620-R) in order to conduct a titration study. Dilutions to 75%, 50%, and 25%
(v/v) concentrations of the conditioned medium in DMEM were prepared. The dilutions,
HDPE and Latex reference solutions, and a solution control were applied to seeded well

plates and assessed in the same manner as that just described for the 100% neat solutions.

Fluorescence intensity data for both of the alamarBlue® assays was statisitcally
analyzed using ANOV A methods with multiple-comparisons adjustments appropriate for

comparisons made against a control.
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Ovine Nucleus Pulposus Tissue Harvest

Ovine spinal tissue was obtained from an Animal Care and Use Committee
(ACUC)-approved study unrelated to the spine. The lumbar spine was harvested en bloc
at necropsy within four hours of euthanasia. Musculature and connective tissue was
stripped, then the skeletonized lumbar spine was sprayed with 70% ethanol.
Intervertebral discs were dissected from the vertebrae as aseptically as possible, using a
new scalpel blade for each slice into the tissue. Outer annulus tissue was dissected from
each disc, and the remaining tissue was placed into a sterile tissue-culture polystyrene
(TCPS) Petri dish and incubated in a 1:1 mixture of Dulbecco’s Modified Eagle Medium
and Ham’s F-12 Nutrient Mixture (DMEM/F-12) supplemented with 1% penicillin-
streptomycin under standard culture conditions. After 24 hours the tissue explants were

examined to ensure that no contamination occurred during harvest.

Tissue Culture

Hydrogel formulations HD-GC and 720-R were carried forward into the tissue
culture experiment based upon indications of biocompatibility from preliminary
cytotoxicity testing. Following quarantine, NP samples were cut from explanted tissue
using a sterile 8§ mm biopsy punch and placed into individual wells of a 24-well plate.
NP samples were overlaid with an 8 mm hydrogel discs that had previously been swollen
in sterile Dulbecco’s Phosphate Buffered Saline (DPBS). The NP-hydrogel samples were
then sealed in apposition to each other with 2% (w/v) agarose. Samples were maintained
in culture a total of 3 weeks in DMEM/F-12 supplemented with 10% FBS, 1% HEPES,
1% non-essential amino acids, and 1% pen/strep under standard culture conditions with

media changes every three days.
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Histology

After three weeks in culture, samples were fixed in 10% neutral buffered formalin
for 2 days and processed for histology using standard techniques. Samples were sliced
axially to allow sections to be taken across the NP-gel interface, then were embedded in
paraffin using standard procedures. Sections were stained with Toludine Blue, a cationic
blue dye commonly used to stain cartilaginous tissues for anionic proteoglycans [88].
Slides were imaged on an Olympus [X70 inverted system microscope (Olympus

Americas, Center Valley PA).

Results

Media Conditioning

Following 72 hours of incubation several of the conditioned media were observed
to have changed color. Standard DMEM contains phenol red, a pH indicator that shifts
from yellow at or below pH 6.8 to fuchsia above pH 8.2. Between pH 6.8 and 8.2 it
exhibits a gradual transition through shades of orange to red. The medium conditioned
with 620-R gels turned yellow, while the solution control and HDPE-conditioned
reference media turned pink. The 720-R conditioned medium, HD-GC conditioned
medium, and latex reference medium all exhibited varying degrees of an orange-red

color.

Cytotoxicity Assay

Upon measuring the alamarBlue® fluorescence by plate reader for the
cytotoxicity assay, an anomalous pattern of attenuated signals in the wells around the
periphery of the plate was noted. Studentized residuals were calculated for a statistical

outlier analysis; data points having a studentized residual with absolute value greater than
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3.5 were considered outliers and eliminated from the statistical analysis. The remaining
data set did not meet the normality assumption for a parametric ANOVA, so a Kruskal-
Wallis one-way ANOVA on ranks was performed while using Dunn’s method to adjust
for multiple comparisons against a control group. In this analysis, the median value for
620-R was found to be significantly lower than the solution control (p < 0.05), but

otherwise no significant differences were detected.

Figure 20(a) illustrates the data with all of the observed anomalous data points
removed. This data set passed the normality test, allowing a parametric one-way
ANOVA to be computed. The Holm-Sidak method was used for multiple comparisons
adjustments. In this analysis, 620-R was found to be significantly lower (p <0.001) than
all other groups, indicating a profound cytotoxic effect. A trend was observed comparing
latex < solution control, but with multiple comparisons adjustments the computed p=0.04
did not meet the critical level for statistical significance. HD-GC and 720-R were found

to be significantly greater than the latex reference (p < 0.005) and trended for better
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Figure 20: alamarBlue® readings for (a) overall cytotoxicity test and (b) eluant titration for 620-R
conditioned medium.
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biocompatibility than HDPE (p < 0.057), but were not significantly different from the

solution control (p > 0.159).

The same anomaly of peripheral attenuated signals was observed for the 620-R
titration, so the statistical analysis was treated identically. When median values were
compared using the Kruskal-Wallis ANOVA on ranks, no statistically significant
differences were detected (p=0.166). The data again fit a normal distribution when the
anomalous data points from the peripheral wells was removed, so that filtered data set
was used to compute a parametric one-way ANOVA. In this case the mean value for the
75% concentration of 620-R conditioned medium was found to be significantly lower

than all other groups (p < 0.001) but otherwise no significant differences were detected.

Tissue Culture Pilot

Toluidine Blue-stained sections from the tissue integration pilot study are shown
in Figure 21. The bulk of the HD-GC and 720-R gels were inadvertently separated from
the NP tissue during processing for histology, but areas where the gel remained in the
vicinity of the tissue were located and imaged. HD-GC exhibits little evidence of
integration with NP tissue in that large gaps are visible between the gel and the tissue.
Pieces of the 720-R gel remain in apposition to the NP tissue despite the difficulties
encountered in handling the specimen for histological processing. This suggests that the
gel tore some distance away from the interface from the tissue, implying adhesion

between the gel and the tissue.

A higher magnification image of the interface is shown Figure 22. Although cell
nuclei are not visible with the Toludine Blue staining, cells in the NP tissue can be

identified by staining of the pericellular matrix. Based upon size homology, it appears
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Figure 21: Histological sections for tissue integration study, 200x magnification. Interface of HD-GC
(left) and 720-R (right) materials with NP tissue. Toluidine Blue-O staining.
. .

Figure 22: 600x image of the interface between NP and 720-R. The presence of cells can be
inferred from the Toludine Blue staining of GAGs in the pericellular matrix; one such cell is
highlighted in the NP tissue. Based upon size and similarity of appearance to the cell identified in
NP tissue, an area of possible infiltration of 3 cells into the 720-R gel is indicated by the oval.
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that there is a cluster of three cells that have infiltrated the 720-R gel a short distance

from the NP tissue interface.

Discussion

A number of technical difficulties were encountered in the implementation of the
cytotoxicity assay. Most noticeable was the anomaly involving attenuated signals, and
thus dead cells, in the peripheral cells around the well plates. A plausible explanation for
this is a perturbation in the culture environment, e.g. a drop in incubator humidity levels
leading to dehydration of the wells on the edge of the well plate, or perhaps toxic effects
of chemical disinfectants or other contaminants in the incubator. Cell seeding technique
or pipetting errors could also explain some variability in results, but do not account for
the distinct pattern seen since these sorts of errors would be random. Repeating the
cytotoxicity assay for the 720-R and HD-GC gels in a different incubator would give

stronger support to the conclusion that these materials are not cytotoxic.

The other main issue encountered in the cytotoxicity assay was that the cytotoxic
reference material did not behave as a true positive control. The use of latex as a positive
control has been described for a contact lens cytotoxicity elution assay [87], but the
specific standard latex reference material cited was not purchased for this work. In a
study looking specifically at the cytotoxicity of latex rubber gloves, Baek et. al. [89]
evaluated different elution solutions (DI, saline, DMEM, DMEM supplemented with
FBS) and different incubation protocols varying in time (24 hours or 72 hours) and
temperature (37°C or 50°). They found that the most cytotoxic results were obtained

when MEM with or without 10% FBS was incubated at 37°C for 72 hours. The notable
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difference between the optimal media conditioning protocol described by Baek and

collaborators and the one used here was the additon of 1% HEPES to the DMEM.

The decision to add HEPES to the conditioning medium was made after a pilot
experiment in which slight changes in pH and correspondingly slight cytotoxic effects
were noted for all materials at shorter incubation times. To better understand the
cytotoxic effect, an HD-GC gel was conditioned in deuterium oxide for 72 hours and the
eluant was examined by 'H nuclear magnetic resonance (NMR). The collected NMR
spectrum was compared to spectra for possible excess reactants and was found to match
the PEMA spectrum (Figure 23). When PEMA is exposed to water, the maleic anhydride
rings open to become carboxylic acids. Carboxylic acids exist in a number of
biomacromolecules including hyaluronan and other GAGs, and physiologically the body

has some capacity to buffer these acids. Thus, HEPES was added to the conditioning
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Figure 23: 'H NMR spectra for HD gel eluant compared to PEMA and CTAB. Eluant
sample taken after 72 hours of swelling in deuterium oxide (D,0). Note that all spectra were
normalized to the D,O peak, then the scale for the eluant spectra was expanded by 10x.
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Figure 24: FTIR spectra for AF-620-R gel after wash cycles. The aliphatic carbon peaks at
approximately 2900 and 2800 cm™ suggest ~CTA entrapped in the hydrogel.

solution to account for this buffering ability, but it may have had the unintended effect of

masking the cytotoxicity of the latex positive reference material as well.

During the course of this initial cytotoxicity investigation, FTIR spectra of the
reinforced gels were also collected. It became apparent that residual -CTA is present in
the 620-R gel, as evidenced by the strong aliphatic hydrocarbon peaks at approximately
2900 and 2800 cm™. The intensity of the hydrocarbon peaks was even stronger in the
air-free casting of the 620-R gel. Attempts to remove the -CTA with further wash and
hydrolysis cycles consisting of an hour of sonication in DI water followed by a further
hour of sonication in dilute saline solution were not successful (Figure 24). Given that
the -CTA groups are thoroughly entrapped in the gel they are unlikely to be responsible

for any observed cytotoxic effects.

The presence of excess reactants and reaction intermediates in the hydrogels is an

issue that bears further investigation, but thus far cannot explain the vast difference in
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conditioning, pH Figure 25: Measured pH values for conditioned media
used in the cytotoxicity study. Values for diluted 620-R and
AF-620-R media conditioned by the same process included
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measurements were not
taken until the conclusion
of the cytotoxicity assay. The pH measurements for conditioned media ranged from 5.3
for the 620-R media to 8.6 for the HD-GC media and solution control (Figure 25). Note
that these pH measurements are slightly higher than they would be under normal culture
conditions since they were taken on chilled media samples, and the pK, for HEPES is
temperature sensitive. The measured pH for the dilutions of 620-R media used in the
titration assay and for AF-620-R media conditioned by the same process are also
included in Figure 25 for comparison. Given the extreme acidity of the 620-R
conditioned media, the cytotoxicity result is not surprising; extremes of pH are known to

kill cells.

1% (v/v) HEPES added to the conditioning medium was able to buffer the mild
acidity of the 720-R and HD-GC gels, but was overwhelmed by the 620-R acidity. This
points to the reinforcing agent rather than the gel as the main contributor to the cytotoxic
effects seen in 620-R. The two grades of hydrophobically-modified silica are identical
save for the specific hydrophobic surface treatment. The non-toxic TS-720 grade silica is

treated with polydimethylsiloxane (PDMS), while the toxic TS-620 grade silica has
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dimethyldichlorosilane bound to its surface. Dimethyldichlorosilane is a precursor to

PDMS; it polymerizes by hydrolytic polycondensation [90]:

n (CH3)2SiCl + n HoO — [(CH3)2Si0], + 2n HCI
HEPES is a relatively weak buffer, so the production of HCI in this hydrolysis process
can certainly explain the drastic drop in pH and the associated cytotoxicity seen in the

620-R conditioned media.

Despite technical difficulties encountered with the cytotoxicity assay, it did
provide reasonable indications for the biocompatibility of the HD-GC and 720-R gel
formulations while the 620-R hydrogel formulation was found to be clearly cytotoxic.
The results of the tissue culture pilot are even more encouraging. The 720-R gel appears
to have started to integrate with the NP tissue after 3 weeks in culture, with possible

infiltration of nucleus pulposus cells.

This level of integration was not seen with the HD-GC gel. This follows from a
mechanical sense, in that the modulus mismatch between the two materials would make
for a poor physical interface. It is also possible that evidence of interaction (e.g. cells in

the HD-GC gel) was lost during handling for histological processing.

Conclusions

In this work, we set out to accomplish three specific aims: (1) to synthesize and
characterize a hyaluronan-based hydrogel leveraging chemistry previously explored in
our lab, (2) to reinforce the hydrogel for mechanical properties suitable for an
intervertebral disc repair application, and (3) to assess the biocompatibility of the

reinforced gel system. Each of these specific aims was achieved.
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A hydrogel was created through the reaction of hyaluronan with poly(ethylene-
alt-maleic anhydride). Two variations of this HA-co-PEMA were characterized by
chemical, thermal, and physical means. These characterization methods demonstrated
that the reaction scheme did indeed produce covalently-bound copolymers. One of the
formulations, HD, was seen to behave as a homogenous material, displaying a single
TGA decomposition step and maintaining its shape when swollen in good solvents. It
was capable of swelling to a 95% hydration level in PBS, leaving it some headroom
compared to the hydration level for natural NP tissue for losing swelling ability while

gaining strength from particulate reinforcement.

Fumed silica was used as a model system to investigate the effect of
nanoparticulate reinforcement on the mechanical properties of the gel. Fumed silica was
chosen since it is considered bio-inert and is available widely with different surface
treatments on silica with otherwise identical size and morphology. Reinforced gels were
successfully synthesized with two grades of hydrophobically-modified silica, even under
non-ideal reaction conditions. The resulting 620-R and 720-R gels were found to bracket
the complex shear modulus and shear storage modulus of ovine nucleus pulposus.
Maintaining an air-free synthesis environment will allow for further tuning of the
mechanical properties. Utilizing a lower volume fraction of reinforcement should allow
the viscoelastic properties of the hyaluronan matrix to play a greater role in the bulk
material, perhaps even allowing for better alignment to the shear loss modulus and tand

of NP tissue.

While mechanical results for the two reinforced gels were extremely promising,

the in vitro cytotoxicity assay highlighted a severe biocompatibility issue for the 620-R
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gel — acidity resulting from the hydrolysis of the silica surface treatment. This result
highlights the need for understanding the properties of the reinforcing agent, particularly
its behavior in water. In contrast, the in vitro work with the 720-R gel provides some
exciting glimpses of its utility for intervertebral disc applications. The cytotoxicity assay,
flawed as it was, showed no cytotoxic effects attributable to 720-R. Even more
tantalizing, the tissue integration pilot experiment suggests that 720-R can integrate with

native nucleus pulposus tissue. Follow-up experiments to verify these results are needed.
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INTELLECTUAL MERIT AND FUTURE WORK

This dissertation describes the significant progress made in transforming the
“copoly” technology previously developed in the James Laboratory into a material
suitable for intervertebral disc applications. Conceptually the same reaction scheme was
leveraged — i.e. the hydrogel is made via ester bond formation between a maleic
anhydride and a hydroxyl, yet a more efficient reaction at gentler temperatures was
enabled by identifying a different, more reactive maleic anhydride copolymer,
poly(ethylene-al/f-maleic anhydride) (PEMA). The synthesis method and properties of
this newly-developed polymer differed from copoly enough to merit filing a new patent

(Appendix I).

While the progress made thus far in developing this material is exciting, one’s
work can always use refinement. Short-term priorities should focus upon purification
methods to ensure that excess reactants are removed to the extent possible. The existing
hydrolysis and washing protocols may be sufficient, but need monitoring steps (e.g. using
pH measurements and FTIR spectra to track the elimination of excess reactants and
reaction intermediaries). Other approaches such as Soxhlet extraction should also be

considered.

Further tuning the mechanical properties of the reinforced gel system to better
match those of native nucleus pulposus tissue may also be worthwhile. Upon observing

an order of magnitude increase in G* for a heavily-reinforced gel synthesized under an
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inert atmosphere compared to one synthesized in air, we speculated that the desired
elastic properties could be maintained while the dissipative properties could be enhanced
to better match the G’ and tand for NP tissue by stepping-down the amount of PDMS-
treated silica and maintaining an air-free synthesis environment. Preliminary
experiments (Appendix G) demonstrate that the dynamic shear properties are indeed
altered with differing reinforcement levels, but the dissipative properties do not scale in

as straightforward a manner as originally hypothesized.

The reinforced gel is a complex system consisting of the covalently-crosslinked
hydrogel, hydrophobically-treated silica nanoparticles that can form mechanically-strong
aggregates based upon their concentration within the gel, and water interacting with both
the hydrophilic and hydrophobic phases of the composite. The dynamic shear analysis
performed over a physiologically-relevant range of frequencies is but a small slice of the
data needed to fully characterize the system. Tests for transient viscoelastic parameters,
1.e. creep or stress relaxation, would still be physiologically-relevant while providing
insight into the competing effects of water attraction and repulsion due to the hydrophilic
and hydrophobic fractions of the material. Understanding the phase transition behavior
of the composite from a more fundamental polymer characterization perspective will

require further testing over much wider ranging frequencies and temperatures.

Hydrophobically-modified silica was used as a model system for particulate
reinforcement, but other strengthening mechanisms such as ionic bonding could also be
explored. Further, using biologically-active reinforcement such as demineralized bone
matrix (DBM) or chitosan may be worth considering, especially as interest in the

regenerative potential of materials grows. Some early work with DBM reinforcement
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yielded a remarkable improvement in mechanical properties with a very low level of
reinforcement with denatured DBM (Appendix E). We suspect that the denaturing DBM
either adsorbed to the hydrogel or formed quinone-based crosslinks with the PEMA
phase of the gel. Unfortunately, the effect was not repeatable and the relevance of
denatured DBM to the desired biologic function was in question, so this avenue of

reinforcement was not pursued further.

While the fumed silica was intended to be a model for particulate reinforcement,
the biocompatibility results do suggest that it may be a feasible implant material in itself.
Fumed silica does have a history of use in biomaterials for pharmaceuticals and
cosmetics; furthermore, in an intervertebral disc application it would be used in a
relatively isolated immunologic site, owing to the avascular nature of the disc. To
confirm the suitability of the silica-reinforced gel as a biomaterial, repeating the tissue
integration experiment should be a priority. To be meaningful, this study should include
more samples, tissue from multiple animals, and longer time-points than the pilot
experiment. A change in how the samples are prepared should be considered. The
tissue-disc “stack” approach required the sample to be cut axially in order to take sections
that would expose the tissue-gel interface. Adopting a “jelly donut” approach in which a
disc of tissue is punched from the whole disc and the resulting hole filled with gel would
allow histological sections to be taken through the tissue-disc interface without requiring
manipulation of the processed tissue. Histology could also be improved with the use of
differential staining. Further out, in vivo modeling will be an important step to

demonstrate biocompatibility.
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1 POLYMER DEVELOPMENT
1.1 HYDROGEL SYNTHESIS

1.1.1 HA-CTA Complexation
Objective

Hydrophobic modification of hyaluronan for reaction in anhydrous solvents

Materials & Equipment

*  Sodium hyaluronate (HA)

* Cetyltrimethylammonium bromide (CTAB)
* Distilled deionized water

* 1000 ml beaker or flask

* 500 ml beaker or flask

* magnetic stir bars

» stir plates

*  Freezer mill

* Liquid nitrogen

Procedure

*  Prepare a 0.25% w/v solution of sodium hyaluronate in DI H,O (e.g. 1.5g HA in 600
ml DI H,0). Allow to stir at room temperature until completely dissolved. This can
take several hours depending upon the molecular weight of the HA.

* Prepare a 0.50% w/v solution of CTAB in DI H,O (e.g. 1.5g CTAB in 300 ml DI
H,0); CTAB should fully dissolve in a few minutes.

* Slowly add the CTAB solution to the HA solution under magnetic stirring. The
mixture will become increasingly opaque as CTAB solution is added, until at the
reaction end point a white precipitate forms and the supernatant becomes clear.

* Collect the precipitate by centrifugation.

*  Wash the precipitate by rinsing with DI H,O and re-centrifuging several times to
remove CTAB residue. The CTAB residue will have a “soapy” character, so rinse
until no soapy bubbles form.

*  Dry HA-CTA in a vacuum oven (-25 mm Hg, 50°C) 24 hours or until no weight
change is observed.

* Grind dried HA-CTA to a powder using the freezer mill.

¢ HA-CTA should be sealed in vials and stored in a dessicator.
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Protocol 1.1.1: HA-CTA Complexation

Note: Concentrations and volumes suggested are to control viscosity based upon
sodium hyaluronate with a molecular weight > 1x10° Da; higher concentrations can
be used for smaller sodium hyaluronate.

References

Zhang, M. and James, S.P., (2005). Silylation of hyaluronan to improve hydrophobicity and reactivity for
improved processing and derivatization. Polymer, 46(11):3639-3648.
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Protocol 1.1.2: HA-co-PEMA Hydrogel Synthesis

1.1.2 HA-co-PEMA Hydrogel Synthesis

Objective

Formation of a 3-D hydrogel by the reaction of HA with PEMA

Materials & Equipment

Poly(ethylene-alt-maleic anhydride) (PEMA)

HA-CTA

Dimethyl Sulfoxide (DMSO), anhydrous, 99.9+% (Sigma)
250 ml 3-neck round bottom flask (RBF)

500 ml 3-neck RBF

2 stir bars

Rubber serum stoppers

Vacuum grease

Copper wire

Parafilm

2 condensers

Vaccum grease or teflon sleeves (sized to glassware)
Plastic Keck glassware clips

2 16-gauge stainless steel cannulas

2 hot plate stirrers with temperature control (VWR International)
2 mineral oil baths

Procedure

Preparation

Determine the dry weight of reactants (HA-CTA and PEMA) required for desired end
product HA:PE ratio (based upon 1g HA & PE in end product):

Weight Ratio (HA:PE) Mass HA-CTA (g) Mass PEMA (g)
99:1 1.635 0.045
95:5 1.569 0.225
70:30 1.156 1.349
5:95 0.083 4271
For ratios not listed in the table above, the masses can be calculated as follows:
(desired mass)( proportion HA) 062.8g/mol HA - CTA = mass HA- CTA
401.3g/mol HA
(desired mass)( proportion PE) 126.1g/mol PEMA = mass PEMA
28.1g/mol PE
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Protocol 1.1.2: HA-co-PEMA Hydrogel Synthesis

*  Weigh a slight excess of reactants (to allow for weight loss due to the evaporation of
water) and place into separate labeled containers.

*  Vacuum-dry reactants at 50°C and -25 inches Hg for a minimum of 24 hours.

Note: Exposure to water will hydrolyze the maleic anhydride and reduce the reactivity of
the PEMA. Vacuum drying will close the anhydride rings and reactivate the MA
functional groups.

* Place glassware to be used for the reaction in a 100°C oven

Copolymerization Reaction

* Place HA-CTA in 500 ml RBF along with an appropriate stir bar. Spread vacuum
grease on two rubber serum stoppers and place stoppers in side necks of the flask.
Secure stoppers with copper wire and parafilm.

» Attach condenser to middle neck of RBF, using vacuum grease or teflon sleeve to
seal. Wrap connection with parafilm and secure with Keck clip.

* Add DMSO via cannula under dry nitrogen gas flow, forming ~0.5 — 1.0% w/v
solution (lower concentrations for HA My, on the order of MDa; higher
concentrations can be used for smaller HA). Continue to flush the system for a few
minutes after the appropriate volume of DMSO has been added, closing off the
system with a slight positive pressure of N,.

* Heat to 80°C in an oil bath and stir vigorously for four hours to dissolve all HA-CTA.

* Place PEMA and appropriate stir bar in 250 ml RBF. Seal flask and add DMSO as
described above for HA-CTA to form ~1-5% w/v concentration. Heat to 80°C under
vigorous stirring in an oil bath until PEMA goes into solution, approximately two
hours.

*  Once the HA-CTA and PEMA have completely dissolved, transfer the PEMA-DMSO
solution to the 500 ml RBF via cannula under N, flow. Mix the two solutions,
stirring vigorously, for 12 hours at 80°C.

Note: Solution concentrations are primarily a matter of controlling the solution
viscosity to allow transfer via canula.

Copolymer Processing

* Process reaction product per “Copolymer Crosslinking,” or “Copolymer Washing”
protocols.

References

Cranson, C. HA-co-HDPE synthesis methods for DBM carrier. Standard operating protocol, James
Laboratory, Colorado State University, Fort Collins, CO (2007).
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Protocol 1.1.2: HA-co-PEMA Hydrogel Synthesis

Kurkowski, R., The chemical crosslinking, compatibilization, and direct molding of ultra high molecular
weight polyethylene and hyaluronic acid microcomposites [M.S. Thesis]. Fort Collins, CO: Colorado
State University (Mechanical Engineering); 2007.

Revision History

08-11-2009 SY Adapted from HA-co-HDPE Synthesis Methods SOP
10-15-2009 SY Modified concentrations and reaction temperature
10-19-2009 SY Added weight ratio variations
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Protocol 1.1.3: Copolymer Crosslinking

1.1.3 Copolymer Crosslinking

Materials

*  Copolymer suspension (reaction product)

* Large beaker or flask

* Acetone or xylenes (acetone for high HA content; xylenes for mid to high PEMA
content)

* Biichner funnel

» Filter paper

*  Vacuum flask

* Dimethyl sulfoxide (DMSO)

* Vortexer

* Poly(hexamethyldiisocyanate) (HMDI)

*  Sodium chloride

* Distilled, deionized water

Procedure

* Combine the copolymer reaction product and an excess volume (3-4x) of acetone or
xylenes in the large beaker to form a “gel” precipitate. Cover and soak for a
minimum of 4 hours.

» Filter solvents from the gel using the Biichner funnel and vacuum flask. Wash and
filter gel precipitate with acetone three times (may be increased).

* Resuspend the copolymer in a small volume of DMSO; mix vigorously using a
vortexer. Add HMDI for a final concentration of up to 5% v/v with the DMSO and
cast the suspension into a vial or petri dish as appropriate for desired shape. Allow
the suspension to cure at room temperature for a minimum of 24 hours.

* Soak the crosslinked gel in several changes of acetone to remove excess HMDI.

* Prepare a 0.2M NaCl aqueous hydrolyzing solution. Immerse the crosslinked gel in
the hydrolyzing solution and gently agitate (e.g. in shaker oven) at room temperature
overnight.

References

Kurkowski, R., The chemical crosslinking, compatibilization, and direct molding of ultra high molecular
weight polyethylene and hyaluronic acid microcomposites [M.S. Thesis]. Fort Collins, CO: Colorado
State University (Mechanical Engineering); 2007.

Revision History

10-15-2009 SY Adapted protocol from Kurkowski thesis



Protocol 1.1.4: Copolymer Washing

1.1.4 Copolymer Washing

Materials

*  Copolymer (HA-co-HDPE, HA-co-PEMA, tripolymer) suspension
* Large (1000 ml+) beaker or flask

* NaCl

* Deionized water

* Ethanol (EtOH)

* Isopropyl alcohol

*  Ceramic filter

*  Vacuum flask

Procedure

* Prepare a 0.2M NaCl aqueous hydrolyzing solution (volume greater than the reaction
volume) in the large beaker or flask. Add the copolymer suspension to the
hydrolyzing solution and mix at room temperature overnight.

* Add an excess of chilled EtOH and mix for a minimum of four hours to precipitate
the copolymer. Allow to stand at room temperature; copolymer will begin to settle at
the bottom of the beaker/flask.

* Centrifuge for 10 minutes to begin separating precipitate from supernatant. Filter
supernatant using a ceramic filter and vacuum flask; soak precipitate pellets in
1sopropyl alcohol. Wash and filter precipitate with isopropyl alcohol three times
(may be increased).

* Resuspend the copolymer in a small volume of distilled H,O; mix at room
temperature for four hours. Re-precipitate with an excess of isopropyl alcohol,
mixing again at room temperature for four hours. Allow the solution to stand at room
temperature; filter and wash as described above.

*  Vacuum dry the HA-co-PEMA at -25 inches Hg overnight or until there is no change
in weight.

References

Cranson, C. HA-co-HDPE synthesis methods for DBM carrier. Standard operating protocol, Colorado
State University Orthopaedic Bioengineering Research Laboratory, Fort Collins, CO (2007).

Kurkowski, R., The chemical crosslinking, compatibilization, and direct molding of ultra high molecular
weight polyethylene and hyaluronic acid microcomposites [M.S. Thesis]. Fort Collins, CO: Colorado
State University (Mechanical Engineering); 2007.

Revision History

08-12-2009 SY  Adapted from HA-co-HDPE Synthesis Methods SOP
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Protocol 1.1.5: Gel Casting and Reinforcement

1.1.5 Gel Casting and Reinforcement

Materials & Equipment

Hyaluronan-cetyl trimethylammonium complex (HA-CTA)
Poly(ethylene-a/t-maleic anhydride) (PEMA)

Dimethyl sulfoxide (DMSO)

Qty. 2 two-necked round-bottomed flasks (RBF)

Serum stoppers

Copper wire

Keck clips

Condensers

Nz (dry) gas

Oil bath

Weigh boat(s)

Analytical scale

Magnetic stir bar(s)

Stir plate(s)

70x50 crystallizing dish

Reinforcing agents (optional)

* Cab-o0-5il fumed silica, TS-620/TS-720 (Cabot, Boston, MA)
* Chitosan nanofibers

Disposable pipettes, 25 ml and 1 ml

Forceps

Pipette aid or bulb pipetter

Vacuum bags and sealer

Disposable glove box (Sigma Aldrich)
Temperature-controlled oven, e.g. Shake ‘n Bake Hybridization Oven
Ultrasonic bath

Acetone

NaCl

Deionized water

Ethanol (EtOH)

Vacuum oven

Procedure

Stock Solutions

Note: Allow a minimum of 1 day prior to gel casting for preparation of stock
solutions. Precautions for air/water-sensitive chemistry should be observed, i.e. HA-
CTA and PEMA powders should be vacuum dried a minimum of 24 hours prior to
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Protocol 1.1.5: Gel Casting and Reinforcement

use, glassware should be stored at 100 °C to ensure it is completely dry, stir bars
should be rinsed with acetone before use.

* Prepare a concentrated solution of HA-CTA in DMSO, aiming for a viscosity similar
to honey. A 2.5% w/v concentration is appropriate for HA-CTA prepared from HA
in the 450-500 kDa size range.

*  Weigh HA-CTA and place along with stir bar in an appropriately-sized
RBF.

* Seal side neck of RBF with a serum stopper secured with copper wire.

» Attach RBF to condenser with a Keck clip, lower into oil bath, set
temperature to 80°C and begin stirring

* Insert vent needle and transfer canula into rubber serum stopper.
Transfer appropriate volume of DMSO (100 ml for every 2.5g HA-CTA)
into flask via canula under N flow.

* Flush flask with N2 by plugging vent, allowing slight positive pressure to
build, and releasing plug a total of 3 times; plug vent and remove along
with canula, leaving slight positive pressure of N in the flask.

*  When HA-CTA is fully dissolved (can take 12+ hours) remove from heat
and allow to come to room temperature.

* Prepare a 10% w/v concentrated solution of PEMA in DMSO, following procedure
described above for HA-CTA solution. The PEMA will go into solution much more
readily than the HA-CTA and thus will not need to be on heat for as long.

Gel Casting

Note: This reaction is air/water sensitive. If available, work inside a glove box filled
wy/ dry nitrogen, sealing the cast gel into a vacuum bag prior to removal from the
glove box. If a glove box is not available, air/water contact can be minimized by
working with sealed vacuum bags as described below.

* Base formulation: 16.5 ml 2.5% (w/v) HA-CTA in DMSO
0.6 ml 10% (w/v) PEMA in DMSO

* Reinforcement (optional): 0.8g treated silica (Cabot TS-620 or TS-720) max or
fibrous reinforcement (e.g. carbon nanotubes, chitosan nanofibers)

* Measure PEMA solution into a vial and seal with a serum stopper and copper wire.
Flush vial with N, gas.
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Protocol 1.1.5: Gel Casting and Reinforcement

Measure HA-CTA solution into 70x50 crystallizing dish using 25 ml serological
pipette. If reinforcement is to be used, add and stir by hand at this time. Place
appropriately-sized stir bar into dish, then place dish and a pair of forceps into a large
vacuum bag modified with a serum-stopper “port”; remove air with vacuum and flush
with N, gas three times.

Omit vacuum bag if working in glove box

Place crystallizing dish on stir plate; turn-on stir plate to start mixing. Slowly add
PEMA solution to the stirring HA-CTA solution via canula and low N, flow (if using
vacuum bag) or dropwise using a pipette (if working in a glove box). The HA-CTA
and PEMA solutions should complex, becoming more viscous. This may necessitate
moving the dish around on the plate and adjusting the stir plate r.p.m. to get good
mixing.

* Remove the stir bar from the dish using the forceps. If working in a glove
box, place the cast gel into a vacuum bag and seal immediately upon
removal from glove box. Otherwise, push the forceps and stir bar to one
end of the vacuum bag and re-seal the vacuum bag around the forceps
and stir bar; cut bag to remove.

Place sealed dish into 75°C oven to cure for 24 hours.

After curing, remove excess PEMA by sonication with acetone for 30 minutes. Flip
gel and repeat.

Prepare a 0.2M NaCl aqueous hydrolyzing solution in a large beaker or flask. Add
the hydrolyzing solution to the crystallizing dish and sonicate for 30 minutes. Repeat
sonication if gel retains golden hue (indicative of PEMA in DMSO)

Replace hydrolyzing solution with deionized water and repeat sonication for 30
minutes. The gel will swell to a greater extent in deionized water, allowing trapped
NaCTA to be removed. Repeat the sonication if the solution appears to be “soapy.”

Dehydrate gel by soaking in ethanol a few hours or overnight; drain ethanol and
completely dry in a vacuum oven at equipped with a solvent trap at -25 inches Hg
until there is negligible change in weight..

References
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Department of Mechanical Engineering, Fort Collins, CO (2007).
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1.2 CHARACTERIZATION
1.2.1 Identifying Hyaluronan with Toluidine Blue O

Materials

* Toluidine Blue O (TBO, dye content 84%, Sigma-Aldrich)
*  Urea (99+%, ACS reagent, Sigma-Aldrich)

* Distilled water

* (Glass beaker

* (Qlass petri dish

Procedure

* Prepare an 8M aqueous urea solution (60.06 g/mol); allow to mix at room
temperature for 30 minutes.

* Add TBO powder to the urea solution at an 0.1% w/v concentration

*  Submerge sample in TBO solution for 10 minutes at room temperature, then rinse
copiously with distilled water to leave behind only bound TBO.

» Take pictures of at least three samples from each treatment group.

References

Kurkowski, R., The chemical crosslinking, compatibilization, and direct molding of ultra high molecular
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State University (Mechanical Engineering); 2007.
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Protocol 1.2.2 Swell Testing

1.2.2  Swell Testing

Materials

* Hydrogel samples (n=3 per hydrogel type)

* Swelling media (distilled deionized water, phosphate-buffered saline, etc.)
* Vials

*  Weigh dishes

*  Kimwipes

* Analytical scale (mg resolution or better)

Procedure

* Tare and label a weigh dish for each hydrogel sample.
*  Measure and record the dry weight (W4) of each hydrogel.

* Immerse hydrogel samples in individual labeled vials filled with swelling media and
allow to swell at room temperature or other specified temperature.

* At regular time intervals, remove hydrogels from the vials and blot excess solution on
the surface with a Kimwipe. Weigh using the appropriate tared weigh dish and
record the swolen weight for that timepoint (Wy).

* Continue soaking and weighing gels until weight equilibrium has been reached, i.e.
no weight gain is seen for three consecutive measurements (Wj).

* (alculate swell test parameters as follows:

Equilibrium swelling ratio: ¢= %
d

W,-W,

Equilibrium hydration: H = ( )x 100

s

* Note: Swell kinetics can also be mapped by calculating hydration at each timepoint,
1.e. substituting W, for Wy in the numerator of the hydration equation.

* At study completion, rinse hydrogels thoroughly with deionized water to remove any
buffer salts.

* Dry hydrogels in a vacuum oven overnight or until no change in weight is observed.
Reweigh dry hydrogel and note any differences with previous dry measurement.

* Repeat for other solutions of interest.
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Protocol 1.2.2 Swell Testing

Swell Test Data Table

Date/Time Sample 1 |Sample 2 | Sample 3
Weigh Dish Tare
Dry Hydrogel (W 4+tare)
Sol'n: Temp:

References
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Protocol 1.2.3: Fourier Transform Infrared Spectroscopy

1.2.3 Fourier Transform Infrared Spectroscopy

Materials

* Sample for analysis

* Potassium Bromide (KBr), spectroscopy grade
* Sample pellet press

* Sample holder

* Spectrometer

Procedure

* Prepare samples by vacuum drying and grinding into a powder, either using a mortar
and pestle or cryogrinding. This preparatory step should be completed prior to going
to the Central Instruments Facility

Note: cryoground powders generally press into better, more transparent samples for
spectroscopy, but for the small sample mass (~mg) needed cryogrinding is
impractical. However, FTIR samples should be saved when materials are cryoground
for other reasons.

* Collect spectra using the following generalized procedure:

* Set-up instrument data collection. Typical parameters that can be modified include
the range, the number of scans collected, and the resolution.

* Press a plain KBr pellet using the sample press supplied with the instrument. The
KBr should just coat the bottom of the sample press insert and should not require
excessive force to press into a transparent sample.

* Place the pellet into the sample holder and load the sample into the instrument. Open
the nitrogen gas valve and observe the spectrum displayed while the instrument is
autogaining, watching for water peaks. Wait for the water peaks to disappear before
collecting the sample (typically around 5 minutes for KBr that has been kept dry).

* Save the spectrum and set-up the instrument to use it as the background for
subsequent samples

* Press a sample pellet following the same procedure described for the KBr background
pellet, but adding a small amount (approximately 2% w/w) of the sample powder to
the KBr.

* Load the sample into the instrument as previously described for the background. In
addition to watching for the water peaks to disappear, examine the quality of the
spectrum, e.g. looking for an extremely sloped baseline, presence of peaks, noise, etc.
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Protocol 1.2.3: Fourier Transform Infrared Spectroscopy

Problems with the spectrum (sloped baseline, no/noisy peaks) are generally due to
sample pellets that are too opaque, as when they are pressed too thick or the sample is
clumped. Sometimes the spectrum can be improved by rotating the sample in the
sample holder, otherwise a new pellet should be pressed.

Collect and save the sample spectrum, then process using the analysis software
provided with the instrument. Typical analysis functions include baseline correction,
normalization, and peak location labeling.

Interpret spectra by identifying functional groups associated with peaks; some
understanding of the underlying chemistry of the sample is helpful.

Assign common intense bands first, e.g. O-H, C-H, C=0, etc. Identify other intense
bands using spectral atlases, textbooks, the literature, etc.

Look for secondary peaks based upon your knowledge of the reactants, reaction
intermediates, and other chemical processes

Identify differences among spectra (e.g. a control blend of reactants compared to the
reaction products) to gain an understanding of reaction processes.

References
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Protocol 1.2.4: Thermogravimetric Analysis

1.2.4 Thermogravimetric Analysis

Materials

* Sample for analysis
* 5-10 mg for dry samples
*  Aluminum pans
* Forceps
* TGA platinum loading pan (“basket-like” pan with handle)
* TA Instruments 2950 Thermogravimetric Analyzer

Procedure

* The TGA is programmatically controlled by TA Advantage software. Start the
software and set-up control program.

» Typical program settings for bulk compositional analysis and thermal stability testing:
temperature range from ambient to 600°C, 10°C/min ramp rate.

Note: Do note exceed 600 °C when using aluminum pans. Sample should be placed
directly on the TGA platinum pan if higher temperatures are required.

* For hygroscopic samples, temperature may be held isothermally for 15 minutes at
110°C to evaporate unbound water (will need to adjust for lost water weight during
analysis).

* Include external trigger if concurrent mass spectrometry will be used.
* Set the instrument end-of-test condition to air-cool.

* Using forceps, place an empty aluminum pan on the TGA loading tray. Tare by
pressing the “tare” button on the TGA instrument control panel and allowing the
robotic stage to load the pan on the balance.

* If the pan mis-loads, DO NOT attempt to place the loading pan on the balance wire
manually (the balance is a precision instrument, and “dropping” a sample on the
balance wire can damage the instrument).

* Wait for the robotic stage to return to its start position, then rotate the TGA loading
pan to reposition its “basket” handle.

* Push the tare button again and observe the position of the handle relative to the
balance wire. If it looks like the pan will mis-load again, gently guide the balance
wire by pushing and holding it in proximity to the pan handle with forceps. Allow
the instrument to load pan on to the balance wire.

* The pan will be loaded into the furnace, then the instrument will automatically tare
the pan. Wait for the instrument to return the pan to the start position.
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Protocol 1.2.4: Thermogravimetric Analysis

Prepare samples for analysis. Generally, for dry samples the most consistent results
will be obtained from samples with high surface area, e.g. powders.

Pack powder into tared aluminum pan and place on TGA loading pan with forceps.
Load the sample by pushing the “load” button on the TGA control panel. Observe the
same precautions as described for taring the pan if the sample mis-loads

Observe the sample weight measured by the instrument — powdered samples should
be in the 5-10 mg range. If sample weight is not in the right range, unload the sample
by pushing “unload” on the instrument panel. Adjust sample and repeat load process.

Note: the sample will not be loaded into the TGA furnace until the TGA program is
started

Click “run” in the TA Advantage software to load the sample and run the control
program.

Analyze collected data using TA Universal Analysis software. Plot the weight% and
derivative weight% as a function of temperature. Typical analysis parameters to
identify include start and end temperatures for degradation steps, peak degradation
rate temperatures, % mass loss over a degradation step, and sample residues.

References

ASTM E1131-08, Standard Test Method for Compositional Analysis by Thermogravimetry. West

Conshohocken, PA: ASTM International.
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Protocol 2.1: Shear Rheometry

2 MECHANICAL TESTING

2.1 Shear Rheometry

Objective

Dynamic characterization of hydrogels in shear

Materials

Samples

*  Swollen HA-co-PEMA hydrogel samples
* Deionized Water (DI) or Phosphate Buffered Saline (PBS)

Apparatus and Consumables

* Rheometer (TA Instruments ARES)

* 8 mm parallel plate

* Acetone

* Sandpaper (150 grit)

* Ethyl-2-cyanoacrylate (Krazy Glue or Super Glue)
¢ Fluid bath, serrated surface

*  8mm biopsy punch

* Razor blades

*  Kimwipes

Procedure

Sample Preparation

* Swell hydrogels to equilibrium in DI or PBS
* Immerse hydrolyzed, cast gel in DI or PBS
* Sonicate 30 minutes at room temperature (sonication will raise temperature)
* Replace solution and allow to swell overnight

* Cut samples using an 8 mm biopsy punch

* Prepare n=6 samples per experimental group

Rheometer Set-up

* Adhere sandpaper to top platen

* Cut an 8mm sandpaper disc with a new biopsy punch
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Protocol 2.1: Shear Rheometry

Clean surface of 8mm top plate with acetone
Apply a layer of ethyl-2-cyanoacrylate to the cleaned 8mm plate

Align sandpaper disc to 8mm plate and apply pressure for 30 seconds or until
well-adhered

» Install appropriate thermocouple, recirculating fluid peltier, bath chamber and 8mm
parallel top plate following instructions in the instrument manual

* Auto-zero the rheometer force and displacement, then raise upper platen to allow
sample to be loaded

* Ensure that the appropriate motor (dynamic or steady) is turned on and that there is
enough air pressure (typically 60 psi) for proper air bearing operation

* Load hydrogel

Place gel onto bath chamber surface
Manually lower upper plate to just above sample surface
Ensure that the sample is flush with the outer diameter of the parallel plates

Continue lowering upper plate until a slight force is read by the axial load cell;
note the gap displacement value and take this to be the sample thickness

Using the system’s software control set the gap to a 10% compressive strain to
ensure planar contact and gripping of the sample

* Create a “humidity chamber” by placing a moistened Kimwipe into the bath chamber
and installing the bath cover

Experiments

* Strain sweep

The purpose of the strain sweep is to verify the linear viscoelastic region (LVR)
of the test samples. The strain amplitude for further experiments should be within
the LVR, preferably at the upper-end to ensure a good signal-to-noise ratio

Test parameters: 0.005 — 10% strain amplitude at 1.0 Hz

Perform strain sweep experiments on at least one sample from all groups in order
to select a consistent strain amplitude for the dynamic frequency sweep
experiment

* Dynamic frequency sweep

Evaluate G’, G”, and tand over a range of conditions

Test parameters: 0.1 — 10 Hz frequency range at strain amplitude as determined
by strain sweep experiments (use 0.01 rad if it is in LVR to be consistent with
literature)
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Protocol 2.1: Shear Rheometry
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Protocol 3.1.1: Cell Culture Basics

3 BIOLOGICAL RESPONSE
3.1 INvITRO CELL CULTURE
3.1.1 Cell Culture Basics

Background

Cell culture procedures should be performed in a biosafety cabinet (BSC). All materials
introduced into the BSC should be sterilized using an autoclave or disinfected with 70%
ethanol prior to transfer into the BSC, or opened using sterile technique in the BSC. Any
fluids that may come into contact with cells need to be equilibrated at 37°C prior to use.

Operating within Biosafety Cabinet
* Start-up the BSC.
*  Turn-on blower (leave on for duration of BSC use)

*  Turn-on UV light, expose for ~10 min.

* Spray the BSC with 70% ethanol and wipe, working from the back to the front of the
cabinet. Always wipe from the most sterile to the least sterile area (generally, top-to-
bottom, back-to-front).

* Transfer supplies to the cabinet and arrange to minimize clutter (air flow disruption
and to prevent from moving hands above open containers)

Sterile Technique

* Avoid double-dipping into any reagents or medium containers. Use a new pipette/tip
for each “dip” into the container.

* Avoid adding bubbles to the fresh medium as you aliquot. Keep the tip of the pipette
away from the lip of the flask, and try not to let any medium get on the lip or neck of
the flask.

* Avoid tilting the flasks so that medium approaches the cap. Keep the flask tilted such
that the medium flows to the opposite end of the container. Be especially careful
when placing the flasks in the incubator and lifting them out.

* Avoid splashes of medium on the outside of the container. If you get medium on the
outside of dishes or flasks clean it off with ethanol and a Kimwipe.

* Do not leave medium or cells out at room temperature for longer than is absolutely
necessary.

* If cells are suspect or appear contaminated remove them from the incubator
immediately and bleach them before disposal.
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Protocol 3.1.1: Cell Culture Basics

Remove incubator shelves/water pan and autoclave them.

Remove all reagents from the BSC and re-filter or dispose of suspect medium.
Replace the aspirator hose; this is often a contamination source.

Re-autoclave Pasteur pipets.

Typically, contamination from sub-culturing arises within 24 hours.

Viability and Cell Count

* Add an equal volume (50 ul) of trypan blue dye to the cell suspension (50 ul ) to be
counted.

*  Mix gently in Eppendorf tube by inverting or gentle flicking of tube. Do NOT use
pipet to mix solution; the shear from the pipet tip will destroy cells.

* Load 9 ul of counting solution in a hemocytometer.

* Using a microscope, count all the live cells within a square and average the totals for
the 4 squares

Live cells will only have a blue outline and will retain normal morphology.
Dead cells will appear a solid dark blue and will have an odd shape.
Calculate cell count

Multiply by dilution factor (for equilivent amounts of dye and cell suspension, the
dilution factor is two).

Multiply by 10* cell/ml to calculate cell density (cells/ml)

Multiply the cell density by the total volume to determine the total number of
cells

* Centrifuge cells again at 260 x g and resuspend to prepare desired cell concentration
solution

Thawing Cells

Rule: THAW QUICKLY
* Cells should be brought up in medium that contains 20% FBS. To make medium you
will need:

DMEM or RPMI* stored at 4°C (refrigerated) in 500 ml bottles
FBS stored at -20°C (frozen) in 50 ml aliquots
Penicillin/Streptomycin

Steri-Cup vacuum filtration system

* Prepare medium
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Protocol 3.1.1: Cell Culture Basics

Thaw sufficient FBS in a 37°C water bath for the volume of medium you wish to
prepare (e.g. 100 ml total FBS in 500 ml Vt or 200 ml for 1000 ml V7).

Attach Steri-Cup to vacuum pump and engage vacuum.

Filter medium components, allowing DMEM and pen-strep (if used) to
completely filter before adding FBS (so FBS does not foul filter).

Label as “20% FBS in DMEM (with Pen-Strep)”, the date and your initials.

Warm medium to 37°C prior to use. Treat as sterile. Do not leave medium out for
extended periods of time.

Prepare culture flask(s). Directions below apply to T25 flasks; adjust volumes
according to table for larger flasks.

Add 9 ml of medium, and place in the incubator to allow medium to adjust to its
proper pH (~30 minutes).

Remove cells from liquid nitrogen storage (or from the -70°C freezer) and
immediately place vial in 37°C water bath, taking care to avoid direct contact of
the cap area with the water. Allow the sample to thaw.

Spray vial with 70% ethanol, transfer to the BSC and immediately transfer (using
a 5 or 10 ml pipet and sterile technique) to the flask.

Alternatively, you may spin down the cells at no more than 1,000 x g for 5
minutes to remove dimethyl sulfoxide (DMSO) and resuspend in medium before
adding cells to the flask/plate.

Place in the incubator (37°C, 5% CO,, 98% humidity). Cells should be 90%
confluent in 2-5 days. Change the medium after 12-24 hours if you did not spin
out the DMSO.

Flask working volume Cell Media Trypsin EDTA (.25%)
T-25 10 ml 1 ml
T-75 25 ml 4 ml
T-175 45ml Sml

Changing the media in a cell culture

Before beginning make sure to place the media into a 37°C water bath for at least 30
min.

When the media is up to temperature place it in a disinfected BSC and transfer the
cell culture flask(s) into the BSC.

Open the lids on all flasks but leave them on the flask. Using sterile technique and a
new pipette per flask carefully aspirate all media out of the flasks. Do not touch the
outside of the flask(s) with the pipette(s).
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Add media of the appropriate volume back into the flasks and put them back into the
incubator.

While this should be done in accordance with the recommended media turnover time
as per the ATCC, it will also depend on cell density within the flask.

Sub-culturing cells

Rul

es: NEVER work with more than one cell type in the BSC at the same time -- this

invites cross-contamination. Use sterile technique at all times -- if you are unsure about
whether you might have contaminated something, assume you did and treat

app

ropriately.

Determine “% confluence” of the culture by examining the flask/plate using an
inverted microscope and a 10x objective. Cells should not be allowed to progress
beyond 90% confluence.

Set medium out to warm in a water bath (37°C).

Disinfect the work area (pay special attention to the aspirator tube) and any reagent
bottles to be opened using 70% ethanol. Wipe bottles from the top down and reapply
ethanol before transferring to the BSC.

Work with the BSC blower on, using sterile techniques at all times. Wear gloves and
spray your hands regularly with ethanol to protect the cells from contamination. Do
not wipe your hands with a towel. If you leave the BSC to do other work, change
gloves before returning to cell culture work.

Prepare (label) new flasks for cells. Be sure to label the flasks with cell identification,
the sub-culture number, the date and your initials.

Remove cells from the incubator, transfer to the BSC and aspirate old medium from
the flask using sterile technique (preferably using a Pasteur pipet with vacuum). Use
one sterile Pasteur pipet per flask or plate.

Add enough 1x (sterile) HBSS or PBS without divalent cations (Ca*" and Mg®" free)
to cover the bottom of the flask (14 ml for a large flask). If the cells are very close to
90% confluence, rock the flask and aspirate this HBSS/PBS as a rinse. Then add a
second volume of HBSS/PBS. Place the cells back in the incubator. Allow them to sit
10 minutes before checking for cell lifting (never longer than 30 minutes). For
stubborn cells, successive treatments of HBSS/PBS can be employed.

Check the progress of cell lifting by examining the flask with an inverted microscope.

Tap the flask hard against the back of your hand and check for loosening. Smacking
the flask too lightly will result in liberation of too few cells. Smacking the flask too
hard will result in damaging the flask and leaking.

Most of the cells should be free from the surface after 10 minutes. If cells are not
coming off return them to the incubator and check again in five minutes.

A-25



Protocol 3.1.1: Cell Culture Basics

As the cells age (usually upwards of 50 passages) they will become more resistant to
removal.

Remove a small aliquot of cells (10-100 ml) to count using Trypan blue if so desired.

Remove a small amount of cells and transfer to a new flask containing fresh medium.
Plate cells at the desired density (usually 5 x 10° cells for experimental 15 x 100 mm
plates, 1-2 x 10° for cryo vials, and 1 x 10> cells for passage flasks). Return flasks to

the incubator.

Freezing Cells

Rule: FREEZE SLOWLY

Thaw an aliquot of FBS/DMSO (90% FBS should be aliquoted with 10% cell culture
grade DMSO and stored frozen in sterile 15 ml Falcon tubes).

Remove cells using the procedure outlined in the sub-culturing section.

Remove a small amount (10-100 ml) of the cells and count using Trypan blue dye and
a hemacytometer (see cell counting section).

Transfer the cell suspension into centrifuge tubes and spin for 5 minutes at 1,000 x g
or less.

Decant the supernatant and resuspend the cell pellet in the desired amount of 10%
DMSO/FBS solution. (Calculate from desired amount of cells per vial as noted above,
typically 1-2 x 10° cells/ml).

Aliquot 1 ml of cell suspension per cryo tube using a 10 ml pipet. Place into a cell
freezer container containing ethanol (or Styrofoam container) to provide some
insulation.

Freeze at -20°C for several hours. Move to -80°C for 24 hours. (Viable for 6 months
if left here).

Transfer cryotubes to liquid nitrogen storage. They should be viable for 12 months.
Update the frozen cell storage records.

References
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3.1.2 Cell Line Information

Description

Cell Type: HEK-293

Biosafety Level: 2 (contain adenovirus)
Origin: Human Embryonic Kidney
Morphology: Epithelial

Overview: HEK-293 cells are very easy to grow and are commonly used in biomedical
research. As an experimentally-transformed cell line they are not a good model for
normal kidney cell function but are useful in experiments in which the functional
behavior of the cell itself is not of interest.

Culture and Maintenance: The base medium for this cell line is Eagle’s Minimal
Essential Medium supplemented with 10% fetal bovine serum. Standard culture
conditions are a 95% air/5% CO, atmosphere at 37°C. Although this is an adherent cell
line, it may take several days in culture for cells to attach when brought up from liquid N,
storage. Medium should be changed every 2-3 days. Subculture at approximately 90%
confluence (cell density 6 to 7x10* cells/cm?). A split ratio between 1:10 and 1:20 is
recommended.

Cell Culture Information Sources

* Information on commercially-available cell lines is available online from the
American Type Culture Collection (ATCC):

WWWw.atcc.org

* Biosafety information is available online from the Centers for Disease Control
(CDC):
http://www.cdc.gov/od/ohs/biosfty/bmbl4/bmbl4toc.htm.

¢ Biohazard level definitions are available at:
http://bmbl.od.nih.gov/sect3bsl2.htm.
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3.2 BIOCOMPATIBILITY
3.2.1 Cytotoxicity Assay
Objective

To assess the detrimental effects (cell death and/or inhibition of cell growth) of exposure
to leachable substances eluted from candidate materials

Materials

*  Minimal Essential Medium (e.g. DMEM, a-MEM, etc.)

* Fetal bovine serum

* Test materials

* Reference materials (e.g. high density polyethylene, latex rubber)
50 ml conical Falcon™ tubes

* 0.22 um sterile filter unit

*  Cell culture well plate

* Primary cells or cell line (e.g. HEK-293)

* Cell seeding supplies (e.g. pipetters, pipette tips, etc.)

Procedure

Except where noted, all procedures are to be performed using sterile technique in a
biosafety cabinet (BSC) under aseptic conditions. All materials should be sterilized via
autoclave or disinfected with 70% ethanol prior to introduction into the BSC. Sterile
packaged materials are to be opened using sterile technique in the BSC.

Media Conditioning

* Disinfect test articles and reference materials by rinsing in ethanol and washing with
sterile PBS.

Note: It is extremely important to ensure all ethanol is rinsed from the materials
since ethanol itself is cytotoxic. For materials that swell significantly allow sufficient
time (hours) and use a minimum of 3 wash solution changes. For hyaluronan-based
hydrogels, Milli-Q water was used for the first two rinses for better diffusion through
the gels while PBS was used for the last rinse to shrink the gels to the expected
physiological configuration. The 3 rinse steps were conducted over the course of 24
hours.

* Prepare conditioning medium:
* 500 ml DMEM
* 1% 4-(2-Hydroxyethyl)piperazine- 1 -ethanesulfonic acid (HEPES)
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¢ 1% fetal bovine serum

Add equal volumes of test articles and reference materials to separate Falcon™™ tubes
(i.e. to 5 ml mark). Fill tubes to 50 ml mark with medium. Fill an additional
Falcon™ tube with 50 ml medium to serve as a solution control.

Incubate Falcon'™ tubes at 37°C for 12-72 hours. Adjust elution time based upon
device contact time for intended application (e.g. temporary, prolonged, implant)

Sterilize conditioned media by filtration through 0.22 um sterile filter.

Preparation of Cell Layer

Bring-up and expand frozen HEK cells to 90% confluence in T75 flask as described
in General Cell Culture Practices protocol (5-7 days).

Prepare cell suspension of known concentration (see “Subculturing Cells” in General
Cell Culture Practices protocol).

Seed cell culture well plate with cells aiming for a sub-confluent (70-80%) monolayer
for each test well. Select well plate size to allow for a minimum of 3 replicates for
each test solution and duplicate concentration ladders if quantitative measurements
are desired.

Allow seeded cells a minimum of 12 hours to attach to the well plate surface.
Examine wells by microscope and reject any wells that are not of the correct
confluency or that show signs of poor health (e.g. dead/sloughing cells).

Cytotoxicity Assay

Aspirate the seeding medium, then aliquot test solutions into test wells. Use solution
control medium for control wells and concentration ladder.

Incubate well plate for defined exposure period (24 hours) under standard conditions
(37°C, 95% air/5% CO,, 95% humidity).

Assess cell viability per the alamarBlue® assay (protocol 3.2.2) or by counting live
and dead cells.

References
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Protocol 3.2.2: alamarBlue® Cell Viability Assay

3.2.2 alamarBlue® Cell Viability Assay
Objective

Quantitative or semi-quantitative assessment of cell viability

Materials

* Cell culture sample plate

* Cell culture medium (same composition as used to maintain sample plate in culture)
* Pasteur pipettes and vacuum source

* Pipette aid

» Serological pipettes

* u-pipetters and pipette tips

* alamarBlue® reagent (Invitrogen, Carlsbad CA)

* Plate reader

*  0.25% w/v trypsin-EDTA

* Hemocytometer

Procedure

All procedures are to be performed using sterile technique in a biosafety cabinet (BSC)
under aseptic conditions. All materials should be sterilized via autoclave or disinfected
with 70% ethanol prior to introduction into the BSC. Sterile packaged materials are to be
opened using sterile technique in the BSC.

Prepare alamarBlue® Solution

* Determine volume of alamarBlue® solution needed for assay; e.g. for a 48-well plate
with 500 ul volume added to each well 24 ml will be required. Round-up to allow for
pipetting errors.

*  Prepare a 10% (v/v) solution of alamarBlue® reagent in cell culture medium in an
appropriately-sized falcon tube. Example: for 25 ml, add 2.5 ml reagent to 22.5 ml
medium. Mix by gently pipetting up and down a few times.

Note: alamarBlue® is light-sensitive, so should be prepared immediately prior to use.
If not used immediately, wrap the falcon tube in aluminum foil to limit light exposure

Conduct Assay

* Asipirate existing medium from each well of the well plate. Replace with an
appropriate volume of prepared alamarBlue® solution, e.g. 0.5 ml per well for a 48-
well plate.

* Incubate cell culture plate 1-4 hours.
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Protocol 3.2.2: alamarBlue® Cell Viability Assay

Note: Preliminary experiments to determine optimal incubation for a particular cell
line and plating density can be conducted. Seed a well plate with a minimum of two
replicates of a concentration ladder spanning the range of cell densities you expect to
encounter in your assay. Add alamarBlue® solution to wells and incubate. Read
plate at 30-minute intervals and plot response. Select an incubation time that
provides a linear response over the range of interest.

* Read plate on plate reader. Either fluorescence or colorimetric readings can be made,
but the most accurate results will be achieved with fluorescence measurements.

* Fluorescence settings: excitation at 540-570 nm (peak=570 nm), emission at 580-610
nm (peak=585 nm)

* Colorimetric settings: absorbance at 570 nm normalized to 600 nm reference

* (Optional) For quantitative measurements, detach cells from concentration ladder
wells with trypsin-EDTA and count with hemocytometer (refer to protocol 3.1.1, Cell
Culture Basics, for counting procedure)

References
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Protocol 3.1.2: Ovine Disc Tissue Harvest

33 TISSUE CULTURE
3.3.1 Ovine Disc Tissue Harvest
Objective

Aseptic harvest of ovine lumbar intervertebral discs for isolation of nucleus pulposus and
annulus fibrosus tissue/cells.

Materials

Chemicals and Reagents

» Sterile Dulbecco's Phosphate Buffered Saline (DPBS) with divalent cations
» Sterile Dulbecco's Modified Eagle Medium (DMEM)

* Penicillin-streptomycin

* 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), buffer

Biological Materials

* Fetal Bovine Serum (FBS)
* Ovine lumbar spine

Apparatus and Consumables

* Nitrile exam gloves

* 70% ethanol spray bottle

* Pipette aid

» Sterile serological pipettes

» Sterile disposable 0.22 um vacuum filter unit

*  Aluminum foil

* Scalpel blades (#10 and #60 blades, individually packaged)
* Scalpel handles

* Forceps

* Hemostats

* Osteotome

» Sterile tared Tissue Culture Polystyrene (TCPS) petri dishes
* Sterile pipette tips

Procedure
All procedures are to be performed using sterile technique in a biosafety cabinet (BSC)
under aseptic conditions. All materials should be sterilized via autoclave or disinfected

with 70% ethanol prior to introduction into the BSC. Sterile packaged materials are to be
opened using sterile technique in the BSC.
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Protocol 3.1.2: Ovine Disc Tissue Harvest

Prepare Incubation Medium

Set-up disposable vacuum filter in the BSC and attach vacuum line. While pulling
vacuum, add the following to the filter funnel:

* 1% HEPES

* 1% penicillin-streptomycin

* 78% DMEM

*  20% FBS (most likely to clog filter, so always filter last)

Label the medium container with the date, medium base and supplements, and
initials.

Bring medium up to 37°C prior to use, either in a water bath or small amounts may be

aliquoted into an appropriate dish or plate and placed in the incubator to equilibrate to
the appropriate temperature and pH.

Gross Dissection

For ease of clean-up cover BSC work surface with a layer of aluminum foil; spray
with 70% ethanol.

Remove spine from packaging and spray exterior musculature with ethanol; if spine is
already skeletonized avoid spraying discs.

Using sterile forceps and scalpel begin gross dissection of musculature to expose
spinal column.

* Remove ventral musculature first (the ventral side w/o musculature is more stable
than the dorsal side, making removal of muscle on the other side easier)

* Replace scalpel blades often, especially after scraping bone

¢ An osteotome can be used to remove tissue from the vertebral bodies and dorsal
column.

* Ensure removal/disruption of all ligaments between transverse processes, spinous
processes, and around facet joints.

Tissue Harvest

Dispose of foil from gross dissection and re-cover work surface with new foil sprayed
with ethanol and wiped-down.

Place covered TCPS Petri dishes (two per disc if separating NP and AF tissue) with
sterile DPBS in safe location in hood.

Use new scalpel blades to harvest disc tissue.
Cut through the caudal-most disc axially and disarticulate the motion segment.
* Remove sections of disc tissue from both the cranial and caudal vertebrae.

* Separate nucleus pulposus (NP) from annulus fibrosus (AF) tissue.
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Protocol 3.1.2: Ovine Disc Tissue Harvest

» Take care that the harvested tissues do not come into contact with other tissues.
* Place harvested tissues into DPBS; use separate petri dishes for NP and AF.
* Label dishes with disc level (e.g. L5-L6 for disc between L5 & L6 vertebrae)

*  Continue harvest with new scalpel blade for next caudal-most disc until all lumbar
discs are harvested.

* Clean out hood and disinfect with ethanol.

Weighing Tissue

» Using sterile forceps or hemostats, rinse tissue thoroughly with sterile room
temperature DPBS with divalent cations.

* Transfer the harvested tissue to tared sterile TCPS petri dish.

*  Weigh and record the weight change to determine the wet weight of disc tissue
collected.

Tissue Quarantine

¢ Add 10 ml sterile incubation medium to each dish.

* Incubate under standard conditions (37°C, 5% CO,, 98% humidity) for 2 days to
confirm no contamination occurred during harvest.

¢ Proceed to tissue culture if no contamination observed.

References
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Protocol 3.3.2: Ovine Nucleus Pulposus Tissue Culture

3.3.2 Ovine Nucleus Pulposus Tissue Culture

Objective

Maintenance of tissue in vitro for tissue integration study

Materials

Nitrile exam gloves

Disposable vacuum filter flask unit

Pipet aid, e.g. Eppendorf Easypet®

* Individually-packaged serological pipets (25, 10, 5 ml)
4-(2-Hydroxyethyl)piperazine- 1 -ethanesulfonic acid (HEPES)
Fetal bovine serum (FBS)

Ascorbic acid, cell culture tested

Penicillin/Streptomycin

Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture (DMEM/F-12)
Harvested ovine nucleus pulposus tissue (per protocol 3.3.1)
Test materials (e.g. hydrogels)

Agarose, 2% (w/v) in Milli-Q water

8 mm biopsy punch

24-well culture plate

Unless otherwise noted, all procedures are to be performed using aseptic techniques in a
biosafety cabinet (BSC) under sterile conditions. All materials should be sterilized via
autoclave or disinfected with 70% ethanol prior to introduction into the BSC. Packaged
materials are to be opened using sterile technique in the BSC.

Prepare Incubation Medium

Set-up disposable vacuum filter in the BSC and attach vacuum line. While pulling
vacuum, add the following to the filter funnel:

* 1% HEPES

* 1% penicillin-streptomycin

* 78% DMEM

*  20% FBS (most likely to clog filter, so always filter last)

Label the medium container with the date, medium base and supplements, and
initials.

Bring medium up to 37°C prior to use, either in a water bath or small amounts may be

aliquoted into an appropriate dish or plate and placed in the incubator to equilibrate to
the appropriate temperature and pH.
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Protocol 3.3.2: Ovine Nucleus Pulposus Tissue Culture

Prepare Tissue Culture Plates

* Punch 8 mm disc of NP tissue using biopsy punch. Place NP discs into individual
wells of 24-well plate

* Punch 8 mm discs of test material. Test materials should have been disinfected by
rinsing in ethanol and swelling in a minimum of three changes of sterile PBS over a
24-hour period.

* Layer test material over NP tissue in well plate. Seal tissue and test material in
apposition to each other with agarose.

* Add incubation media to each well, filling to approximately 75% of the well height.

Incubation

* Place prepared well plate into incubator maintained at 37°C, 95% air/5% CO,
atmosphere, 95% humidity

* Change media every 2-3 days until experimental end point

References
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APPENDIX B: CHARACTERIZATION REFERENCE DATA

Chemicals Used in Research

Table B1: Chemical structures and molecular formulae

CoPEMA

Hyaluronan-co-poly(ethylene-alt-
maleic anhydride)

Copoly
Hyaluronan-co-polyethylene

m n
0 Ho” Yo
o)
OH
0
“““““ 0 O Ho 0
HO 0\~ \ .--
OH NH

CTAB
Cetyl trimethylammonium bromide

(C] 6H33)N(CH3)3BI‘

Dimethyldichlorosilane
(CH;)>ClSi
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DMSO O
Dimethyl sulfoxide | |
(CH;),SO S
H30/ \CH3
HA OH OH
Hyaluronan, hyaluronic acid 0]
(Ci14H21NO 1)y ') O Ho O
HO o
OH NH
A

HA-CTA o- CTA* OH

Hyaluronan-cetyl trimethylammonium
complex

PE-g-MA
Polyethylene-graft-maleic anhydride

PEMA
Poly(ethylene-alt-maleic anhydride)

PDMS
Polydimethylsiloxane

(C2HsOS1),
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Fourier Transform Infrared Spectroscopy (FTIR)

Hyaluronan (HA)
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Figure B1: FTIR reference spectrum for hyaluronan

Table B2: FTIR peak identification for hyaluronan

Peak Lo_clation Functional Group Comments
(cm™)
3340 -OH Broad peak due to intermolecular interaction
(hydrogen bonding)
2890 -OH Bonded OH in carboxlic acid
1622 -COO
1405 -COOH
1313 secondary amide
1040 CH,0OH
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Figure B2: FTIR reference spectrum for CTAB
Cetyl trimethylammonium bromide (CTAB)
Table B3: FTIR peak identification for CTAB
Peak Lo_clation Functional Group Comments
(em”)
3017.19 C-H
2917.61 CH,, CH; Asymmetric vibration
2849.19 CH, Symmetric vibration
1462.93 C-CH, C-CH; Scissors, asymmetric bend
1430-1390 C-N
960.91,911.73 CH,=CH,




Hyaluronan-cetyl trimethylammonium complex (HA-CTA)
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Figure B3: FTIR reference spectrum for HA-CTA
Table B4: FTIR peak identification for HA-CTA
Peak Location Functional Group Comments

(cm™)
3430.34 -OH
2924 .25 CH,, CH; Asymmetric vibration
2853.21 CH, Symmetric vibration
1621.4 -COO
1468.42 C-CH, C-CH; Scissors, asymmetric bend
1399.88 -COOH
1309.67 secondary amide
1048.84 CH,0OH




Poly(ethylene-alt-maleic anhydride) (PEMA)
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Figure B4: FTIR reference spectrum for PEMA

Table B5: FTIR peak identification for PEMA

Wavenumber (cm™')

Peak Location

-1 Functional Group Comments
(em”)
3609.43 Bonded OH
2939.01 CH, Symmetric vibration
1857.95 C=0 Cyclic anhydride symmetric
1778.29 C=0 Cyclic anhydride asymmetric
1457.21 C-CH, Scissors vibration
1222.87,1097.97 C-C Cyclic anhydride stretch
956.45, 918.24 C-O0 Cyclic anhydride stretch
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Thermogravimetric Analysis (TGA)

Hyaluronan
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Figure B5: TG and dTG traces for HA and PEMA
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"H Nuclear Magnetic Resonance (NMR)

Poly(ethylene-alt-maleic anhydride)
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1/4.67 1107.2 25.02 |Compound
212.60 |58.1 35.66 |Compound
311.50 |182.0 59.31 |Compound
410.76 |5.7 63.51 |Compound

Figure B6: 'H NMR reference spectrum and peak identification for PEMA
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Cetyl trimethylammonium bromide (CTAB)
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Figure B7: TH NMR reference spectrum and peak identification for CTAB
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APPENDIX C: COPOLYMER DESIGN

In previous work conducted in the James Laboratory [1-5], HA-co-HDPE
copolymer design came down to a matter of choosing the HA molecular weight, the PE
molecular weight, and the relative ratio of HA to PE. For example, in lubricious solids
for load bearing applications a high PE content was chosen since mechanical strength is
derived from the crystalline microstructure in the polyethylene phase. On the other hand,
the polyethylene phase was a minor component in the viscous fluid for DBM putties; its
role was to alter the rheologic behavior of a concentrated HA solution and to bind to the
DBM proteins through hydrophobic interactions. In these cases the HA:PE weight ratio
was used to describe the formulation, e.g. 10:90 for the lubricious solid and 99:1 for the

viscous fluid.

Commercial HA is either purified from biological sources (e.g. rooster comb) or
synthesized via microbial fermentation and is available in a wide range of molecular
weights (5 x 10° Da — 2.6 x 10° Da, Lifecore Biomedical; 0.5 x 10° Da — 4.0 x 10° Da,
Genzyme). While physiologic HA is on the order of 4-5 MDa, other factors must be
considered in selecting an appropriate molecular weight for copolymerization. Chiefly,
since the copolymer is synthesized via bulk polymerization, reaction efficiency can be
expected to decrease as HA chain length increases since entanglement of the chains will

inhibit mixing of the polymers and limit the sites available for interaction with the
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reactive groups of the synthetic polyolefin phase. Thus, an HA of moderate size was

chosen for this work.

The constituent ratios for different copolymer formulations have previously been
described as end-product weight ratios, but it is in fact the maleic anhydride (MA) to HA
ratio that drives the extent of reaction. In the case where a hydrogel network structure is
desired, the poly(ethylene-a/t-maleic anhydride) (PEMA) acts as a linking agent between
HA chains , noting that a minimum of two ester bonds are required to form a link. An
infinite network first appears at the “gel point,” or critical extent of reaction (p.) which is

given by

1 1

1
C imwﬁn SWM N,
i=1

i=1

D

where N;j describes the degree of polymerization of the i"™ chain, w; is the weight
fraction of Nj-mers, and Ny, is the weight-average degree of polymerization [6].
Assuming a perfectly efficient reaction, Equation 1 suggests that a network can form with
a minimum of one crosslink (two ester bonds) per HA chain. Knowing the minimum
number of bonds desired, it became apparent that commercially-available maleic
anhydride-grafted polyethylenes (MA-g-PE) were not suitable for this application. In the
commercial products the PE molecular weight decreases as MA graft content increases,

resulting on average in the same number of MA groups per PE chain.

The following equations illustrate how to calculate some basic design parameters
for the HA-co-PEMA copolymer given the reactant masses and molecular weights. The

simplest design specification is the weight ratio of the reactants. Further, two types of
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molar ratios are considered: (1) a “network” ratio that enumerates an average number of
MA reactive groups per HA chain and (2) a “reactive” ratio that quantifies the reactive
groups. The former can be related to a theoretical maximum link density, where a
minimum of two (2) ester bonds are required to form a PEMA link between HA
molecules. The latter is the more traditional molar ratio used in synthetic polymer

chemistry.

Basic Design Parameters and Nomenclature

The following parameters are assumed to be known, either by manufacturer

specification, calculation, or laboratory measurement:

* Mass of reactants (HA-CTA and PEMA)

* Formula weights

HA (401.3 g/mol)

HA-CTA (662.8 g/mol)

MA (98.06 g/mol)

PEMA (126.11 g/mol)

* Molecular weight (M,,) of HA used to synthesize HA-CTA

The following parameters are also useful, but not often provided in manufacturer

specifications:

* Number-average molecular weight (M,) for reactants
* Polydispersity Index (PDI) for reactants

Weight Ratio

The weight ratio is the simplest of the design parameters, but can be viewed in a
number of ways, e.g. the weight ratio of the reactants (HA-CTA and MA-g-HDPE) or the
intended weight ratio of the primary product constituents (HA and PE). For consistency
with previous work, the weight ratio here is defined as the intended weight ratio of the

product.
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mass HA = (mass HA - CTA)( Sformula weight HA )

formula weight HA — CTA

formula weight PE

mass PE = (mass PEMA
( ) Jormula weight PEMA

mass HA

mass fraction HA =
mass HA + mass PE

. mass PE
mass fraction PE =

mass HA + mass PE

weight ratio = mass fraction HA x100 : mass fraction PE x100
Network Ratio

The network ratio is defined as the moles of reactive maleic anhydride groups to
the number of hyaluronan chains. Note that molecular weights as specified by
commercial manufacturers are typically weight average (M) molecular weights rather
than number average (M,); as a result the number of HA chains will be under-estimated.

A correction can be incorporated if the polydispersity index (PDI) is known.

mass MA = (mass PEMA) formula W.elght MA
formula weight PEMA
mol MA = mass MA (g)
molar mass MA (g/mol)
mol HA chains = mass HA (g)
(PDD[M,, HA (g/mol)]
MA
Network ratio = mol .
mol HA chains

Reactive Ratio
The reaction mechanism theorized for HA-co-HDPE is a ring-opening
esterification of the maleic anhydride by nucleophilic attack from an HA hydroxyl group.

Thus, the reactive ratio compares the concentration of MA to OH, where four (4) OH

C-4



groups are available per HA repeat unit. For the purposes of this calculation it is
assumed that all groups are equally reactive, though steric hinderances will likely affect

the relative reactivity of OH groups.

mol OH =

mass HA(g) 4 OH
molar mass HA(g/molr.u.) \ HA r.u.

mol MA calculated as in network ratio

mol OH
mol MA

reactive ratio=1:

Hydrogel Design Concepts

The initial design concepts for the copolymer developed in this work were based
upon modifications to HA-co-HDPE. PEMA was identified as a commercially-available
polymer that could potentially be used to increase the maleic anhydride content of the

reactants.

To increase the maleic anhydride moieties available in the reaction, PEMA could
be added to the original copoly reaction (“Tripoly”) or it could completely replace the
MA-g-HDPE (“Copoly Gel”). By adding the PEMA to the original copoly, the
crystalline polyethylene domains contributed by the HDPE would be preserved. These
domains were considered desirable in that they would contribute some mechanical
strength as well as large hydrophobic domains potentially allowing for physical
interactions with hydrophobic domains on other molecules, e.g. proteins. Substituting
PEMA for MA-g-HDPE would lose these crystalline polyethylene regions, but would
simplify the reaction scheme to a single phase since both PEMA and HA-CTA are

soluble in DMSO. In the original copoly reaction scheme, MA-g-HDPE is dissolved in

C-5



xylenes and the reaction with HA-CTA in DMSO requires an interfacial emulsion

polymerization process since xylenes and DMSO are immiscible.

Since emulsion polymerization processes are difficult to control, 1,2,4-
trichlorobenzene (1,2,4-TCB) was evaluated as a substitute for xylenes in the tripoly
reaction. While still capable of solvating MA-g-HDPE, 1,2,4-TCB exhibits better
miscibility with DMSO. While different tripoly constituent ratios were explored, the
general synthesis method included solvating MA-g-HDPE in 1,2,4-TCB, adding PEMA
dissolved in DMSO, then allowing the two solutions to mix thoroughly in hopes that the
PEMA and MA-g-HDPE would become entangled. Once thoroughly mixed, the

PEMA/MA-g-HDPE solution was reacted with HA-CTA in DMSO.

Figure C1 shows an FTIR spectrum for tripoly. The appearance of a broad ester
bond peak around 1700 cm™ seemed to be a promising indication of a successful
reaction; this ester peak had not been seen previously in FTIR spectra for the various
copoly formulations. However, after subsequent washing in acetone and analysis of the
wash residue, it became clear that the MA-g-HDPE was not covalently bound into the
polymer network to a substantial degree. In this one-step reaction the PEMA evidently
out-competed the MA-g-HDPE for reaction sites on the HA-CTA. Synthesizing a true
“tripolymer” would require a two-step reaction, i.e. a “copoly” reaction (in either xylenes
or 1,2,4-TCB) followed immediately by a reaction with PEMA and the unhydrolyzed

copoly reaction product.
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Figure C1: FTIR spectrum for “tripoly.” The appearance of a probable ester peak was taken
as an indication of a successful reaction; subsequent analysis revealed that the ester bonding
was primarily due to PEMA and that the MA-g-HDPE was not substantially bound into the
network.

Given that the efforts to synthesize a “tripoly” was not bearing fruit, focus was
placed upon the reaction of HA-CTA with PEMA alone. Replacing the MA-g-HDPE
with PEMA proved to be a more consistent route to producing hydrogels. A single-phase
reaction was possible, since both PEMA and HA-CTA are soluble in DMSO. A further
advantage is that both reactants can be solvated in DMSO at 80-90°C, a relatively low
temperature well below the degradation temperature for HA-CTA. The consistency of
the resultant gels varied with solution concentration as well as the relative ratio of
reactants. The highest practical concentrations for HA-CTA and PEMA were determined

empirically and carried forward to the research described in the body of this dissertation.
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APPENDIX D: REU PROGRAM RESEARCH REPORT

A significant portion of the chemistry experiments leading to the development of
the HA-co-PEMA hydrogel were performed by Ariane Vartanian. Ariane came to us
through the Department of Chemistry’s National Science Foundation-sponsored Research
Experience for Undergraduates (NSF REU) program during the summer of 2009.

Ariane’s final research report is contained here in its entirety.

D-1



Synthesis of a hyaluronan-polyethylene copolymer
hydrogel for orthopedic repair

ARIANE VARTANIAN"!
SUSAN YONEMURA AND SUsay P James®

Abstract

Hynhronan-high density polyethylene groft copolymer (HA -co-HDPE,
or Copoly) has previously been synthesized from hyahronan (HA), o gly-
cosaminaglyean, and high density polyethylene (HDPE), a synthetic plos-
tic. HA-eo-HDPE combines the mechanical properties of polyethylene
with the lubricsting benefits of hyalwronan; due to its biccompatibility,
it moy be n promising materinl for meniscal cartilnge replucement or in-
jectable macleus pulposus repair. The follwing study sttempts to im-
prove upon the chemistry of the original reaction in order to syntheste &
hyalurcnan-polyethylene copolymer that behaves as a tree hydrogel.

Introduction

Biccompatible hydrogels serve as practical materials in orthopedic medicine. A
true hydrogel network will swell and preserve structural integrity in o water
or saline environment, which are advantageous properties for materials used
in orthopedic replacements or repair. An ideal hydrogel for such applications
would featurs both the mechanical strength of polyethylene (PE), a plastic used
in artificial joints, and the lubricating character of hyaluronan (HA), the “gooey™
glycosaminoglyean found throughout the body. Previous studies! synthesized
an HA-PE copolymer (HA-co-PE) from ammonium cation-complexed HA and
maleated PE, via esterifleation reactions betwesn the primary hydrocyls of the
HA chain and maleic anbydride (MA) groups grafied onto the polyethylense
backbone, However, this original HA-co-PE lacked mechanical integrity when
swollen in water. The objective of this research was to synthesize a hyaluronan-
polyethylene copolymer that behaves as a true hydrogel.

Several approaches are deseribed here. The original copolymer reaction was
repeated, replacing 1,2 4-trichlorobenzens for xylenes as a more DMS0-miscible

* Permament 116 Arcadia Avesue, Samta Clam, Ca 95051; arlasa. vartantasdpmatl . com;
Sefood 500 College Avesue, Swarthmore, PA 1981; avartani@swartieore. ede
tDepariment of Chemistry and Biochemistry, Swarthmore College, Swarthmom Pa
#Erhool of Biomedics] Engineering, Departmants of Mechamical Enginecring and Chemistry,
Colorado State University, Fort Collins OO
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Figure 1 Hyaluronan is a hydrophilic glycosaminoglycan
found in synovial fluid and coating articular cartilage, knosn
for its lubricating properties.

£

Figure 2 Palyethylens is a hydrophabic durable thermoplastic
often used in artihcial joints.

solvent in order to increase the reactive interface. An HA amide reduction exper-
iment was also conducted in an attempt to functionalize HA with crosslinker-
compatible primary amine reactive groups. Finally and most promisingly, a
collection of copolymers with warying ratice of PE-g-MA, HA-CTA, and a new
functionalized polyethylene were synthesized, crosslinked, and characterized by
swell tests and FTTR.

Hyaluronan Amine Functionalization

The glycoceaminoglyean hyaluronan containg one glucuronic acid residue, o car-
hoxylic acid structurally similar to glucose, and one scetylglucosamine residue,
an amide linking glucosamine and acetie acid. Although it boasts several re-
active functional groups including a primary aleohol, an secondary amide, and
a carboxylic acid, it is noticeably missing a primary amine. A primary amine
is a usaful functional groap for such crosslinking methods as geniping 2 natu-
ral and non-toxic molecule that has previously been used to crosslink amine-
containing proteins and polysaecharides, and reductive alkylation crosshink-
ing with polyaldelydes synthesized from natural molecules. Sinee the desired
HA-e0-PE prodduct is projected for biomedieal applications, these low-toxicity
crosslinkers are preferable to the current eytotoxic array of HA crosslinkers.
Genipin is already safely used as an injectable v crosslinker and is
both widely-available and convenient. It uses two reaction schemes, one for ench
linked compound. In the Amst, the amine nucleophilically attacks the genipin di-



hydropyran ring, opening and reforming it as a nitrogen-containing heterocyelic
compound. The second scheme is an 5,2 nucleophilic substitution as the amine
attacks the sster®. A gpenipin-compatible material would be especially useful in
nuelens pulposus repair, since the copolymer could ideally be injected into the
dise a5 a liquid and crosslinked and pelled tn vin.

Reductive alkylation is a lesser-known but promising biecompatible erosslink-
ing method®*. The polyaldehyde crosslinker is simply a periodate-oxidized
macromolecule, such as sucrose, starch, or cellulose, and thus is likely to be
hincompatible, inexpensive, and environment-friendly. The primary amine nu-
cleophilically attacks an aldehyde, forming an imine; maddition of a reducing
agent such as NaBH, will achieve the final crosslinked product.
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Figure 3 Base-catalyzed hydrolysis of the sscondary amide
of hyaluranan to a primary amine.

This experiment attempts to functionalize hyaluronan with a primary amine
group. The available 3* amide may serve a5 a convenient starting point if the
acetylplucosamine can be redoced to o glucosamine by descetylation. In order
to lose a degree of substitution (2% amide to 1% amine), a simple reduction with
LiAlH; or 2 Hofmann degradation will not work. Chemical hydrolysis was ex-
plored in this study. HA is known to degrade in acdd or allmline conditions,
and because hydrolysis is a random process, it is likely to result in monosae-
charide or olipesaccharide units and byprodocts that may or may not behave
like native HA®. Base-catalyzed hydrolysis is known to prefer the acetylglu-
cosamine residue, the residue of interest, due to the electrophilic nature of the
hasic reaction; acids prefer to catalyze the glueuronic acid. Unfortunately, the
amide i5 not the only hydrolytically active site on the acetylglucosamine; hy-
drolysis will also target the ring cxygen and the C1 atom, the latter of which
may result in glycosidic bond cleavape and chain scission®. However, under
mild enough conditions hydrolysis may be effective in reducing the amide group
without severely degrading the HA. Becanse the acetylglucosamine alse features



a reactive 1® hydroxyl, which reacts with the maleic acid in the copolymer es-
terification reaction, it is possible that hydrolyzing HA-oo-HODPE rather than
HA may reduce undesirable reactions sinee the hydrocyl will have been already
consumed.

This study merely attempted to reduce the amide group, and future work can
forcus on limiting degradation by altering pH, reaction time, and temperature.
0.1M MaOH{ag) solution was added to either HA or HA-co-HDPE powder and
heated to 50°C for 12 hours while being stirred wigorously, Base-catalyzed
hydrolysis reactions are typically carried under reflux temperatures”™, but the
temperature wis sot conservatively due to HA's lability.

The dried produoct was analyzed with FTIR and compared to a control to
determine any change in amide, amine, or potential byproduct stretches. An
FTIR subtraction analysis clearly demonstrated positive change in the primary
amine and carboooylate ion (byprodoct) stretches, which is indicative that hy-
drolysis did indeed occur. However, a qualitative viscosity test betwesn the HA
control and the hydrolyzed HA supgested that the hydrolyzed HA degraded;
milder conditions should be nsed in the futore.

HA-co-HDPE reaction in 1,2,4-TCB and DMS0O

The original Copoly reaction was performed with PE-g-MA in xylenes and HA-
CTA in DMS0; no known solvent exists that can solvate both reactants. Sinece
xylenes and DME0 are fairly immiscible, it is likely that the esterification occurs
at a single reaction imterface, a “surface™ betwoen the two solvents at which
the two reactants can interact. Replacing xylenes with a more DMS0-miscible
solvent, such as 1,2 4-trichlorobenzens [ TCB), may increase the space into which
hoth reactants can venture and come into contact.

A miscibility test comparing TCE/DMS0 and xylenes/DMS0 was per-
formed in order to confirm the improved miscibility of TCB. The Copoly pro-
tocol was followed with T'CB replacing xylenes. As hoped, a produoct with new
properties was formed: unlike Copoly, the final prodoct was Ahrous and tough.
In water, however, it disintegrated and did not appear to swell.

CopolyGel: Functionalized PE and HA-CTA

The maleic anhydride to hydroxy] (MA-OH) reactive ratio of the Copoly rewe-
tion i= 1:185; that is, the hydroocyl is in extreme exeess. (The “perfect”™ ratio is
1:4, since HA contains four hydrocy]l groops, only one of which is primary and
thus reactive.) In order toe optimize the molar ratio, a polyethylene incorporat-
ing more reactive functional groups is ideal. For this purpose a new function-
alized polyethylene (Functionalized PE)! was chosen to replace polyethylene-
grafi-maleic anhydride, which featured only 3% maleic anhydride by weight.
Functionalized PE shifts the reactive ratio in favor of the new functional group.

"Tha results of this resmrch are currently pending patent protection, so some information
cannot ba disclosed.
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Figure 4 The esterification reaction betwesn maleated
polyethylene and HA-CTA.

However, the structure of Functionalized PE, unlike the maleic anhydride-
grafted PE, does not contain a polyethylene backbone, so it may not behawve
like true polyethylene. In fact, it cannot form the random erystalline segments
that provide polyethylene its characteristic strength, and any network it forms
with HA could potentially lack necessary mechanical integrity.

CopolyGel was synthesized in two formuolations, a 85:15 or 70230 HAPE
final product ratio, so that it conld be compared to Copoly materials of similar
product composition. Functionalized PE and HA-CTA were dissolved in DMES0
separately, then reacted together at 90°C for 12 hours. (A single solvent fask
reaction yielded similar results, but separate solvent Aasks are recommended to
ensure homogeneity.) Hydrolysis, precipitation, washing, hydration, and drying
stops were followed a5 according to the Copoly protocol, although isopropanol
replaced ethanol as a washing agent but net as a precipitating agent as salt
solutions are insoluhle in i L

Baoth CopolyGel products behaved as hydrogels. TR0 was stronger than
85:15 as expected by the relative amount of modifled polyethylene present, but
hoth swelled significantly in PES, a saline solotion that mimics physiological
salt concentration [95.08%, water after one hour for T0:30, 93.53% for 85:15)
without falling apart. Still, they lacked the desired mechanical strength; the
lubricated outer surface easily separated from the rest of the network, and too
much agitation or pressure could canse the network to break apart entirely.



HMDI-Crosslinked CopolyGel

The diisocyanate croeslinker HMDI was explored as a potential avemue for
increasing networking in CopolyGel.  HMDI, or hexamethylenediisocyanate,
crosslinks via an alechol group on hyaloronan, so it can link together stray
chains of HA that disrupt the mechanical integrity of the network. It is less
toxic than the commonly used HA crosslinker gluteraldehyde, but due to its
water sensitivity it cannot be used as an injectable o vivo ereeslinker and re-
quires toxic non-wquecus solvents. An ideal crosslinked gel strikes a balance
betwesn strength and swelling ability; a more crosslinked network will hold
together tightly but may not be able to absorh much water.

Dry CopolyGel networks were soaked in excess 5% (v)/v) HMDI/DMS0 s0-
lation for approximately 30 hours under nitregen. The samples were transferred
to the vacuum oven at 50-70°C for 2 hours in order to cure the crosslinker, then
wished with acetone and dried. The T30 CopolyGel swelled significantly in
the HMDI solution, while 85:15 did not swell at all; this may be attributahle to
the possible axcess of Functionalized PE in 30, It is likely that the crosslink-
ing solution could not saturate the network and access loose HA strands, which
is reflected in the swell tests (85399, for T30 crosslinked, but 95.31% for B5:15
croaslinked, an increase). However, hoth crosslinked CopolyGels appeared qual-
itatively more resistant to stress; 70230 was hardly lubricious and held together
ineredibly well in PBS. In order to improve erosslinking, a different CopolyGel-
and HMDI-soluble solvent should be tested, and to optimize swelling ability, fu-
ture work can use a more dilute HMIM solution and shorten the reaction time.
This study utilized agpressive conditions to test the effectivencss of crosslinking,

TripolymerGel: Functionalized PE, PE-g-MA, and HA-CTA

‘While CopolyGel swelled significantly and maintained a network in water, it
lncked mechanical strength and cohesion, breaking apart fairly easily under
stress.  Meanwhile, Copoly featured the might of polyethylene but never sue-
cessfully behaved as a hydrogel. Thus a new polymer material, TripolymerGel,
wis synthesized to unite both features and create a sturdy, resilient hydro-
gel. Functionalized PE in DMS0 and PE-g-MA in TCB were tangled together,
cffectively saturating the graft polyethylene with an abundanes of functional
groups and creating a reactive polyethylene backbone. This new functional-
fzed polyethylene was reacted with HA-CTA; subsequent steps adhered to the
Copoly protoool.

Two TripolymerGel compositions (85:10:5 and Tc15:15) were synthesied
according to the amount of inal HA to PE provided by each reactant, in the ratio
HA:PE({from Functionalized PE):PE({from PE-g-MA). The 85:10:5 material was
expected to behave similarly to CopolyGel 85:15 but with additional strength
from the small amount of PE-g-MA; in other words, the erystalline character
of PE-g-MA would serve to strengthen the hydrogel. The T0:15:15 material
wis designed such that the Functionalized PE would act as a compatibilizer,



functionalizing the PE-g-MA so that it would be more remctive.

As pxpected from the final product ratios, Te15:15 displayed greater mechan-
ical strength than 85:10:5, although both products held together extremely well
and swelled significantly in PBS (96.72% for 85:1005, 04.67% for T0:15:15). The
properties of B5:10:5 resembled those of the nucleus pulposus: it was flexible,
elastie, durable, and slippery. Meamwhile, T0:15:15 was more reminiscent of car-
tilage, vough and sturdy with a lubricated outer surface. Unlike the CopolyGel
materials, which tended to hreak apart under stress and gradually lose some of
its viscous surface, the TripolymerGel materials withstood both pressure and
agitation and did not appear to lose any material even after several days.

HMDI-Crosslinked TripolymerGel

Although the TripolymerGels behaved extremely well in PBS, they were HMII
croaslinked to further improve networking. In keeping with the results from
Copoly Gel ereeslinking, the 85:1005 network did not swell at all in HMDI/DMS0,
while Tik15:15 did slightly. Swell testz yielded expected results (B34.66% for
85:10:5 crosslinked, 84.36% for T:15:15 crosslinked ). The crosslinked Ti15:15
wis noticeably stiffer than the unerosslinked version, although 85:1005 fielt only
marginally tougher after crosslinking. As discussed in CopolyGel crosslinking,
hetter crosslinking and swell results may be achieved with a different solvent, a
less concentrated HMDI solution, or a shorter reaction time.

Conclusion

Of the many approaches deseribed in this paper, crosslinked CopolyGel and the
assortment of TripolymerGel materials are the most promising and applicable
to a wide range of orthopedic functions. Further work will explore and improve
the biocompatibility, swelling and mechanical properties of these hydrogels.
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APPENDIX E: DEMINERALIZED BONE MATRIX-REINFORCED GELS

Initial attempts at strengthening the HA-co-PEMA hydrogels focused upon the

use of demineralized bone matrix (DBM) as a particulate reinforcing agent. DBM is a

readily-available allogenic graft material with a long history of use in orthopaedic

applications. With the mineral phase removed, DBM consists primarily of collagen and

other bone proteins, including growth factors. These endogenous growth factors can

elicit a regenerative healing response, thus the DBM was expected to play both a

reinforcing role and a bioactive role. DBM has been shown to attract chondrocytes and

NP cells and to be chondrogenic rather than osteogenic when used in avascular synovial

environments [1-3].

Materials and Methods

Gel Synthesis
DBM-reinforced gels
were cast by methods similar to

those described in Specific Aim

Table E1: DBM-reinforced gel formulations

Formulation | HA-CTA (g) | PEMA (g) | DBM (g)
Unreinforced 0.4 0.06 n/a
5:1 HA:DBM 0.4 0.06 0.05
3.1 HA:DBM 0.4 0.06 0.08

2 of the dissertation research chapter. Briefly, concentrated solutions of HA-CTA in

DMSO and PEMA in DMSO were prepared. DBM generously donated from Allosource

(Centennial, CO) was ground using a cryogrinder and sieved to isolate particles in the

size range between 100 wum and 250 um. An unreinforced and two DBM-reinforced

hydrogel formulations were synthesized; constituents for the gel formulations are
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summarized in Table E1. The DBM and the concentrated solutions were combined and
thoroughly mixed in 70x50 mm crystallizing dishes, then were placed in a vacuum oven

to cure overnight.

Following curing, cast gels were soaked in acetone for four hours. Solvents were
drained, then the gels were divided in half; one half was crosslinked using a 1% v/v
solution of hexamethylene diisocyanate (HMDI) in DMSO, cured at room temperature
for 24 hours. Crosslinked gels were soaked in several changes of acetone to remove
excess HMDI. All gels were then hydrolyzed in a 0.2M NaCl aqueous solution with
gentle agitation at room temperature. Hydrolyzed gels were vacuum dried, then were

characterized by swell testing as described previously.

Rheometry

In preparation for mechanical testing, gels were swollen to equilibrium in
deionized water (DI). Test samples (n=5 per group) were punched using an 8 mm biopsy
punch and were maintained in DI until testing. Instrument setup and test methods used
were as described in Specific Aim 2 for all 8§ mm samples. For gels that were too
compliant to reliably register torque within the detection range of the instrument using
the 8 mm setup, a 25 mm serrated plate geometry was used if sufficient samples were
available for the larger geometry. Unreinforced and 3:1 HA:DBM gels fell into this latter
category. Crosslinked gels were also at the lower detection limit of the instrument, but

there was insufficient gel available for 25 mm samples.
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Results

Gel Synthesis

During the initial attempts to cast
DBM-reinforced gels, difficulty was
encountered in controlling the temperature of
the vacuum ovens used for curing. Gels were

subjected to an unknown temperature profile,

resulting in the denaturing of the DBM as

Figure E1: DBM-reinforced gels. DBM in ) ) )
the gel at left has denatured due to curing ~ evidenced by a change in color from white to

under an uncontrolled temperature

profile. Atright, a gel cured at45°Cfor12  golden-brown. A 3:1 DBM-reinforced gel
hours.

was re-cast with a modified cure process; the
crystallizing dishes into which the gels had been cast were sealed in N»-charged vacuum
bags and were placed into oil baths maintained at 45°C for 12 hours. The DBM in gels
cast using this modified curing process did not exhibit signs of denaturation. Figure E1
compares a gel subjected to an uncontrolled temperature cycle to one maintained at a

steady 45°C.

Swell Testing
Swell testing was performed using both

DI and PBS as swelling media for gels

produced during this experimental series,

including crosslinked and denatured samples :
Figure E2: Example swell test samples.

Unreinforced (top row) and crosslinked
(bottom row) gels in a dry state (left

. . . . column), swollen in PBS (middle column),
difference in swelling behavior of un- and swollen in DI (right column).

(n=2 per group). Figure E2 shows the



crosslinked and crosslinked gels. Percent hydration (H) and swell ratio (Q) parameters
were calculated based upon equilibrium measurements and are presented in Table E2

below.

Table E2: Swell test parameters for DBM-reinforced gels

H (DI) Q (DI) H (PBS) Q (PBS)
Unreinforced 99.4% 175.3 £43.2 97.9% 46.7 4.2
3:1 Native 98.3% 59.8 +13.5 95.6% 22.1+3.6
Unreinforced-XL 85.3% 6.1x1.5 95.4% 21.6 3.9
5:1Denatured 88.1% 7.5+£0.5 96.0% 24314
3:1 Denatured 73.4% 29+0.8 92.8% 13.0=x1.5
5:1 Denatured XL 99.0% 959 +12.2 97.0% 29.1+£3.5
3:1 Denatured XL 97.0% 32712 94.8% 183 0.1
Rheometry
Effect of DBM Reinforcement Denaturing/Strengthening Effect
800 7000
700 | 6000 | I
600 1 5000 -
gigg I I . [ 54000 ]
* = * 3000 | i
O 300 | = v | I
200 2000
1000 |
o0 | g I e
0.1 1 10 0.1 1 10
Frequency (Hz) Frequency (Hz)
No DBM M 3:1 HA:DBM No DBM MDBM  Denatured DBM

Figure E4: Strengthening effect of denatured
DBM. G* increased by an order of magnitude
when comparing unreinforced gels to gels
reinforced with denatured DBM.

Figure E3: Effect of particulate reinforcement
with native DBM. Reinforcement with a 3:1
w/w ratio of HA to DBM resulted in roughly a
50% increase in G*.

The effect of particulate reinforcement with DBM alone is illustrated in Figure
E3, in which unreinforced gels are compared to gels reinforced with a 3:1 w/w ratio of
HA to native DBM (n=3 per group). The addition of DBM to the gel resulted in a

modest 50% increase in the complex shear modulus. A much more profound
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DBM Reinforcement and Crosslinking
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M Unreinforced M 5:1 HA:DBM M Crosslinked 5:1 M 3:1 HA:DBM M Crosslinked 3:1

Figure E5: DBM reinforcement combined with HMDI crosslinking. Although HMDI
crosslinking increases G* relative to unreinforced gels, it does not make a significant
difference compared to the denatured DBM reinforcement at 0.1 Hz and reduces the
reinforcing effect at 1 and 10 Hz.

strengthening effect was achieved through the inadvertent denaturing of the DBM; G*
increases ten-fold, as seen in Figure E4. The possibility of synergistic strengthening
effects were investigated by crosslinking the denatured gels with HMDI. The resulting

complex shear modulus measurements are compared in Figure ES5.

Discussion

The reinforcing effect of DBM on the hydrogels developed in this dissertation
research was briefly investigated in this set of experiments. Reinforcement with a 3:1
HA to DBM ratio (w/w) has provided a modest level of strengthening, with G*
increasing by 50% compared to unreinforced gels. This is consistent with swell test
results, where a modest reduction in hydration was associated with the DBM
reinforcement. Qualitatively, the DBM does not appear well-integrated with the gel

matrix. Grains of DBM were released from the gel during the sonication step of the
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hydrolysis process, and grains at the edge of cut samples are easily dislodged. Further,
while mechanical properties have improved, the 500-700 Pa range for G* falls well short

of the 7-20 KPa G* values reported in the literature for human NP tissue [4, 5].

Gel mechanical properties approached the appropriate order of magnitude when
the DBM reinforcement was inadvertently denatured. Denaturing produced a ten-fold
improvement in G* and a correspondingly large drop in hydration level measured during
swell testing. Qualitatively, the denatured DBM turned the entire gel a golden-brown
color while the DBM grains themselves turned dark brown. Individual DBM grains were
well-integrated with the gel matrix, suggesting some physical or chemical association
between the two phases. The unfolding of proteins during denaturing can expose
hydrophobic domains or regions amenable to hydrogen bonding, possibly allowing for
adsorption to the gel matrix. The “tanning” of the DBM is also suggestive of the quinone
crosslinking of collagen and other proteins seen in various natural materials [6].
Quinones and maleic anhydrides are both ring structures with two carbonyl groups, so it
seems plausible that with high enough temperature or with catalysis of metal
contaminants in the vacuum oven [7] that the maleic acids could have participated in a

quinone-like crosslinking reaction with the collagen component of the DBM.

Gels were crosslinked with HMDI to see if the mechanical properties could be
further improved. While swell tests on unreinforced gels after crosslinking suggested an
improvement in properties as suggested by a drop in hydration level, the opposite was
seen when denatured gels were crosslinked. Rheometry confirmed a reduction in shear
modulus of crosslinked denatured gels. The strengthening mechanisms provided by

denaturing and chemical crosslinking are not synergistic; the covalent bonding via HMDI

E-6



crosslinking appears to disrupt whatever strengthening mechanism is at play in the

denatured gel.

While and the reinforcing effect of denaturing is far greater than that of
crosslinking, the exact mechanism of reinforcement is not understood and has not been
reproduced. Further, the impression a denatured protein would make in a clinical setting
1s uncertain, making further development of this material as a therapeutic agent

impractical.
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APPENDIX F: RHEOMETRY METHOD VALIDATION

Numerous research groups have reported on the rheometric testing of soft tissues
and hydrogels, but there is tremendous variation in reported parameters for similar
materials. For example, reported shear moduli for nucleus pulposus tissue have ranged
from as low as 300 Pa (G’ @ 1 Hz) for porcine NP [1] to as high as 7.4 + 11.6 kPa (G* at
1 rad/s or 6.28 Hz) for non-degenerate human NP [2]. Likewise, for hyaluronan-based
hydrogels reported shear moduli have ranged from as low as 105 Pa for a type of dermal
filler [3] to approximately 4 KPa for a thiol-modified HA heavily crosslinked with
poly(ethylene glycol) diacrylate (PEGDA) [4]. While some of the differences could be
due to true differences in the material properties, the authors employed different methods
that likely had a greater effect on the variability of measurements. Rheometry
experiments were designed such that the gels developed in this research would be directly
compared to NP tissue tested by the same methodology; however, pilot experiments were

undertaken to ensure a valid testing methodology.

Agarose was selected as the model system to validate rheometry test
methodology. Recent publications have similarly used agarose to validate soft tissue
shear measurements by magnetic resonance elastography [5, 6]. MRE measurements
were compared to dynamic mechanical analysis (DMA) measurements made in “shear
sandwich” mode. These authors found good agreement between the two methods of

shear measurements, providing confidence in the DMA methods employed.
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Figure F1: Agarose shear modulus results
and 2.5% (w/v) were prepared by dissolving  figure. Reused with permission from Chen, Q.,
et al., Identification of the testing parameters in
high frequency dynamic shear measurement on
agarose gels. Journal of Biomechanics, 2005.

BioRad Molecular Biology Grade agarose in
near-boiling deionized water and casting into a Petri dish to a thickness of approximately
2mm. Petri dishes were covered and the gels were allowed to set overnight. 8mm test

samples were cored with a biopsy punch immediately prior to testing.

Test conditions as described in the MRE validation papers were duplicated to the
extent possible. Sandpaper was adhered to the DMA fixture to improve grip. A 10%
compressive preload was applied to the samples, and a 0.5% strain amplitude was
applied. The MRE experiments examined a wider frequency range than was possible on
the rheometer, but there was overlap in the 0.1 — 10 Hz range. Temperature was
maintained at 27°C, and a humidified environment was maintained. The main
differences in test set-up included the application of torsional shear rather than lateral

shear and the sample dimensions.

One of the first questions addressed was the importance of sample grip. A cleated
bottom plate was available for use with the rheometer, but only a polished platen was
available in an 8 mm geometry for the top plate. Agarose gel samples were tested both

with the polished platen and with an 8 mm disc of 150 grit sandpaper adhered to to the
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platen. The top platen was lowered until approximately 10 grams force registered on the
axial load cell, and the gap read was taken to be the sample height. A 10% compressive
preload was applied, then a strain sweep covering the range from 0.005 to 20% strain
amplitude was run to confirm the linear viscoelastic region (LVR). The 0.5% strain used
in the MRE experiments was in the LVR, so a frequency sweep was run and measured

parameters were compared to those reported in the literature.

Figure F2 illustrates 1.5% Agarose

20000
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16000 | l
. _ 14000
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* Sandpaper
group). Modulus values © 8000
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. 4000 :
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0
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) Figure F2: Comparison of complex shear modulus (G¥)
though somewhat higher than  measured with and without sandpaper to aid in gripping
the test specimen.

the values reported in the

literature (Table F1). The methods described in the MRE papers did not discuss the

effect of stress relaxation after sample loading, so the effect of allowing for a relaxation

delay before the initiation of testing was investigated (Figure F3). Frequency sweeps
Agarose (2.5% wh) Validation: Effect of Relaxation Delay

Table F1: Comparison of measured G* to
values reported in the literature
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Figure F3: Effect of axial stress relaxation
"Ringleb, S.L, et al. on measured G* values
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were run immediately upon loading the sample, after a 15 minute delay, and after a 30
minute delay. Axial force readings were monitored, and no further relaxation after 30
minutes could be reliably observed as the axial force dropped below the specified
sensitivity of the axial load cell. While allowing for axial stress relaxation to stabilize did
bring measurements into line with the literature, waiting 30 minutes would add
significantly to the overall test time and other factors, e.g. maintaining hydration, could
become a concern. To reduce the required delay for relaxation the loading protocol was
modified to lower the platen until ~1 gram force was read. With this loading condition
results similar to those reported by Ringleb et. al. were achieved without need for a

relaxation delay, so this loading protocol was adopted.

One final question to be 10

addressed was whether any pre-

conditioning cycles were required for

G*(a)

[Pa]

stable measurements. 10 consecutive

frequency sweeps were run and the
weep 6
e
consistency of the data was monitored o wosp 10

107 10° ' 107
o[HZ]

Figure F4: Repeatability of measurements over
10 identical frequency sweep cycles.

ol
woLo o

(Figure F4). Over this cohort,
measurements were seen to be quite
stable through the first 7-8 frequency sweeps. Measured modulus values begin to
noticeably drop at the 9™ cycle and drop even further in cycle 10. These late changes are
likely due to loss of grip rather than to a pre-conditioning effect. Since measurements

were stable over the first 7 cycles no need for pre-conditioning was seen.



Experimental conditions employed for the rheometric testing of NP tissue and the
hydrogels synthesized in this work were based upon the learnings from these validation
experiments. Sample grip is a key factor, so gluing a disc of sandpaper to the 8mm top
platen was added to the testing protocol. It was also determined that over-compression of
the sample can lead to over-reporting of modulus values; this can be overcome either by
allowing for or minimizing axial stress relaxation effects. Finally, no need for pre-

conditioning was observed.
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APPENDIX G: REINFORCEMENT LEVEL AND AIR-FREE CHEMISTRY

The anhydride esterification chemistry employed for the synthesis of HA-co-
PEMA hydrogels is known to be sensitive to water. As such, exposure to air at any point
during the reaction represents a source of variability, in that changes in humidity from
day to day is an uncontrollable factor. Despite this known issue, the initial reinforced
gels were briefly exposed to air during the casting process. The reactive maleic
anhydride moieties were available in sufficient excess that gels could still form, and
reinforced gels bracketing the properties of ovine nucleus pulposus tissue when tested in
shear were successfully produced. Comparing swell test results for unreinforced, air-
exposed cast gels to the initial gels produced in air-free glassware confirmed a less

complete reaction in the presence of air.

We speculated that controlling the air exposure would allow for further tuning of
the mechanical properties of the reinforced gels. In particular, it was expected that lower
levels of particulate reinforcement entrapped in a more densely crosslinked gel matrix
could duplicate the elastic properties of the air-cast gels while improving the dissipative
properties of the composite since the compliant gel matrix would play a larger role in the
mechanical response. In a follow-on experiment to test this hypothesis, two gels were

cast in a commercial glove box under an inert argon gas environment.

As in Specific Aim 2, concentrated solutions of HA-CTA in DMSO (2.5% w/v)

and PEMA in DMSO were prepared using air-free chemistry techniques. Reactants were
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vacuum dried and glassware was stored at 100°C for a minimum of 24 hours prior to use.
Reactants were measured into 3-necked flasks and the two outer necks were sealed with
serum stoppers secured by copper wire. The third neck was connected to a condenser
circulating chilled water. Sealed flasks were charged and vented with N, gas three times,
then the appropriate measured volume of DMSO was transferred to the flask via cannula
under dry N, flow. Flasks were lowered into oil baths and heated to 80°C with magnetic
stirring until the reactants were fully dissolved. Flasks were again vented with N, while
being removed from the condenser and were sealed with a slight positive pressure of N,

in the flask.

In preparation for gel casting in the glove box, all reactants and casting materials
were gathered and placed in the glove box antechamber. The antechamber was vacuum-
evacuated and charged with argon gas three times prior to moving materials into the
glove box. A slight vacuum was pulled on the antechamber to ensure that the glove box

remained sealed for the duration of work.

The composition of the Table G1: Comparison of gel formulations for in-air and air-
free casting
gels was identical to that of the . HA-CTA | PEMA | TS-720
Formulation
® ® ®

720-R gel described in Specific 720-R (castinair) | 0.4 0.06 0.8

AF-MR 0.4 0.06 0.4
Aim 2, with the exception that the | AF-LR 0.4 0.06 0.2

amount of silica added to the gel was reduced by 50% (AF-MR) and 75% (AF-LR). Gel
constituents are summarized in Table G2. As in Specific Aim 2, gel constituents were
mixed by hand in 70x50 mm crystallizing dishes. The crystallizing dishes were sealed in
vacuum bags prior to removal from the glove box, then were placed in a 75°C oven to

cure for 12 hours overnight.
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Following curing, gels were removed from their vacuum bags and were further
processed by sequential sonication cycles in acetone, 0.2M NaCl aqueous solution, a
0.1M NaCl aqueous solution, deionized water, and ethanol with 2-3 cycles in each
solvent. The acetone cycle was intended to remove DMSO and unreacted PEMA from
the gel. Ton exchange in the NaCl solutions hydrolyzes the gel, while lowering the
concentration of the salt solution provides increasingly larger osmotic driving forces to
clear the CTA" from the gel. The final ethanol cycles start to dehydrate the gel. Once

drained of ethanol, the gels were placed in a vacuum until completely dry.

Gels were re-swollen to equilibrium in PBS in preparation for rheometry. Test
samples were prepared with an 8 mm biopsy punch and were loaded for testing as
described previously in Specific Aim 2. A dynamic strain sweep was run on one sample
to confirm that test parameters used previously were in the linear viscoelastic region for
the air-free cast gels. Once the LVR was verified, dynamic frequency sweeps were run
from 0.1 Hz < /<10 Hz at 2% strain. A total of 5 samples from each gel (AF-LD and
AF-MD) were tested and data was compared to ovine NP tissue results collected

previously.

Dynamic shear parameters at 0.1 Hz, 1 Hz, and 10 Hz are compared among the
two air-free cast gels and ovine NP tissue in Figure G1. Statistical comparisons were
made between the cast gels and the NP tissue using the Holm-Sidak method for multiple
comparisons versus a control group. No significant differences were detected between
NP tissue and either gel formulation for G* and G*. Loss modulus for AF-MR was
statistically higher than NP at 0.1 Hz (p=0.014) and at 1 Hz (p=0.021). The loss factor

tand for both cast gels was significantly different from NP (AF-LR < NP, p=0.018;
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Figure G1: Comparison of dynamic shear properties between air-free cast gels and ovine NP
tissue. The two reinforcement levels effectively bracket the NP properties for all parameters.

AF-MR > NP, p=0.015) at 1 Hz but no differences were detected at 0.1 Hz and only AF-

LR was significantly different from NP at 10 Hz (p<0.001).

This experiment demonstrates that when synthesized under a controlled
environment, the mechanical properties of silica-reinforced HA-co-PEMA hydrogels can
be tuned by varying the proportion of particulate reinforcement. Our chosen AF-LR and
AF-MR reinforcement levels bracketed the properties previously measured for ovine NP,
with AF-MR being a closer match. G’ and tand differed from results seen previously, in

that the more reinforced gel exhibited the largest values for these parameters. Typically,
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the loss factor is interpreted as a measure of “solid-like” versus “liquid-like” behavior,
and the range seen for the AF-MR gel (0.49 = 0.08 at 0.1 Hz, 0.47 = 0.07 at 1 Hz, and
0.41 = 0.04 at 10 Hz) is typically interpreted as the transition from solid-like to liquid-

like behavior. The simplest interpretation of this result, that the AF-MR gel has a higher

volume fraction of water, is not Table G2: Swell test parameters after 72 hours in PBS
Formulation Q H
borne out by preliminary swell test AF-LR 263 +4.9 96.0% + 0.8%
AF-MR 6.6 0.3 86.8% = 0.6%

data (Table G-2).

The higher loss modulus of the AF-MR gel can be better rationalized based upon
the movement of water rather than the overall water content. With the higher fraction of
hydrophobic filler, water is not as tightly bound in the AF-MR gel as in the AF-LR gel.
Thus, when subjected to dynamic loading, the water is more mobile in the AF-MR gel
allowing for more dissipation of energy and a correspondingly higher G’. Differences in
the water binding properties of various gel formulations can be better quantified through

transient tests such as creep or stress relaxation.

The heterogeneous nature of the reinforced gel system further belies the simple
explanation of its dynamic mechanical behavior. In basic polymer characterization
studies, dynamic mechanical analysis is used to identify changes in phase behavior. Over
a large frequency span, the behavior of dilute polymer solutions transitions from liquid to
rubbery to glassy as frequency increases. Similarly, these transitions in behavior are
mirrored when temperature is varied, going from glassy to rubbery to liquid as
temperature increases. A peak in the loss modulus as a function of temperature is an
indication of the glass transition temperature (T,), a secondary phase transition that is a

key specification in choosing a polymer for a specific application; T, should lie
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significantly above intended operating temperatures for any application where the
polymer is intended to behave as a solid, or significantly below temperatures where it is
intended as a liquid [1]. In the reinforced gel systems we are combining elements with
very different T, behavior, so it is difficult to make predictions about where we lie in the
spectrum of behavior. The air-free hydrogels are even more networked than those cast in
the presence of air — the high degree of networking and the reinforcement likely
broadens, flattens, and shifts the tand peak (i.e., glass transition) to higher frequencies. It
is possible that the test frequencies used were below the glass transition. Fully
characterizing this behavior would require frequency sweeps over a much broader range

of frequencies or temperature sweeps over a significant temperature span.

While there are a slew of further experiments that could be performed to more
fully characterize the reinforced hydrogel system, the focus here was to describe the
behavior over a physiologically-relevant range. We confirmed that the dynamic shear
properties could be altered based upon the level of particulate reinforcement introduced
into the composite gel system, and that when synthesized in a controlled environment
gels bracketing the properties of ovine nucleus pulposus tissue could be produced with

modest fractions of silica reinforcement.
Reference

1. Hiemenz, P.Z. and Lodge, T.P., Polymer Chemistry. Second ed. 2007, Boca Raton,
FL: CRC Press.

G-4



APPENDIX H: STATISTICAL ANALYSES

Data analysis was conducted using the statistics tools built into the SigmaPlot®
11.2 software package (Systat Software Incorporated, San Jose CA). Generally
continuous data was collected, but in cases where the equal variance and/or normality
assumptions did not hold the data was treated as categorical. Pair-wise comparisons were
analyzed with t-tests, and one-way Analysis of Variance (ANOVA) with multiple-group
adjustments were used for experiments with more than two groups. Statistical

significance was based upon a=0.05.

Specific Aim 1: Swell Test Parameters for LD and HD Gel Formulations

Swell Ratio (Q)

t-test

Normality Test: Passed (P =0.834)

Equal Variance Test: Passed (P =0.080)

Group Name N Missing Mean Std Dev SEM
LD 3 0 168.369 38.867 22.440
HD 3 0 21.673 9.464 5.464
Difference 146.695

t=6.352 with 4 degrees of freedom. (P = 0.003)
95 percent confidence interval for difference of means: 82.571 to 210.819

The difference in the mean values of the two groups is greater than would be expected by chance; there is a
statistically significant difference between the input groups (P = 0.003).

Power of performed test with alpha = 0.050: 0.995

Percent Hydration (H)

t-test

Normality Test: Passed (P =0.709)

Equal Variance Test: Passed (P =0.431)

Group Name N Missing Mean Std Dev SEM
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LD 3 0 0.982 0.0136 0.00784
HD 3 0 0.951 0.0182 0.0105

Difference 0.0314

t=2.394 with 4 degrees of freedom. (P = 0.075)

95 percent confidence interval for difference of means: -0.00502 to 0.0679

The difference in the mean values of the two groups is not great enough to reject the possibility that the
difference is due to random sampling variability. There is not a statistically significant difference between the
input groups (P = 0.075).

Power of performed test with alpha = 0.050: 0.380

The power of the performed test (0.380) is below the desired power of 0.800.

Less than desired power indicates you are less likely to detect a difference when one actually exists. Negative
results should be interpreted cautiously.

Specific Aim 2: Reinforced Gel Characterization
Swell Testing: Q in Deionized Water (DI)

One Way Analysis of Variance

Group Name N Missing Mean Std Dev SEM
HD-GC 3 0 175.250 74.478 43.000
620-R 3 0 22.750 2.667 1.540
720-R 3 0 25.590 23.452 13.540
Source of Variation DF SS MS F P
Between Groups 2 45662.431 22831.216 11.221 0.009
Residual 6 12208.219 2034.703

Total 8 57870.650

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =0.009).

Power of performed test with alpha = 0.050: 0.881

All Pairwise Multiple Comparison Procedures (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level Significant?
HD-GC vs. 620-R 152.500  4.141 0.006 0.017 Yes
HD-GC vs. 720-R 149.660  4.064 0.007 0.025 Yes
720-R vs. 620-R 2.840 0.0771 0.941 0.050 No

Swell Testing: Q in Phosphate-Buffered Saline (PBS)

One Way Analysis of Variance

Group Name N Missing Mean Std Dev SEM
HD-GC 3 0 46.770 7.327 4.230
620-R 3 0 6.920 1.247 0.720
720-R 3 0 4.440 1.091 0.630
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Source of Variation DF SS MS F P

Between Groups 2 3386.002 1693.001 90.014 <0.001
Residual 6 112.849 18.808
Total 8 3498.851

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

All Pairwise Multiple Comparison Procedures (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level  Significant?
HD-GC vs. 720-R  42.330 11.954 <0.001 0.017 Yes
HD-GC vs. 620-R ~ 39.850 11.254 <0.001 0.025 Yes
620-R vs. 720-R 2.480 0.700 0.510 0.050 No

Swell Testing: H in DI

One Way Analysis of Variance

Group Name N Missing Mean Std Dev SEM
HD-GC 3 0 99.400 0.260 0.150
620-R 3 0 95.780 0.450 0.260
720-R 3 0 95.100 6.824 3.940
Source of Variation DF SS MS F P
Between Groups 2 32.057 16.028 1.027 0.414
Residual 6 93.682 15.614

Total 8 125.739

The differences in the mean values among the treatment groups are not great enough to exclude the
possibility that the difference is due to random sampling variability; there is not a statistically significant
difference (P =0.414).

Power of performed test with alpha = 0.050: 0.053

The power of the performed test (0.053) is below the desired power of 0.800.

Less than desired power indicates you are less likely to detect a difference when one actually exists. Negative
results should be interpreted cautiously.

Swell Testing: H in PBS

One Way Analysis of Variance

Group Name N Missing Mean Std Dev SEM
HD-GC 3 0 97.890 0.329 0.190
620-R 3 0 87.310 2.338 1.350
720-R 3 0 81.470 4417 2.550
Source of Variation DF SS MS F P
Between Groups 2 415.658 207.829 24.857 0.001
Residual 6 50.167 8.361

Total 8 465.825

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =0.001).

Power of performed test with alpha = 0.050: 0.998
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All Pairwise Multiple Comparison Procedures (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level Significant?
HD-GC vs. 720-R 16.420 6.955 <0.001 0.017 Yes
HD-GC vs. 620-R 10.580 4.481 0.004 0.025 Yes
620-R vs. 720-R  5.840 2474 0.048 0.050 Yes

Rheometry: Complex Modulus (G*) at 0.1 Hz

One Way Analysis of Variance

Normality Test: Passed (P=0.157)

Equal Variance Test: Failed (P <0.050)

Test execution ended by user request, ANOVA on Ranks begun

Kruskal-Wallis One Way Analysis of Variance on Ranks

Group N Missing Median 25% 75%

C620 6 0 2243.900 1876.470 2299.960
C720 6 0 4403.990 3959.430 5579.410
CNP 5 0 1903.870 1722.400 2093.390

H=12.165 with 2 degrees of freedom. (P =0.002)

The differences in the median values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =0.002)

To isolate the group or groups that differ from the others use a multiple comparison procedure.

Multiple Comparisons versus Control Group (Dunn's Method) :

Comparison Diff of Ranks Q P<0.05
C720 vs CNP 10.300 3.368 Yes
C620 vs CNP 3.300 1.079 No

Note: The multiple comparisons on ranks do not include an adjustment for ties.

Rheometry: G* at 1 Hz

One Way Analysis of Variance
Normality Test: Passed (P =0.707)

Equal Variance Test: Passed (P=0.116)

Group Name N Missing Mean Std Dev SEM
C620 6 0 2192.222 611.536 249.658
C720 6 0 5540.698 1037.245 423.454
CNP 5 0 2875.220 271.339 121.346
Source of Variation DF SS MS F P
Between Groups 2 37104735.271 18552367.635 34.430 <0.001
Residual 14 7543767.458 538840.533

Total 16 44648502.729

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).



Power of performed test with alpha = 0.050: 1.000

Multiple Comparisons versus Control Group (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Crit. Level  Significant?
CNP vs. C720 2665.478 5.997 <0.001 0.025 Yes
CNP vs. C620 682.998 1.537 0.147 0.050 No

Rheometry: G* at 10 Hg

One Way Analysis of Variance
Normality Test: Passed (P =0.5006)

Equal Variance Test: Passed (P =0.247)

Group Name N Missing Mean Std Dev SEM
C620 6 0 2543.067 702.751 286.897
C720 6 0 6548.505 1157.850 472.690
CNP 5 0 4287.782 633.673 283.387
Source of Variation DF SS MS F P
Between Groups 2 48365547.472 24182773.736 31.410 <0.001
Residual 14 10778543.791 769895.985

Total 16 59144091.263

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000
Multiple Comparisons versus Control Group (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level Significant?
CNP vs. C720 2260.723 4.255 <0.001 0.025 Yes
CNP vs. C620 1744.715 3.284 0.005 0.050 Yes

Rheometry: Storage Modulus (G’) at 0.1 Hz,

One Way Analysis of Variance

Normality Test: Passed (P =0.148)

Equal Variance Test: Failed (P <0.050)

Test execution ended by user request, ANOVA on Ranks begun

Kruskal-Wallis One Way Analysis of Variance on Ranks

Group N Missing Median 25% 75%

S620 6 0 2229.360 1868.170 2283.450
S720 6 0 4372735 3936.040 5538.910
SNP 5 0 1803.140 1643.073 1973.063

H =12.740 with 2 degrees of freedom. (P =0.002)

The differences in the median values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =0.002)

To isolate the group or groups that differ from the others use a multiple comparison procedure.
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Multiple Comparisons versus Control Group (Dunn's Method) :

Comparison Diff of Ranks Q P<0.05
S720 vs SNP 10.700 3.499 Yes
S620 vs SNP 4.033 1.319 No

Note: The multiple comparisons on ranks do not include an adjustment for ties.

Rheometry: G’ at 1l Hz

One Way Analysis of Variance
Normality Test: Passed (P =0.640)

Equal Variance Test: Passed (P=0.111)

Group Name N Missing Mean Std Dev SEM
S620 6 0 2178.412 605.320 247.121
S720 6 0 5493.200 1033.231 421.815
SNP 5 0 2736.312 251.071 112.282
Source of Variation DF SS MS F P
Between Groups 2 37230123.989 18615061.994 35.113 <0.001
Residual 14 7422034.245 530145.303

Total 16 44652158.233

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

Multiple Comparisons versus Control Group (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level Significant?
SNP vs. S720 2756.888 6.253 <0.001 0.025 Yes
SNP vs. S620 557.900 1.265 0.226 0.050 No

Rheometry: G’ at 10 Hz

One Way Analysis of Variance
Normality Test: Passed (P =0.664)

Equal Variance Test: Passed (P =0.215)

Group Name N Missing Mean Std Dev SEM
S620 6 0 2527.002 697.108 284.593
S720 6 0 6479.703 1147.203 468.344
SNP 5 0 3982.474 555.743 248.536
Source of Variation DF SS MS F P
Between Groups 2 47829131.674 23914565.837 32.678 <0.001
Residual 14 10245569.291 731826.378

Total 16 58074700.964

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

Multiple Comparisons versus Control Group (Holm-Sidak method):
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Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level Significant?
SNP vs. S720  2497.229 4.821 <0.001 0.025 Yes
SNP vs. S620  1455.472 2.810 0.014 0.050 Yes

Rheometry: Loss Modulus (G”) at 0.1 Hz,

One Way Analysis of Variance
Normality Test: Passed (P=0.112)

Equal Variance Test: Passed (P =0.255)

Group Name N Missing Mean Std Dev SEM

L620 6 0 236.629 47.502 19.393

L720 6 0 579.380 122.101 49.848

LNP 5 0 598.649 120.392 53.841

Source of Variation DF SS MS F P
Between Groups 2 480714.150 240357.075 23.400 <0.001
Residual 14 143802.104 10271.579

Total 16 624516.254

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

Multiple Comparisons versus Control Group (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level Significant?
LNP vs. L620 362.020 5.899 <0.001 0.025 Yes
LNP vs. L720 19.268 0314 0.758 0.050 No

Rheometry: G” at 1 Hz

One Way Analysis of Variance
Normality Test: Passed (P =0.083)

Equal Variance Test: Passed (P =0.490)

Group Name N Missing Mean Std Dev SEM

L620 6 0 243.524 93.905 38.336

L720 6 0 710.716 176.348 71.994

LNP 5 0 877.428 150.325 67.228

Source of Variation DF SS MS F P
Between Groups 2 1220377.910 610188.955 29.460 <0.001
Residual 14 289973.941 20712.424

Total 16 1510351.852

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

Multiple Comparisons versus Control Group (Holm-Sidak method):
Overall significance level = 0.05



Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level Significant?
LNP vs. L620 633.903 7274 <0.001 0.025 Yes
LNP vs. L720 166.712 1.913 0.076 0.050 No

Rheometry: G” at 10 Hg

One Way Analysis of Variance
Normality Test: Passed (P=0.120)

Equal Variance Test: Passed (P =0.187)

Group Name N Missing Mean Std Dev  SEM

L620 6 0 284.134 93.505 38.173

L720 6 0 933.602 232.843 95.058

LNP 5 0 1581.398 350.564 156.777

Source of Variation DF SS MS F P
Between Groups 2 4603597.672 2301798.836 39.963 <0.001
Residual 14 806376.312 57598.308

Total 16 5409973.984

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000
Multiple Comparisons versus Control Group (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level Significant?
LNP vs. L620 1297.264 8.927 <0.001 0.025 Yes
LNP vs. L720 647.796 4.458 <0.001 0.050 Yes

Rheometry: Loss Factor (G”/G’) at 0.1 Hz,

One Way Analysis of Variance
Normality Test: Passed (P =0.493)

Equal Variance Test: Passed (P =0.320)

Group Name N Missing Mean Std Dev SEM
T620 6 0 0.109 0.0128 0.00523
T720 6 0 0.125 0.0272 0.0111
CNP 5 0 0.330 0.0383 0.0171
Source of Variation DF SS MS F P
Between Groups 2 0.160 0.0802 108.267 <0.001
Residual 14 0.0104 0.000741

Total 16 0.171

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

Multiple Comparisons versus Control Group (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:



Comparison Diff of Means t Unadjusted P Critical Level Significant?
CNP vs. T620 0.220 13.373 <0.001 0.025 Yes
CNP vs. T720 0.205 12.440 <0.001 0.050 Yes

Rheometry: G’/G’ at 1 Hz,

One Way Analysis of Variance
Normality Test: Passed (P =0.927)

Equal Variance Test: Passed (P =0.352)

Group Name N Missing Mean Std Dev SEM
T620 6 0 0.108 0.0189 0.00773
T720 6 0 0.130 0.0290 0.0118
TNP 5 0 0.320 0.0424 0.0190
Source of Variation DF SS MS F P
Between Groups 2 0.144 0.0722 76.603 <0.001
Residual 14 0.0132 0.000942

Total 16 0.158

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

Multiple Comparisons versus Control Group (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level Significant?
TNP vs. T620 0.212 11.418 <0.001 0.025 Yes
TNP vs. T720 0.190 10.233 <0.001 0.050 Yes

Rheometry: G”/G’ at 10 Hz,

One Way Analysis of Variance

Normality Test: Passed (P =0.331)

Equal Variance Test: Failed (P <0.050)

Test execution ended by user request, ANOVA on Ranks begun

Kruskal-Wallis One Way Analysis of Variance on Ranks

GroupN Missing Median 25% 75%

T620 6 0 0.110 0.101 0.114
T720 6 0 0.144 0.122  0.164
TNP 5 0 0.401 0.365 0.433

H =12.209 with 2 degrees of freedom. (P =0.002)

The differences in the median values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =0.002)

To isolate the group or groups that differ from the others use a multiple comparison procedure.

Multiple Comparisons versus Control Group (Dunn's Method) :

Comparison Diff of Ranks Q P<0.05
T620 vs TNP 10.667 3.488 Yes
T720 vs TNP 6.333 2.071 No
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Note: The multiple comparisons on ranks do not include an adjustment for ties.

Swell Testing: Q for Air-Cast and Air-Free Cast Gels

One Way Analysis of Variance

Group Name N Missing Mean Std Dev SEM
HD 3 0 21.670 9.457 5.460
HD-GC 3 0 46.770 7.327 4.230
620-R 3 0 6.920 1.247 0.720
720-R 3 0 4.440 1.091 0.630
AF-HD-GC 3 0 22.550 1.143 0.660
AF-620-R 3 0 3.570 0.277 0.160
Source of Variation DF SS MS F P
Between Groups 5 4128.084 825.617 33.643 <0.001
Residual 12 294.486 24.540

Total 17 4422.570

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

All Pairwise Multiple Comparison Procedures (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level  Significant?
HD-GC vs. AF-620-R 43.200 10.680 <0.001 0.003 Yes
HD-GC vs. 720-R 42.330 10.465 <0.001 0.004 Yes
HD-GC vs. 620-R 39.850 9.852 <0.001 0.004 Yes
HD-GC vs. HD 25.100 6.206 <0.001 0.004 Yes
HD-GC vs. AF-HD-GC 24.220 5.988 <0.001 0.005 Yes
AF-HD-GC vs. AF-620-R  18.980 4.692 <0.001 0.005 Yes
AF-HD-GC vs. 720-R 18.110 4.477 <0.001 0.006 Yes
HD vs. AF-620-R 18.100 4.475 <0.001 0.006 Yes
HD vs. 720-R 17.230 4.260 0.001 0.007 Yes
AF-HD-GC vs. 620-R 15.630 3.864 0.002 0.009 Yes
HD vs. 620-R 14.750 3.647 0.003 0.010 Yes
620-R vs. AF-620-R 3.350 0.828 0.424 0.013 No
620-R vs. 720-R 2.480 0.613 0.551 0.017 No
AF-HD-GC vs. HD 0.880 0.218 0.831 0.025 No
720-R vs. AF-620-R 0.870 0.215 0.833 0.050 No

Rheometry: Air-Cast vs. Air-Free Cast 620-R Gel

t-test (0.1 Hz)

Group Name N Missing Mean Std Dev SEM
AF-620-R 3 0 7410.190 4099.123 2366.630
620-R 7 0 1798.320 547.057 206.768
Difference 5611.870

t=3.866 with 8 degrees of freedom. (P = 0.005)
95 percent confidence interval for difference of means: 2264.415 to 8959.325

The difference in the mean values of the two groups is greater than would be expected by chance; there is a
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statistically significant difference between the input groups (P = 0.005).
Power of performed test with alpha = 0.050: 0.914

t-test (1 Hz)

Group Name N Missing Mean Std Dev SEM
AF-620-R 3 0 10224.900 3063.825 1768.900
620-R 7 0 2062.730 655.006 247.569
Difference 8162.170

t=7.241 with 8 degrees of freedom. (P =<0.001)
95 percent confidence interval for difference of means: 5562.690 to 10761.650

The difference in the mean values of the two groups is greater than would be expected by chance; there is a
statistically significant difference between the input groups (P = <0.001).

Power of performed test with alpha = 0.050: 1.000

t-test (10 Hz)

Group Name N Missing Mean Std Dev SEM
AF-620-R 3 0 14760.500 9762.064 5636.130
620-R 7 0 2380.650 772.139 291.841
Difference 12379.850

t=3.641 with 8 degrees of freedom. (P = 0.007)
95 percent confidence interval for difference of means: 4540.143 to 20219.557

The difference in the mean values of the two groups is greater than would be expected by chance; there is a
statistically significant difference between the input groups (P = 0.007).

Power of performed test with alpha = 0.050: 0.875

Specific Aim 3: Cytotoxicity
Cytotoxicity Elution Assay

Box Plot:
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Test execution ended by user request, ANOVA on Ranks begun

Kruskal-Wallis One Way Analysis of Variance on Ranks
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H =11.744 with 5 degrees of freedom. (P =0.038)

The differences in the median values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =0.038)

To isolate the group or groups that differ from the others use a multiple comparison procedure.

Multiple Comparisons versus Control Group (Dunn's Method) :

Comparison Diff of Ranks Q P<0.05

620-R vs Soln Ctr 16.167 2.670 Yes
Latex vs Soln Ctr 4.067 0.716 No
HD-GC vs Soln Ctr ~ 2.167 0.400 Do Not Test
720-R vs Soln Ctr 1.667 0.308 Do Not Test
HDPE vs Soln Ctr 1.467 0.258 Do Not Test

Note: The multiple comparisons on ranks do not include an adjustment for ties.

One Way Analysis of Variance — Fluorescence, comparisons vs. control

Normality Test: Passed (P =0.051)

Equal Variance Test: Passed (P =0.415)

Group Name N Missing Mean Std Dev SEM

Soln Ctr 6 2 793.964 35.425 17.713

Latex 6 2 665.034 55.536 27.768

HDPE 6 2 733.251 48.288 24.144

620-R 6 2 22.271 33.399 16.699

720-R 6 2 879.477 162.454 81.227
HD-GC 6 2 851.567 80.841 40.420

Source of Variation DF SS MS F P
Between Groups 5 2059476.325 411895.265 60.702 <0.001
Residual 18 122138.954 6785.497

Total 23 2181615.280

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

Multiple Comparisons versus Control Group (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level Significant?
Soln Ctrvs. 620-R ~ 771.693 13.249 <0.001 0.010 Yes
Soln Ctr vs. Latex 128.931 2214 0.040 0.013 No
Soln Ctr vs. 720-R 85.513 1.468 0.159 0.017 No
Soln Ctr vs. HDPE 60.713 1.042 0.311 0.025 No
Soln Ctr vs. HD-GC ~ 57.603 0.989 0.336 0.050 No

One Way Analysis of Variance — normalized to cell count, all pair-wise comparisons
Normality Test: Passed (P =0.051)

Equal Variance Test: Passed (P =0.415)

Group Name N Missing Mean Std Dev SEM
Latex 4 0 26.987 2.765 1.382
HDPE 4 0 30.383 2.404 1.202
Ctr 4 0 33.406 1.764 0.882

H-13



620-R 4 0 -5.013 1.663 0.831

720-R 4 0 37.663 8.088 4.044

HD 4 0 36.273 4.024 2.012

Source of Variation DF SS MS F P
Between Groups 5 5104.302 1020.860 60.700 <0.001
Residual 18 302.725 16.818

Total 23 5407.027

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).

Power of performed test with alpha = 0.050: 1.000

All Pairwise Multiple Comparison Procedures (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P Critical Level  Significant?
720-R vs. 620-R 42.675 14.716 <0.001 0.003 Yes
HD vs. 620-R 41.285 14.237 <0.001 0.004 Yes
Ctr vs. 620-R 38.418 13.248 <0.001 0.004 Yes
HDPE vs. 620-R 35.395 12.206 <0.001 0.004 Yes
Latex vs. 620-R 31.999 11.035 <0.001 0.005 Yes
720-R vs. Latex 10.676 3.682 0.002 0.005 Yes
HD vs. Latex 9.286 3.202 0.005 0.006 Yes
720-R vs. HDPE 7.280 2510 0.022 0.006 No
Ctr vs. Latex 6.419 2213 0.040 0.007 No
HD vs. HDPE 5.890 2.031 0.057 0.009 No
720-R vs. Ctr 4.257 1.468 0.159 0.010 No
HDPE vs. Latex 3.396 1.171 0.257 0.013 No
Ctr vs. HDPE 3.023 1.042 0.311 0.017 No
HD vs. Ctr 2.867 0.989 0.336 0.025 No
720-R vs. HD 1.390 0.479 0.638 0.050 No

Cytotoxicity Titration Assay

Box Plot
Elution Titration

800
600 1

400 1 ’7

200 1

-200 T T T T T T
Latex HDPE Soln Ctr 75% 50% 25%

Group
Studentized Residuals
Soln Ctr  Residual SEM St. Resid. 75%  Residual SEM St. Resid.
-1.11  -468.075 139.528 -3.3547 200.232 -43.16 70.068 -0.61597
626.517 159.5522 139.528 1.143514 416.969 173.577 70.068  2.477265
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75598 289.0152 139.528  2.071378 320.823 77.431 70.068  1.105084

641.73 174.7652 139.528  1.252546 412.312 168.92 70.068  2.410801
71596 248.9952 139.528 1.784554 124.968 -118.424 70.068 -1.69013
62.712  -404.253 139.528 -2.89729 -14.952 -258.344 70.068 -3.68705
Latex 50%
367.725 -109.023 106.601 -1.02272 340.343 -124.322  110.766 -1.12238
648.64 171.8925 106.601 1.612485 496.392 31.7273 110.766  0.286435
639.1 162.3525 106.601 1.522992 590.295 125.6303 110.766  1.134196
583.265 106.5175 106.601  0.999217 727.755  263.0903 110.766 2.37519
632.398 155.6505 106.601 1.460122 650.341 185.6763 110.766  1.676293
-10.643  -487.391 106.601 -4.5721 -17.138 -481.803 110.766 -4.34973
HDPE 25%
255.848  -259.105 125419  -2.06591 312.032 -206.613 125.908 -1.64098
719.984 205.0312 125.419 1.63477 712.163 193.5182 125908  1.536981
666.337 1513842 125419 1.207028 615.011 96.3662  125.908 0.76537
689.822 174.8692 125.419 1.39428 751426 2327812  125.908 1.84882
747773  232.8202 125419  1.856339 736.136  217.4912 125908  1.727382
9.953 -505  125.419 -4.0265 -14.899 -533.544 125908 -4.23757

One Way Analysis of Variance
Normality Test: Failed (P <0.050)
Test execution ended by user request, ANOVA on Ranks begun

Kruskal-Wallis One Way Analysis of Variance on Ranks

Group N Missing Median 25% 75%

Sol Ctr 6 1 641.730 485.566 725.965
Latex 6 1 632.398 529.380 641.485
HDPE 6 1 689.822 502.241 726.931
75% 6 1 320.823 181.416 413.476
50% 6 1 590.295 457.380 669.695
25% 6 1 712.163 539.266 739.958

H =7.828 with 5 degrees of freedom. (P =0.166)

The differences in the median values among the treatment groups are not great enough to exclude the
possibility that the difference is due to random sampling variability; there is not a statistically significant
difference (P =0.166)

One Way Analysis of Variance — Fluorescence, Comparisons vs. Control

Normality Test: Passed (P =0.270)

Equal Variance Test: Passed (P =0.295)

Group Name N Missing Mean Std Dev SEM
SolCtr 6 2 685.047 61.344 30.672

Latex 6 2 625.851 29.162 14.581

HDPE 6 2 705.979 35.475 17.737

75% 6 2 318.768 136.573 68.287

50% 6 2 616.196 97.699 48.849

25% 6 2 703.684 61.284 30.642

Source of Variation DF SS MS F P
Between Groups 5 434892.191 86978.438 13.797 <0.001
Residual 18 113474.904 6304.161

Total 23 548367.095

The differences in the mean values among the treatment groups are greater than would be expected by
chance; there is a statistically significant difference (P =<0.001).
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Power of performed test with alpha = 0.050: 1.000

Multiple Comparisons versus Control Group (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison  Diff of Means t Unadjusted P
Sol Ctr vs. 75% 366.279 6.524 <0.001
Sol Ctr vs. 50% 68.851 1.226 0.236
Sol Ctr vs. Latex 59.196 1.054 0.306
Sol Ctr vs. HDPE ~ 20.932 0.373 0.714
Sol Ctr vs. 25% 18.637 0.332 0.744

One Way Analysis of Variance — Normalized to Cell Count, All 2-Way Comparisons

Normality Test: Passed (P =0.664)

Equal Variance Test: Passed (P =0.396)

Group Name N Missing Mean Std Dev
Latex 4 0 22.335 1.430
HDPE 4 0 26.263 1.739
Ctr 4 0 25.236 3.007
75% 3 0 10.447 2.658
50% 4 0 21.861 4.789
25% 4 0 26.150 3.004
Source of Variation DF SS MS F
Between Groups 5 577.361 115.472 12.884
Residual 17 152.366 8.963

Total 22 729.726

Critical Level

SEM
0.715
0.870
1.504
1.535
2.395
1.502

0.010
0.013
0.017
0.025
0.050

<0.001

Significant?
Yes
No
No
No
No

The differences in the mean values among the treatment groups are greater than would be expected by

chance; there is a statistically significant difference (P =<0.001).
Power of performed test with alpha = 0.050: 1.000

All Pairwise Multiple Comparison Procedures (Holm-Sidak method):
Overall significance level = 0.05

Comparisons for factor:

Comparison Diff of Means t Unadjusted P
HDPE vs. 75% 15.815 6917 <0.001
25% vs. 75% 15.703 6.868 <0.001
Ctrvs. 75% 14.789 6.468 <0.001
Latex vs. 75% 11.887 5.199 <0.001
50% vs. 75% 11.414 4.992 <0.001
HDPE vs. 50% 4.402 2.079 0.053
25% vs. 50% 4.289 2.026 0.059
HDPE vs. Latex 3.928 1.856 0.081
25% vs. Latex 3.816 1.802 0.089
Ctrvs. 50% 3.375 1.594 0.129
Ctr vs. Latex 2.902 1.371 0.188
HDPE vs. Ctr 1.026 0.485 0.634
25% vs. Ctr 0914 0.432 0.671
Latex vs. 50% 0.474 0.224 0.826
HDPE vs. 25% 0.113 0.0531 0.958
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0.005
0.005
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0.007
0.009
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Significant?
Yes
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No
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POLYMERIC MATERIALS INCLUDING A GLYCOSAMINOGLYCAN
NETWORKED WITH A POLYOLEFTN-CONTAINING POLYMER

CROSS-REFERENCE TO RELATED APPLICATIONS
[OdH ] This application claims priority benefit of U5, Provisional Patent Application
Serial Mo, 61/236,273, filed October 29, 2009, which is hereby incorporated by reference
herein in its entirety.

GOVERNMENT RIGHTS STATEMENT
[Omez| The present invention was made with LLS, Government support under
Mational Science Foundation {NSF) Grant No. CHED&49263, The LS. Govemment has

certuin rights in the invention,

FIELD OF THE INVENTION
[[LLIET The present invention relates to polymeric materials including a
glycosaminoglycan networked with a palyolefin-containing polymer. The present invention
also relates 10 hyvdrogels containing the polymeric materials. The present invention further
relutes to methods of synthesizing the polymeric materials and hydrogels of the present

invention.

BACKGROUND OF THE INVENTION
| DM Hyaluronan {HA) is a ubiguitous, highly conserved macromolecule found in
numersus species and present in almost every fissue in the body. HA has a long-standing
history of use in numerous commercial applications including cosmerics, wound repair, drug
delivery, and select hiomedical engineering applications (e.g., cell-seeded hvdrogels and
scalTolds, osteochondral defect repairs). While its biocompatibility and bioactive properties
make it an attractive biomaterial, its mechanical properties are insufficient for boad-bearing
applications. Attempts (o improve mechanical properties have included various crosslinking
methodologies, bul commercially-available crosslinked HA hydrogels are still orders of
magnitude weaker than required for many load-hearing biomedical applications. Therefore,
there is a need for hvdrogels that have suftable mechanical, biocompatibility, end bicactive
properties.
[D00s] The present invention is directed to overcoming these and other deficiencies in
the art.
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SUMMARY OF THE INVENTION
[k In one aspect, the present invention relates to a polymeric material including a
glycosaminoglyean (“GAG™) networked with a polvolefin-containing polymer. In one
embodiment, the glveosaminoglyean networked with a polyolefin-containing polymer is
synthesized by reacting a glycosaminoglyean constituent with a polvolefin constituent, where
the glveosaminoglvean constituent ineludes a modified glveosaminoglvean, and where the
pelyalefin constituent ncludes an alternating copolymer of & polvolefin with an acid
anhydride. Therefore, the polymeric material of the present invention includes a
glveosaminoglvean covalently bound 1o a polyolefin-containing polymer.
[LEL ] In amother aspect, the present invention relates to a method of synthesizing a
polymeric material imluﬁing a glycosaminoghvean networked with a polyolefin-containing
polymer. This method invelves reacting a glycosaminoglycan constituent with a polyolefin
constiment under conditions effective to yvield the polymeric material including a
ghycosaminoglycan networked with a polvolefin-containing polvmer, The
glveosaminoglyean constituent used in this method can be one or more modified
glycosaminoglyeans. The polyolefin constituent used in this method can be an allemating
copolvmer of a polyolefin with an acid anhvdride. This method 15 effective to yield a
polymeric material including a glycoseminoglycan networked with a polyolefin-containing
polvmer, where the glycosaminoglyean is covalently bound to the polyolefin—containing
polymer. In a particular embodiment, the polvmeric material synthesized by this method
ingludes hyaluronan and poly(ethylene-ali-maleic anhydride) (“PEMA™) covalently bound to
ong another.
[DiMIR] In another aspect, the presemt invention relates w a polvmeric material that
includes & ripolymer glveosaminoglyean-polyolefin network, where the tripolymer
glyeosaminoglycan-polyolefin network is synthesized by reacting a first constituent, & second
constituent, and a third constituent with one another, thereby vielding the tripolymer
glveozaminoglyvean-polyolefin network. The first constituent uzed to synthesize the
ripolymer glycosaminoglvean-polyolefin network can include one or more modified
glyeozaminoglyeans, The secomd constituent used to synthesize the tripolymer
glveosaminoglyean-polyolefin network is an alternating copolymer of a polyolefin with an
acid anhydride. The third constituent used to synthesize the tripolymer glycosaminoglyean-
polyolefin network iz a geaft copalymer having a polyolefin backbone functionalized!'grafied
with an acid anhydride, The first constituent, the second constituent, and the third constituent

react o form covalent bonds in the polymerke matenal.
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[0 In another aspect, the present invention relates to a method of synthesizing a
polymeric material that includes a tripolymer glycosaminoglycan-polyolefin network. This
method invalves providing the following constituents: (i) a first constituent including one or
more modified glycosaminoglycans; (i) a second constiment including an alternating
copolymer of a polyolefin with an acid unh];ldridc; and (iii} a third constituent including 3
grafi copolymer having a polyolefin backbone functionalized grafted with an acid anhydride.
The first constituent, the second constituent, and the third constituent are reacted under
conditions effective 10 vield a tripolymer glycosaminoglycan-polyolefin network. The first
comstituent, the second constituent, and the third constituent react to form covalent bonds in
the polymeric material. Suitable first, second, and third constituents for wse in this method
can include, without limitation, those as described herein ahove.

|00 In another aspect, the present invention relates to a polvmeric material
including a glycosaminoglyean networked with a polyolefin-comtaining polymer, where the
glycosaminoglyean networked with a polyolefin-containing polymer includes
glycosaminoglycan covalently bound to a polyolefin-containing polymer, Ina particular
embodiment, the glycosaminoglyean is hyvaluranon and the polvelefin-containing polymer is
PEMA.

[LLEARY) In another aspect, the present invention relates to hydrogels that inclode the
polymeric materials of the present invention,

[ 2] Hydrogels of the polvmeric materials (including, for example, copolymers and
tripolymers) of the present invention can be used for various purposes. For example, the
hydrogels of the present invention can be used for orthopedic and other medical applications,
including, without limitation, the following: (1) imtervertebral disc repair, reconstruction, and
regeneration; (2} cartilage repair, reconstruction, and regeneration; {3) meniscus repair,
reconstruction, and regeneration; (4) sofl tissue angmentation, repair, reconsiruction,
regeneration. Other possible uses and applications for the hydrogels of the present invention
can include, without limitation, adhesion barriers; drog delivery vehicles; contact lensas;
plant-florist shop flower gels; cooling bands, cocling mats, temperamre and hydration
control/regulation where biocompatibility is important; diapers; fire suppression; plastic
surgery {e.g., facial augmentation, wrinkle injections, cosmetics, breast
implants/augmentation); and water ahsorhing applications (e.g., super watar ahsorbency).
[04F1L3] The GAG-based hvdrogels of the present invention are capable of absorbing
many times their dry weight in water or saline and still maintain their mechanical integrity

with swelling and have mechanical properties amenable w use in orthopedic implants {e.g.,

-3
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cartilage repair, meniseal repair, IVD repairh. The GAG (e.z., HA) should make the hydrogel
bincompatible and bioactive. Crosslinking the copelymer after sinthesis improves network
characteristics {e.g., mechanical integrity) and exhibits slightly decreased water sbsorption
{swelling).

[Or14] Reference 15 made to International Application Mo, PCTUS2008005054,
filed April 18, 2008, which published as WO 2008/1 30647 on October 30, 2008, and which
claims benefit of priority o U5, Provisional Patent Application Serial Mo, 60/923 452, filed
April 19, 2007, the entire disclosures of which are hereby incorporated by reference in their
entirety. The present application has &t least one inventor in common with
PCTAISZO08/005054, The polymeric materials (including copolymers and tripolymers) of
the present invention are distinet fram the graft copalymer described in

PCTAUSZODE 003054, bt have some general similarities, For example, certain of the
polymeric materials (including copolymers and tripolymers} of the present invention and the
copolymers of PCT/USZ008/003054 are similar in that they have —0H groups on GAG that
react with maleic anhydride (MAK or MA) on malested polyethylens (PE).

[[LUET Howewver, the polymeric materials {including copolymers and tripolymers) of
the present invention are distinguishahle from the copolymers of PCT/US2008TM5054 in a
number of important ways, For example, the polymeric materals {including copolvmers and
tripelymers) of the present invention are effective in producing hydrophilic hydrogels (ie., a
crosslinked network that maintains shape and mechanical integrity when swollen in agqueons
solvents like water and absorbs many times its own weight in water). By way of contrast, the
polymeric material made of the copolymer of PCTAUSZ008005054 15 an amphiphilic
material.

[066) Another distinetion between the polymeric materils (mcluding copolymers
and tripolymers) of the present invention and the copolymers of PCT/US2008/ 005054 is with
regard to the starting reactant. The copolymers of PCT/US2Z008/M05054 nsed grafted MAH-
PE as the starting reactant. By way of contrast, the polymeric materals (including
copolymers and tripolymers) of the present mvention uses an alternating MAH-PE (PEMA)
copolymer s a starting reactant. Therefore, unlike the copolymer of PCT/US2008/005054,
the reactive MAH groups of the polymeric materials (ineluding copolymers and tripelymers)
of the present invention are m the PE backbone (not grafted). In addition, compared to the
copelymers of PCT/US2008/ 005054, the polymeric materials {including eopalymers and
tripolymers} of the present invention have significantly more MAH groups available for

reaction.
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[0017) Another distinction berwean the polymeric materials (ineluding copolvmers
and tripolymers) of the present invention and the copolymers of PCT/US2008/0K05054 relates
1o the copolymerization reaction. Synthesis of the copolvmers of PCT/US2008/005054
required a 2-phase reaction or emulsion reaction. By way of contrast, the polymeric materials
(including copalymers and tripalymers) of the present invention only require &
copolymerization reaction done in a single phase (e.g., DMSOL In one embodiment, the
tripolymers of the present invention are svithesized using copolvimers of both the present
invention and of PCT/USZ008/005054, except that 1.2 4-tnchlorobenzene (TCB) is used in
place of xylenes. DMSO is miscible with beneene but immiscible with xylene.

[0HK18] Another distinetion between the polvmeric materials (including copolymers
and tripolymers) of the p.n:sen: imvention and the copolymers of PCT/AUS2008/005054 relates
o hydroge] characteristics. For example, the hydrogels made from the polymeric materials
{including copolymers and tripelymers) of the present invention form an infinite network and
are more gel-like than the copolymers of PCT/US2008/005054. In addition, in some cases
the: hydrogels of the present invention have physical crosslinks that do not last and more
permanent chemical crosslinks with subsequent HMD crosslinking.

BRIEF DESCRIPTION OF THE DRAWINGS
Joo1y] For the purpose of illustrating the invention, there are depicied in the drawings
certain embodiments of the invention. However, the mvention is not limited to the precise
arrangements and instrumentalities of the embodiments depicted in the drawings,
[00z4] Figure [ is a photograph of three samples of crosslinked HA-co-PEMA
stained pels suspendad in deionized water. The gels were stained with toluidine blue O 1o
highlight hyaluronan content. From left-to-right, the gels were crosslinkad with 1%, 2.5%,
and 5% v/'v crosslinking solutions,
[oz1] Figures ZA-2H are photographs of variations in copalvmer formulation, shown
swallen in phosphate-buffered saline (PBS), as follows: {(A) 83:15 CoPEMA; (B) crosslinked
85115 CoPEMA; (C) 7030 CoPEMA; (I3 erosslinked 7030 CoPEMA; (E) B5:10:5
tripolvmer gel, (F) 851005 crosslinked tripolymer gel; (G) 70:15:15 tripolymer gel; and (H)
Tl 1515 crosslinked tripolymer gel. The samples shown in FIG. ZF and FIG, 2H have been
staimed with toluidine blue O,
[D0z2] Figure 3 iz a graph showing swell test results for three batches of o “95:5
CoPEMA™ farmulation {7:1 HA-CTAPEMA weight ratio). Mo significant difference is scen
among mean egquilibrium swell ratios for the three batches (n=2 per group).

.5
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[0HF23] Figure 4 15 a graph showing complex shear moduli for silica-reinforced 935:5
CoPEMA gels (TS-620 and TS-720, n=h per group) and ovine nuclews pulposus (MF, n=35);
properties approgriate for NP in a physiological frequency range can be achieved via
particulate reinforcement of the gel.

[0024] Figure 5 is a praph showing representative storage {G”) and loss {77} shear
maduli for silica-reinforced 95:5 CoPEMA gels (T5-620 and T5-720) and ovine nuclens
pulposus (NP) over the frequency range 0.05 Hz < = 20 Hz.

[boz5] Figure 6 iz a graph showing the effect of reinforcement level with swell ratio
of silica-reinforced 95:5 CoPEMA gels (T5-620 and TS5-T20). As silica content increases
swell ratio decreases.

[0026] Figure 7 i@ graph showing the effect of crosslinking and solution on swell
ratio. Swell ratio for untreated gels significantly increases in deionized water va. phosphate
buffered saline due to repulsive forces among negatively-charged hyaluronan maolecules;
charges are masked by cations in the PBS, Mo difference is seen in crosslinked pels,

[HI27] Figure 8 is & graph showing an FTIR spectrum identifyving 95:5 CoPEMA gel.
[My28] Figure % is a graph showing FTIR spectra for CoPEMA gel va. a contiol blend
of HA and PEMA. The difference spectra (subtraction of control blend spectra from
CaPEMA spectra) shows the development of an ester peak along with a decrease in

anhydride moieties.
[(Hp29] Figure 10 iz a graph showing an FTIR spectrum identifying 85:15:15 tripoly
wel.

DETAILED DESCRIPTION OF THE INVENTION
[D30] The present invention generally relates to a polymeric material that includes a
glycosaminoglycan networked with a polyolefin-containing pelyvmer having a
ghvecosaminoglycan covalently bound to a polvolefin-containing polymer, As deseribed in
more detail hergin, one aspect of the present invention relates to an embodiment of the
polvmeric material that is synthesized from the combination of a medified
glycospminoglycan with an alternating copolymer of a polyolefin with an acid anhydride.
The polymeric material of the present mvention can be used in numersus applications,
ineluding, for example, in the preparation of hyvdrogels for use in medical devices.
[DB21] Prier to discussing the present invention in detail, provided below are
definitions of certain terms used to describe the present invention or aspects thereof, In

weneral, the terms are used within their accepted meanings. The definitions provided herein
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below are meant to clarify, but not limit, the terms defined. Throughout this specification,
the terms and substitgents retain their definitions, unless otherwise stated.

[032] A “polymer™ is a substance composed of macromolecules, the structure of
which essentially comprizes the multiple repetition of units derived from molecules of low
relative molecular mass,

[ M3 3] A “monomer™ that is polvmerized along with one or more other monomers
creates a “copolymer.”™

[LELER]] A Spolyolefin® (also referred 1o in the relevant art as a “polyalkens™) is &
polvmer produced from olefin, or alkene, as the monomer. For example, “polyeihylens" is
the polyolefin produced by polyvmerizing the olefin, ethylene, Polvethylens is a well-
accepied engineering ]:llu;ti.c with high toughness and good load hearing properties.
Introducing polyethylens into HA hydrogels allows for improved mechanical integrity while
retaining the hydrophilicity and bioactivity of HA. The mechanical properties can be tuned
by varving constituent ratios and/'or chemically crosslinking gels produced via the reactions
described herein, “Polypropylene™ is the name given to the polyolefin which is made from
propylenc.

[0n3s) “Synthetic polymers™ encompass a large number of polymers, including, for
example, polyethylene, polvpropylene, polystyrene {a polymer made from the monomer
styrene), etc.

[036] A “eopolymer” 15 a polvmer derived from a mixture of two or more starting
compounds, or monomers; a copolvmer exists in many forms in which the monomers are
arranged to form different types, or structures. The propertias of a polymer depends both on
the type of monomers that make wp the molecule, and how those monomers are arranged.
For example, a lincar chain polvmer may he soluble or insoluble in water depending on
whether it is composed of polar monomers or nonpolar monsamers, and also on the ratio of
the former o the later.

Ja3T] As used herein, a “tripolymer™ is a polymer derived from a mixture of three or
more starting compounds, monomers, pelymers, or copelymers.

LLIRL ] A “eraft copolymer™ can be synlll.c.sizud by grafting one polymer onto a
seeond pelymer (ie., rather than starting with monomers, synthesis starts with pre-
pelymerized polymers that are then grafted fogether). As used herein, praft copolymers can
be identified by using the letter “g" or the word “graff” between the different polvimers of a
particular graft copolymer (e.g., polyethvlene-graft-maleic anhydride).
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[ 139 An “altenating copolymer™ refers to a copolymer having alternating
monomers, a5 opposed 1o one polymer making up the backbone and the other polymer being
grafled onto the backbone.  As used herein, allemating copolymers can be identified by using
the abbreviation “aly™ or the wond “alternmting” between the different polymers of a
particular aliemating copolymer (e.g., poly(ethylene-al-maleic anlivdride)).

04 The terminclogy that has developed to describe polvmers refers to both the
nature of the monomers as well as their relative arrangement within the polymer structure,
The most simple form of polymer molecule is a “linear” or “straight chain™ polymer,
compossd of a single, linear hackbone with pendant groups.

[LLEE 3] A “branched polymer molecule™ is composed of a main chain, or “backbone,”
with ene or more constituent side chains or branches (for exam ple, branched polymers
include star polymers, comb polymers, and brush polymers), 10 the polvmer contains a side
chain that has a different composition or configuration than the main chain, the polvmer is
considered a “graft” or “grafted polyvmer.” Anhydride arafl polvethylens i an example of o
polyelefin that has been grafled with anhydride functional groups.

[(Hk42] A “erosslink™ suggests a branch point from which one polymer chain is
covilently bound to another polymer chain, or a part of itself. A polyvmer molecule with a
high degree of crosslinking is often referred 1o a2 o “polymer network”™ or an “elastomer.” If
fhere is & very high graft rate of 2 smaller (side chain) polymer molecule onto a larger
(backbone) polymer molecule and there is a high grafi rate and one side chain is grafted to
mare than one backbone moleculs at a time, then the graft copolymer can form a polvmer
nerwork:

[0043] As used herein, the terms “network™ or “networked™ or “polymer network are
uzed to describe & polvmeric material in which the polymeric molecules are covalently bound
o each ather, resulting in a gel which will swell in & good solvent for the constituent
polymers, but will net dissolve,

JLLUER]] As uged herein, the term “hydrogel™ 18 meant o include a networked
pelymenic material in an aquecus solvent.

U045] “Melt-processable™ refers o those thermoplastic palymers that have a distinet
thermodynamic, first order phase ransition melting point that is below the degradation point
of the pelymer. Such a polvmer will melt when heated, making it easier to form into
different shapes, and when cooled down will recrystallize. Only the crystalline portion of the

material actually mels, the amorphous regions do not, For most thermoplastic pelymers,
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melting of the crystalling regions will make the polymer flow and thus make it thermally
formale, if the melting point is well below the degradation point of the material,

[{r46 | “llycosaminoglycan™ (abbreviated as “GAG™), as used herein, is intended to
include, without limitation, hvalurenan, chondroitin sulfate, dermatan sulfate, keratan sulfate,
heparan sulfate, und heparin; these are generally considersd to be biodegradable molecules.

A glyeosaminoglyean is composed of a repeating disaccharide; that is, it has the structure -A-
B-A-B-A-, where A and B represent two different sugars.

[0047] As used herein, “poly{ethylenc-alt-maleic anhydride)” (abbreviated ws
“FEMAT™) is an altemating copolymer of polyethylene with maleic anhydride. Becawse
PEMA is water-soluble, a polymeric material containing PEMA can be distinguished from
other polymeric materials not eontaining PEMA (e.g, HA-g-HDPE) with higher swelling
ratios and lower elastic/shear modulus. Using Founer transform mfrared (FT1R)
spectroscopy, the pelyolefin peaks are broader and less distinet.

048] PEMA can be described structurally as follows:

and
o
mn
Poly{ethylene-alt-maleic anhvdride) (PEMA)
[0€k49] In one aspect, the present invention relates o a polymeric material including a

glyeasaminoglyean networked with a polyolefin-contaiming polymer. In one embodiment,
the glyeosaminoglyean networked with a polvolefin-containing polymer is synthesized by
reacting & glycosaminoglyean constituent with a polvolefin constituent, where the
glycosaminoglyean constituent includes one or more modified alyeosaminoglveans, and
where the polvalefin constituent includes an alternating copolvmer of a palyvolefin with an
acid anhydride. Therefore, the polymeric material of the present invention includes a
glycosaminoglycan networked with a polyolefin-containing palymer where the
glycosaminoglycan is covalently bound to & polyvolefin-containing polymer.

[D0E0] As uzad herein, suitable glveosamineglyveans can include, without limitation,
hyaluronan, chondroitin sulfates, dermatan sulfates, Keratan sulfales, heparan sulfates, and

-o-

I-23



20

25

Adtormey Docket Mo, 5 124010AW 0

heparin. Further, more than one type of glycosaminoglycan or modified glveosaminoglyean
may be used or contained in the polymeric materials of the present invention. The
glycosaminoghyean constituent can be a glyoosaminoglycan modified with a parafTin
ammaonium cation dissociated from a salt, including, without limitation,
alkylirimethylammoniom chloride, alkylamine hydmochloride, alkylpyridinium chloride,
alkyldimethylbenzy] ammonium chloride, alky trimethylammonium bromide, alkylamine
hydrobromide, alkylpyridinium bromide, and alkyldimethylbeney]l ammonium bromide, Ina
particular embodiment, the alkylirimethylammonium bromide can be cetyl
alkylrimethylammonium bromide (CTAB).

[B0s1) M used herein, a suitable polyvolefin can included, without limitation,
polyethylene. .

[0052] As used herein, a suitable acwd anhydride can include, without limitation,
mabeic anhydride.

[053] As used herein, the term polyvolefin-comtaining palvmer can include a polymer
having an allemating copolymer of an olefin with maleic anhydride (e.g., PEMA).

[iHb54) In one embodiment, the polyalefin constituent can be an allemating copolymer
of polyethylene with maleic anlivdride, including, for example, polviethylene-aft-maleic
anhydride) (PEMA) as deseribed herein,

[0055] In another embodiment, the polyolefin constituent can include, without
limitation, poly{cthylene-alt-malzic anhydride), polv(styrena-alt-maleic anhydride),
polylisobutylene-olt-maleic anhvdride), poly{maleic anhydride-a/i-1-octadecenc),
polyimethyl vinyl ether-afi-maleic anhvdride), and derivatives thereof,

|Diks6] In another embodiment, the polyelelin-containing polymer can include,
without limitation, polyethylene-alt-malew anhydride), polv(stvrene-ali-maleic anhyvdride),
polyiisobutylene-alt-maleic anhvdride), polywmaleic anhydride-ali-1-octadecene),
polyvimethyl vinyl ether-alt-maleic anhydride), and derivatives thereof,

[D0ST) A structural representation of one embodiment of the polymeric material of
the present invention {CoPEMA) is provided below:
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[Oh=E] In another embodiment, the polvmeric materal can further include 2
reinforcing agent, The reinforeing agent can be an inorganic reinforcing agent, an organic
reinforcing agent, or a mixture thereof. Suitable examples of inorganic reinforcing agents
cun include, without limitation, inorganic agents such as silicn, alumina, zirconia, calcium
phosphates, and hydroxyapatite, as well as compositions containing these inorganic agents,
Suitable examples of erganic reinforcing agents can include, without limitation, carbon
nanotubes, carbon nanofibers, chitesan nanofibers, demineralized bone matrix {DBM),
collagen, silk, and cellulose. Further, the inorganic reinforcing agents and the organic
reinforcing agents can be modified to provide additional desired characteristics to the
polymeric material. For example, the reinforeing agent can be surface-modified. In one
embodiment, the inurgun.i.c reinforcing agent can be silica modified with
polydimethylsiloxane to make it hydrophobic. Suitable reinforcing agents can also include
synthetic polymers well known in the art and readily available. For example, suitable
synilhetic polvmers for use as reinforcing agents can include, without limitation, DACRONE,
TEFLONE, KEVLARR, and the like, Other reinforcing agents can include, without
limitation, any non-water soluble agent (2.g., fiber, particulate) that provides reinforcement to
the polymeric material, and that dees not interfiere with synthesis of the polymeric matarial.
One of ordinary skill in the art can readily determine various reinforeing agents suitable for
use in the present invention, as well as suitable modifications (o the reinforcing agents.

L= ] The present mvention also relates to a method of synthesizing a polymeric
material including a glycosaminoglyean networked with a polyolefin-containing polymer.
This method involves reacting a glyeosaminoglvean constituent with a polyolefin constituent
umder conditions effective to vield the polymeric material including a glveosaminoglycan
networked with a polyolefin-containing polymer. The glveosaminoglyvean constituent used in
this method can be one or more modified glyeosaminoglyeans. The polyolefin constituent
uged in this method can be an alternating copolymer of & polyolefin with an acid anhydride,
This method is effective to vield a polyvmeric material including a glycosaminoglycan
networked with a polyolefin-containing polvmer, where the glyeosaminoglycan is covalently
beund to the poalvelefin-containing pelymer. In o particular embodiment, the polvmeric
material synthesized by this method includes hyaluronan and PEMA covalently bound to one
another.

| DHea | In one embodiment, the rescting step of the above methoed of synthesizing the

polymeric material is an esterification reaction between the glycosaminoglycan conatituent
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and the polyolefin constiteent, The various glvcosaminoglyean constituents und polyolefin
constituents suitable for use in this method are as described herein.

[tWk61 | Set forth for illustration purposes is a synthetic scheme (Scheme 1) that
generally depicts one embodiment of the synthesis of the polymeric material of the present

inwention, as follows:

Scheme 1

L

nuckuophilic atiack
—_—i

o
" %, Ho
Ha o
oH

fing Gpuning

. proton transfer
“agy
H:

[Hbe2 | In view of Scheme 1, one of ordinary skill in the art can see that in the final
hydrolyzed form, the glycosaminoglyean (i.e., hyaluronan (HAJ is no longer a “modified”
glveosamineglvean as it i3 when the reaction 15 occurring. As shown in this scheme, the
modified glycosaminoglycan can be HA-CTA (HA complexed with cetyltrimethyl
ammonium salth. Further, the pelyolefin-containing pelymer (i.e,, PEMA) maintains the PE-
alt-MA structure, bul the MA (maleic anhydride) ring has opened up and rescted (bonded) to
the HA, or has remained open in acid form.

[Hp63] In another embodiment, the above method of synthesizing the polymeric
material can further include incubating the glveosaminoglycan constituent and the polvelefin
constituent in a crosslinker constituent. Suitable crosslinker constituents can include any

molecule or composition that is effective to crosslink with an aleohel group of the

-12-
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glycosmminoglycan constituent. For example, suitable crosslinker constituents can include,
without limitation, diisoevanates, polyisocvanates, hexamethylenediisocyanate {HMDT),
methylene diphenyl dilsocyvanate, toluene ditsocyanate, isophorone diisocvanate, diviny]
sulphone, poly{ethylene glycol) diglycidvl ether, phosphoryl chlaride, glutaraldehyde,
dialdehyde via Passerini reaction, diamine via Ugi repction, and carbodiimide.

[0064] In another embodiment, the above method of synthesizing the polvmeric
material can further include combining the glyeosaminoglyean constiteent and the polyolefin
constituent with a reinforcing agent. Suitable reinforcing agents are as described herein, In
view of the present specification and the teachings in the relevant art, one of endinary skill
wiiild resdily discemn the types of reinforcing agents that can be used in the present
invention, as well as the coneenirations and protocols.

[HB65) The present invention further relates to a polymeric material that includes a
tripelymer glycosaminoglyean-polyolefin netwiork, where the tripolvmer glycosaminoglycan-
polyelefin network s synthesized by reacting a first constituent, a second constituent, and &
third constituent with one another, thereby vielding the tripolymer glycosaminoghycan-
polvolefin network. The first constiteent used to svathesize the tripolymer
glycosaminoglycan-polyolefin network can include one or more 1 modified
glyeosaminoglyeans, The second constituent used to synthesize the tripolymer
glycosaminoglycan-polyolefin network is an alternating copolymer of a polvelefin with an
acid anhydride. The third constituent used to synthesize the tripolymer glycosaminoglyvean-
polyvolefin network is a graft copolymer having a polyolefin backbone functionalized/prafted
with an acid anhydride, The first constituent, the second constituent, and the third constituent
react 1o form covalent bonds in the polvmeric material.

L] Suituble first and second constituents of the tripolymer glyeosaminoglyean-
polyolefin netwark are those as deseribed herein above as the modified glycosaminglycan
and the altemating copolymer of a polyolefin with an acid anhydride. Further, a suitable
third constituent of this tripolymer glyeosaminoglyean-polvolefin network can include,
without limitation, maleic anhydride-graf-polvethylens, maleic anhydride-graf-
polypropylene, maleic anhydride-graf-polvsivrene, polystyrene-grafi-maleic anhydride,
pelyisoprens-grafi-maleic anhydride, and polypropylene-graf-maleic anhydride.

[LE T In one embodiment, the tripolymer glycosaminoglycan-palyolefin network
includes hvaluron as the first constituent, polwethyvlene-ai-maleic anhyvdride) as the second
constituent, and maleie anhydride-graf-polyethylens as the third constituent.
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[{LIE] Structural representations of poly{ethvlene-ali-maleic anhydride) {also
referred to as PE-ali-MA and PEMA) is provided above,

[04ka9] Structural representations of a maleic anhydride-graff-polyvethylens (also
refermed (o as PE-g-MA] is provided below;

(o)
PE-g-MA

00T Tn another embodiment, the ripolymer glycosaminoglycan-polyalefin netwiork
can Turther inclede a reinforcing agent as described herein, a erosslinker constiteent as
described herein, or bath,

[007L] The present invention also relates to a method of synthesizing & polvmeric
muterial that includes a tripolvmer glycosaminoglycan-polyolefin network. This method
imvalves providing the following constituents: (i) a first constituent including one or more
modified glycosamincglycans: (i1} a second constituent including an alternating copolymer of
a polyolefin with an acid anhydride; and (iii) a third constitent including a grafl copolymer
having a polyolefin backbone functionalized/grafied with an acid anhydride. The first
constituent, the second constituent, and the third constituent are reacted under conditions
elfective o vield a tripolymer glveosaminoghvean-polvolefin network, The first constituent,
the second constituent, and the third constituent react o form covalent bonds in the polymeric
material. Suitable first, second, and third constituents for use in this method can include,
without limitation, those as described herein above.

[0072) In one embodiment, the reacting step of the above method of synthesizing the
polvmeric material (i.e,, that includes a tipolvmer glyeosaminoglycan-polyvelefin network) is
an esterification reaction between the first constituent and the second and third constituents,
The various constituents suitable for use in this method are as described herein.

[00T3] In another embodiment, the above method of synthesizing the polymeric
material {i.e., that includes a tripolymer ghvcosaminoglyean-polvolefin network) can further
include incubating the first, second, and third constituents in a crosslinker constituent,
Suitable crosslinker constituents are as described herein,

[o0T4) In another embodiment, the above method of synthesizing the polymeric
material (1., that includes a tripolyvmer glvcosaminoglycan-polvolefin network) can further

S14-

I-28



20

25

30

Attorney Docket Moo 312400 0AW 0

include combining the first, second, and third constituents with a reinforcing agent. Suitable
reinforcing agents are as described herein,

[007s] In anather aspect, the present invention relates to a polymeric material
including a glveosaminoglyean networked with a polyolefin-containing polvmer, where the
glycosaminoglycan netwoerked with a polyolefin-confaining polvmer includes
glveosaminoglvean covalently bound to a polyolsfin—containing polymer. In a particular
embodiment, the glycosaminoglycan is hyaluranon and the polyolefin-containing polymer i=
PEMA.

[MF76] In another aspect, the present invention relates to hydrogels that include the
polymeric materials of the present invention. One of ordinary skill, in view of the teachings
provided hercin, can rendil:.- determine how 1o prepare a hydrogel that includes a polymeric
material of the present invention.

[0077) The polymeric materials and hydrogels of the present invention can be
distinguished from other polymeric materials and hydrogels using various technigues well
known in the an. For example, Fourier transform infrared (FTIR) spectroscopy can be used
for determine covalent bonding in the polymeric materialydrogel by analyzing the formation
of ester bonds between the constituents. Swelling properties com also be analvred, where
certain embodiments of the polvmeric materials‘hydrogels of the present invention exhibit
swelling, but not dissolving, in an agueous medium, Additionally, mechanical properties of
the polymeric materialz’hydrogels of the present invention can be used to distinguish them
from other palymernic materials and hydrogels.

Deseription of PCT/US2008/WMS054
[LL k1] As discussed herein above, the polvmeric material, copolymers, and
tripolymers of the present invention are distinguishable from the copolyvmers disclosed in
International Application No. PCT/AISZ008005054, filed April 18, 2008, which published az
WO 20087130647 on Cetober 30, 2008, and which claims benefit of priority to U5
Provisional Patent Application Serial Mo, 60025 452, filed April 19, 2007, The present
application shares at least one inventor in common with PCT/USZ008/005054,
[(MN79] Cine embodiment of a particular copelymer of PCT/US2008/005054 involved
glycosaminoglvean covalently bound to polvethylene-grafi-maleic anhydride. The
tripolymer of the present invention includes as one of three constituents the polvethylene-
grafi-maleic anhvdride,
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[{bETH] Therefore, included below are portions of the disclosure of
FCTAISZ00E 005054, substantially as set forth in PCT/USZ008005054,

A Absiract of PCT/US2Z008/HIS054
[DikET ) A new copolvmer synthesized from a glycosaminoglyean (GAG) such as
hyaluronan' hvalurenic acid (HA), chondroitin sulfates, dermatan sulfates, keratin sulfates,
heparin sulfate, and heparin, &nd an anhydride fanctionalized hydrophobic polymer, i.e., any
polyolefin which has been *functionalized” {grafied onto the backbone or incorporated into
the hickbone ) with anhydride functional groups, such as maleic anhyvdride-grafi-
polyethylene, (or, maleated polvethylens), maleic anhydride-graft-polystyrens, maleic
anhydride-graft-polypropylene, etc. The functionalized polyolefin may be a polvalefin
hackbone to which the anhydride functional groups have been arafled, or otherwiss
mcorporated with the backbone, Also, a unique synthesis technique combines a modified
GAG with a graft polyelefin, resulting in 2 unigue copalymer with its constiteents by-and-
large covalently bound to each other,

B. Technical Field of PCT/USZH0RAMSH54
(052 In general, the invention relates to polyvmers and polymeric svatems, s well as
assovialed techniques for synthesizing polymers. More particularly, ene aspect is directed to a
new copolymer synthesized rom a glycosamimoglycan (or simply, GAG) such as hyaluronan/
hyaluronic aeid (HA), chondroitin sulfates, dermatan sulfates, keratin sulfates, heparin
sulfate, and heparin, and an anhydride functionalized hydrophobic polymer, ie., any
polyolefin which has been *functionalized” {grafted onto the backbone or incorporated into
the beckbone) with anldride functional groups, such as maleis anhydride-graft-
polyethylene, (known, also, as maleated polvethylene), maleic anhydride-graft-polystyrene,
maleic anhydride-grafi-polypropylene, and so on. The unique synthesis technigue also
disclosed, to combine a modified GAG with & graft polyolefin, results in a unique copolymer
with its constitsents by-and-large covalently bound to each other. While GAG’s such as
hyaluronan, or hyilwronic acid, are generally non-melt-processable and biodegradable,
hydrophobic polymers such as polyolefing to which anhydride functional groups have been
grafted, e.g., maleic anhydride-graft-polyethylens’ maleated polyethylens, are usually meli-
processable and non-bicdegradable.
[83) Depending on the ratio and mobecular weight of reactants {i.e., main
constituents of copolymer), and graft percent of maleic anhydride onto the polyelefin, one
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aspect of the novel copolymer is an amphiphilic, biphasic construct consisting of a
glyeosaminoglycan (GAG) backbone and synthetic polvmeric side chains; a second aspect
comprises a synthetic polvmer backbone with GAG side chains; and a third aspect comprizes
a continuous network of GAG and synthetic polymer, in which the synthetic polymer acts as
croszlinks between different GAG chains or vice versa. The synthesis and charscterization of
the various identified aspects of the novel copolymer will be appreciated in connection with
the technical discussion set forth, herein.

[ k4] The anhydride functional groups grafied 1o the pelyethylene chain are highly
reactive comparad o the hydrolyzed form of anhydrides, dicarboxylic acid. Hydrolysis
oceurs in the presence of water; for this reason, the reactions {details of which are included in
the discussion identified as Example 1) were performed in an inert atmosphers (e.g. dry
medical grade nitrogen gas) and in non-aqueous solvents. Hyvaluronanhyaluronic acid (HA)
is immiscible with non-polar (e, nonagquecus) solvents. Here, the glycosaminoglycan was
first modified with, by way of example, an ammonium salt to decrease the polarity of the
molgcule (“modified glveosaminoglvean™; such a uniguely modified glvcosaminoglyean was
miscible with non-polar solvents (e.g. dimetliyl sulfoxide). Other modified GAG's are
contemplated; for example, the GAG may be modified with other paratfin ammonium cations
digseciated from a salt selected from the group consisting of alkyltrimethylammonism
chloride, alkyvlamine hydrochloride, alkylpyridinium chloride, alkyldimethylbenzyl
ammoniwm chloride, alkyltirimethylammonivm bromide, alkylamine hydrebromide,
alkvlpyndinium bromide, and alkyldimethylbenzyl ammonium bromide.

LS The anhydride graft polyethvlene iz miscible with xylenes at 135°C, The novel
amphiphilic copelymer was washed and the modified glveosaminoglycan portion of the
copolymer was reverted back to its unmodified chemical structure through hydrolysis.

[HERA] Applicant's earlier wark in synthesizing hydrophobic- hydrophilic polymers.
The assignes hereof also owns LS, Pat, App. Mo, 10V283, 760 filed 29-Oct-02, James ot al.,
entitled “Chuter Layer having Entanglement of Hydrophobic Polvmer Host and Hydrophilic
Polymer Guest,™ Pub. No, US 20030083433 on 01-May-03 describing earlier design and
research efforts of al least one applicant-inventor hereof, and 15 fully incorporated herein by
reference 1o the extent it provides supportive technological information of the unique
capolymer, and its synthesis, amnd is consistent with this technical discussion. The assignes
hereaf also owns PCT International App, No, PCTS US20047 030668 filed 20-Sepl-04, James
el al., entitled “Hyaluronan (HA) Esterification via Acylation Technique for Maoldakle
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Devices,” mternational pub, Wo. WO 2005028632 A2 describing other earlier related
regearch and development etforts of at least one applicant-inventor hereol.

C. Summary Disclosare of PCTATS2008005054
[(HIRT] Cme will appreciate the many distinguishable features of copolymer described
herein from conventional products, Certain of the unique features of the invention, and
further unique combinations of features — as supported and contemplated herein— provide a
variety of advantages.
[Oi1EE] Briefly described, once again, the invention is directed to a novel copolvmer
synthesized from a glyeosaminoglyean (e.g. hyaluronan, chondroitin sulfate, dermatan
sulfivte, keratan sulfate, h.cparan sulfate, heparing, and an anlivdride functionalized
hydrophobic polymer (such as any mel-processable polvolefin which has been grafted, or
otherwise incorporated, with anhydride finctional growps, e.g. anhydride graft polvethylene),
The copelymer mcludes an amphiphilic, biphasic construct composad of a
glyeosaminoglycan {GAG) and a synthetic polvmer, Also characterized is an associated novel
process for syathesizing the copolvmer.
[DHrse] One aspect of the invention is directed to a new copolymer synthesized from a
ghvcosamineglyean (GAG) such as hvaluronan, or hyaluronic acid (HA), chondroitin sulfates,
dermatan sulfates, keratan sulfates, heparan sulfate, and heparin, and an anhydride
functionalized hyvdrophobic polymer, i.e., any polvolefin which has been “functionalized’
{grafted onto the backbone or incorporated into the backbone) with anhydride functional
groups; many such fimctionalized hydrophobic polymers are contemplated, such as maleic
anhydride-graft- polyvethylena (or simply, malzated polvethylene), maleic anhydride-graft-
polyvstyrene, maleic anhydride-grafi-polypropylene, and so on. The unique synthesis
technique described hergin to combine a modified GAG with an anhydride functionalized
hydrophobic polymer, such as a graft poly olefin, results in & unique copolymer with its
constituents by-and-large covalently bound 1o each other, One aspect of the novel copolymer
is an amphiphilic, biphasic construct consisting of a glveosammoglycan (GAG) backbone and
synthetic polymeric side chains; a second aspect comprises a synthetic polvmer backbone
with GAG side chainz; and a third aspect comprizes a continuous network of GAG and
symthetic polymer,

18-
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I, Description Detailing Features of PCTUS2008/005054
[{LEELE By viewing the figures depicting representative embodiments — further
details meluded and labeled Example 1— of the unigque copolymer and process to synthesize
same, one can further appreciate the unigue nature of core as well as additional and
altermative fentures that are within the spirit and scope of this technical discussion. Reference
has been made (o various features — those depicted in the figures and diagrams (including
those incorporated within an Example) — by way of back-and-forth reference and
association.
[0091] Turning, first, to Figure 6 of PCT/US2008M05054: the copolymer synihesis
technigue represented at 20 joins a modified glycosaminoglycan dissolved in non-aqueous
solvent 224, eg, h}-ahm.;ma.n coanplexed with ammoniom salt (HA-CTA), with an anhydride
graft polvethylene also having been dissolved in a non-agueous solvent 22R, e.p., maleic
anhydride graft polvethylene (MA-g-HDFE), The anhydride functional groups prafted to the
polyethylens chain are highly reactive compared to the hydrolyzed form of anhydrides,
dicarhoxylic acid, Since hydrolysis occurs in the presence of water, the copolymer reaction
st be performed in an inert atmosphere (e.g. dry industrial nitrogen or argon gas) and in
non-aquecus solvents; see, alse Figure 2 of PCT/US2008/005054, A covalent bond forms
between the modified glycosaminoglycan and the anhydride graft polyethylene (24) forming
ihe sirvctere HA-CTA-co-HDPE (see, Figure 7 of PCT/US2008/005054 at 30
[LLELE] Omee the copalvmer reaction is complete, hydrolysis is purposely performed
converting the modified glycosaminoglyean portion of the copolymer back to “unmodified’
glycosaminoglycan resulting in the GAG-poly olefin copolymer (in this specific example,
HA-co-HDPE, box 28). Due to hvaluronan’s immiscibility with non-polar (Le. non-agueous)
solvents, the glveosaminoglyean was first modified with an ammonium zalt o decrease the
polanity of the molecule (Le. modified glycosaminoglycan) 22A; once this was achieved the
modified glycosaminoglyean was miscible with non-polar solvents (e.g. dimethyl sulfoxide).
The anhydride graft polyethylene is miscible with xylenss at above approximately 100°C. As
mentioned, the novel amphiphilic copolymer was washed and the modified
glycosaminoglycan was reverted back to its unmadified chemical structure through
hydrolysis (box 26, Figure 6 of PCTUSZO08005054; see also Figure 7 of
PCT/USZ008M005054). The glycosaminoglycan or polyolefin portions of the graft copolymer
are now availiehle for further processing (box 28), e.g, may be crosslinked, This may be
performed ‘individually® as is suggested at 28: crosslink HA portion with polyidiisocyanate)
to form XLHA-g- HDPE; and crosslink HDPE portion with dicumy] peroxide.

=19-
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[LELEK]| A wide range of applications of the new copolymer are contemplated, to
include a variety of devices and procedures, including but not limited to: total joint
arthroplusty (as part or all of implant), hemi-arthroplasty, partial hemi-arthroplasty, scaffold
for tissue engineering {specifically articular cartilage), meniscus replacement, catheters,
condoms, cosmetics, wound dressing, ear tubes for chronic ear infections, carvier for drugs,
demineralized bone matrix and bone morphogenetic proteing, hone defect filler, cosmetic
surgery, maxio-facial reconstructions, non fouling coating for catheters, tissue engineering
scaffold, anti adhesive film or coating, sofl tissue augmentation - meniscus, cartilage, spinal
dise, temporomandibular disc replacement, low friction coating on instramentss’ devices,

wound covering (nonstick bandage, etc), viscosupplementation, eve surgery lubricant, e,

EXAMPLES
o] The following examples are intended to illustrate particular embodiments of
the present invention, but are by no means intended to limit the scope of the present

mvention.

Example 1
Synthesis of HA-CTA-co-HDPE and its Hydrolysis to Yield HA-co-HDPE

[ (K95 This example corresponds to Example 1 of PCT/US2008/005034 (discussed
herein above). This example discusses the synthesis of HA-CTA-co-HDPE and its
hydrolysis to vield HA-co-HDPE (reaction conditions given for 98 and §5% HA HA-CTA-
co-HOPE with HA molecular weight of 1.5 MDa, and 0.3% MA (grafl percent) MA-g-HDPE
wherein the HDPE has a molecular weight of 121.5 kgfmal).

[0 | Complexation methods for sodium HA with CTAB are known, See, by way of
further example: Zhang,M. and James, 5 P.: Novel Hyaluronan Esters for Biomedical
Applications, Rocky Mouniain Bioengincering Sympostion, Blomedical Seiences
Trstrumerntation 238, 2004, Zhang M., and James, 5. P.: Silylation of hvaluronan to improve
hydraphoabicity and reactivity for improved processing and derivatization, Polymer 46:3639,
2005; and Zhung. M. and James, 5. P.: Svnthesis and properties of melt-proceszable hyaluronan
esters, Jowrna of Materials Science: Materiali in Medicine 16:587 (2003),

[DiT] In ULS. Pal. App. No 1V2E3.760, James ¢t al., “Outer Layer having
Entanglement of Hydrophobic Polvmer Host and Hydrophilic Polvmer Guest,” LS. Patent

=M -

[-34



20

30

35

Atterney Docket Moo 3124.010AW0

Application Publication Ne. US 2003/0083433 (mentioned above) on May 1, 2003, such
complexes of HA were discussed:
— Begin QUOTED text —
EXAMPLE 2

(1) Reaction of HA with long-chain aliphatic qualernan
ammanium salts (M), Polyanions, such as HA. combined with
certain crganic calions, such as paraffin chain ammonium (QM"5)
ions, produces a precipitable complex. The complex is a true sall of
the polvand and quaternary base. HA was modified with long-
chain aliphatic ammonium salis, to improve its solubility in organic
solvents, Combination of QN+ with polvannions occurs in those
pH ramges in which the polyannions are negatively charged, The
reaction betwesn HA and ammonium cations in water can be
expressed:

HA N+ ON'A — HA- QN | +Na™ A

where HA-Ma' is the sodium salt of hyaluronic agid; HA QN is
the precipitable complex between HA carboxylic polyanion and
long chain paraffin ammonium cations. HA™ON' (HA-CPC / HA-
CTABR) complexes were used. The complexes (HATON)
precipitated from HA aguéous solution arc soluble in concentrated
salt solutions, so HA can be recovered from its insoluble
complexes. Ammonium salts used were: cetyltrimethylammaonium
bromide monohydrale (MW: 338.01) (CTABR) and cetylpyvridinuem
chloride (MW, 364.46) (CPC),

== End QUOTED rext -

[OHF9E] Briefly, for this Example 1, aqueecus solutions of 2% (w! v} sodium HA and
L0 (wi' v CTAB were mixed at room temperature to precipitate the HA-CTA. The
precipitate was centrifuged, washed with Hx0 several times to remove Wa'Br salt, and
vacuum dried at room temperature for T2 hours (or until no change in weight was observed),
The molecular weight of HA-CTA was determined o be 2.48 x 10° Do HA-CTA and MA-g-
HDPE, are the two constituents of the graft copolymer HA-co-HDPE, and their structures are
shown below; however, the MA-g-HDPE used in this study was HDPE with MA grafled
(036 weight®) randomly along the HDPE backbone, unlike the structure shown below
(bottom chemical structure), where it appears such that the MA is grafted at the ‘tail-end” of
the HDPE chains:

221 -
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o

Chemical structures: tog structure is of HA-CTAL and bottom is of MA-g-HDOPE

(5] A0 % {w/ v) solution of MA-g-HDPE in xvlenes was refluxed for two hours
at 13570 under a dry W; atmosphere ensuring oll of the MA-g-HDPE had gone into solution.
HA-CTA was dissolved in DMS0 at 30°C (& 0.5% (w' v) solution). The MA-z-HDPE
solution was added to the HA-CTA solution via a heated cannula (Fig 2 of
PCTAISZO08AM05054 ) under dey Mz flow {see chemical structures disgrammed immediately

below);
o =]
+-==’-Tu§'$§:e$
Hos @
o, .0
+uﬂ&%ﬁw
ah,
Chermnical structures of: (left-side) HA-CTA; and (right-side) MA-g-HDPE,

[ RN After 24 hours the viseous gel product and supernatant were vacuum dried at

2070 for 72 hours;, due to the complexity of evaporating off DMS0, onlv the xvienes portion
of the supernatant was removed via vacuum drying. The DME0 was removed through
hydrolysis process sinee it is miscible with both HaO and ethancl,

[LELR The amount {g) of HA-=CTA and MA-g-IDPE used in the reaction, as
determined by amount of the 0.1% (wiv) solution of MA-g-HDPE in xylenes and 0.5% {wiv)
solution of HA-CTA in DMS0 used in the reaction, can be adjusted to synthesize copolymer
products with different theoretical weight percentages of HA and HDPE., The
glycosaminoglycan weight percentege of the copolymer was calculated prior to the reaction
assuming 1% reaction between constituents and complete substitution of the CTA+ with
Ma+ during hydrolysiz, which determined the required amouwnt of MA-g=-1HDPE and HA-CTA

=22 -
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to be wsed in the reaction (see, also, Example 2 of Prov. App. Ne 60/25 452, section 3.2.2
for general referance)

[r102] Using techniques similar to those deseribed above, multiple theoretical weight
percentages (40-98%) of the glycosaminoglycan to polyolefin, in the novel amphiphilic
copolvmer, were fabricated in order to observe the effects of different weight percentages of
the glyeosaminoglycan. The copolymer was also fabricated from glycosaminoglveans with
various molecular weights (640 kDb and 1.5 Da) and functionalized polyolefing with various
anhydride grafi (i.e., weighth percentages (0.3 and 3.0%%) and various molecular weights (15
kg'mol and 121.5 kg/mol). Chemical crosslinking of the glycosamineglyean portion of the
graft copolymer (see, also, Figure 6 of PCT/USZ008/005054 at 28) was accomplished viaa
pely(hexamethy lens diisélcysnalc} crosslinker after hydrolysis.

[s0103] To determine if the graft copolvmer and the crosslinked graft copolymer
powders could be compression molded, powder was placed in a stainless steel mold {such
milds are commenplace, and can be shaped with a cylindrical inner cavity for molding the
material in compression). The compressien molding eyeles for both the graft copolymer and
the crosslinked (XL) grafl copolymer were identical; refer to Figure 3(h) of
PCTAISZO0RAN05054, also labeled in Example 2 of Prov. App. N G0V925 452 as Figure 3.4
“Compression molding cyele for HA-co-HDPE and XL HA-co-HDPE specimens (83 and 98
weight % HA)” depicting how temp and pressure varied over time. The melt soak
temperature was approximately 10-13°C above the average melt temperature of the grafi
copolymer, which was deduced from differential scanning calorimetry results,

[OHFL 4] The reaction between the modified glyeosaminoglycan and the anhydride graft
polvethylens was carried out in an inert atmosphere, forming the novel graft copolymer,
Figure 2 of PCT/US2008005054 depicts a reaction fest sef-up configuration for Example 1
grafi copolymer synihesis, The reaction vields were approximately #5%. The resulting
product was a swollen gel network (encapsulating the non-aqueous solvents) for higher
weight pereents of HA and was a meli-processable powder for lower weight percents of HA.
Aowhite, fluffy, porous powder was generated via hydrolysis, in which modified
glyeosaminoglycan graft copolymer converted to an unmodified glycosaminoglycan grafit
copolymer. Figure 3 of PCTAUIS2008/005054 is a scanning electron microscopy (SEM) image
of the converted graft copolymer in powder form (Figure 6 of PCT/US2008/005054, box 26).
[B005] Upen hydration with water, the graft copolymer behaved like a hydrogel; the
liquid prevented the polvmer network (ie. physically and chemically crosslinked mesh made
up of polvmer chains) from collapsing into a compact mass, and .the network retained the

~23-
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liquid. The non-crosslinked grafl copolymer was completely dispersed, but not dissolved, in
water &t room femperature after several hours: the crosslinked graft copolymer behaved
qualitatively similar to the non-crosslinked graft copolyvmer. The graft copolymers both
dispersed, but did not dissolve, in gither or xylenes al room temperature. The inselubility of
the copelymer indicates that a reaction did take place to form covalent bonds between Lhe
wister soluble LA and xylenes soluble HDPE, The insoluble natire of the unigue copolvmer
poses a challenge when attempting to characterize the graft copolymer and crosslinked graft
copolymer using standard, conventional analvtical techniques. Both a graft copolymer that is
unmoditied and a crosslinked geaft copolvmer are nod soluble in any typical organic solvent,
which hinders the use of solution dependent polymer characterization methods. The lack of
selubility precludes the measurement of molecular weight, for example,

[0k Figure 4{a) of PCTAISZO08005054 graphically depicts results from a
differential scanning calorimetric scan overlay of anhydride praft polvethylene (refluxed MA-
g-HDPE; 0.3% MA, 121.5 kgfmol), the glycosaminoglyean (HA; 1.5 MDa), and various graft
copolymers with specific glvcosaminoglyean weight percentages (10 molar = §85% HA, 1
milar = S8% HAY Figure 4(b) of PCT/USZ00E005054 graphically depicts results from a
differential scanning calorimetric scan of HA-co-HDPE fabricated from MA-g-HDPE with o
molecular weight of 15 kg mole (50% TA). The introduction of HA lowered the melt
temperature {peak lemperature value) and percent crystallinity (peak arca) of the anyhydride
grafi polyethylens. The changes in the peak values and areas, representing changes in the
crystalling domains of the copolymer compared 1o the two constituents indicate covalent
bonding between the HA 1o MA-g-HDPE (ie., indicate copolymer formation). As described
above, the melt temperature of the diffesent graft copolymers was used 1o develop the
compression molding cyele for the graft copolyvmers,

[00107] Thermogravimetric analysis scans were also analyzed and the degradation
temperaiire of each polymer was determined: Figure § of PCT/US2008/005054 graphically
depicts results from a thermal gravimetric analvsis scan of the graft copolymer, a bland of the
anhydride graft polvethylens and glycosaminoglyean (MA-g-HDPE and HA), and its
constituents. The TGA scans show that the esterification reaction between HA and HDPE
affects the degradation profiles of the two constituent polymers, verifying covalent bond
formation between HA and MA-g-HDPE in the copolvmer. From the thermogravimetric
anilysis data, the experimental weight percentages of the constituents can be compared 1o
theoretical weight percentage calculations performed prior to the reaction taking place,
Table I compares the values for theoretical and experimental weight percentages,

-4 -
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Table 1

Comparison Between Theoretical Constituent Weight Ratios and the Weight Ratios
Caleulated from TCA Daga for HA-co-HDPE

Theoretical Ti:A
HA:HDPE HA:HDPE
T 42-53
40 3750
550 3367
(Ha, 1.4%10° D)
50:50 3565
(HA, 6.4x10° D)
50:40 644
(HA, 1.4x10° Da)

[[CI L) To further verify that the resultant copalymer was the product of the anhydride
grafl polvethylens and the HA-CTA, two negative control (also referred o as *sham™)
reactions were performed, The first sham/control reaction was run, exactly as described
above, but with plain high density polvethylene (HDPE) in the place of the anhvdride graft
polyethylens. In other words, in the absence of air and witer, plain HDPE was refluxed in
svlenes at —145%C and then added to the HA- CTA in DMS0O ut ~80°C.

L) A second sham! control reaction was carried out between anhydride graft
polyethylene in xylenes and DMSO0 with no HA-CTA,
[0 111 Meither sham' control reaction formed a copolymer. The sham reactions did

mol form a gel product as cceurs with the anhvdride polyethylens’ HA-CTA reaction
according to the processes depicted in Figures 6 and 7 of PCT/AUSZ00&M05054, When the
solvents were evaporated, two distinet phase-separated powders remained from the first sham
reaction and & single powder (anhydride graft polyethylene) remained from the second sham
reaction. In other words, ne copelymer was formed.

[Dia1] The non-degradable hydrophobic portion of the nevel copolymer may alse be
chemically crosshinked via irradintion {gamma or e-beam), silane or peroxides (e.g. dicumyl
peroxide [{bis{l-methyl-1-phenylethyl) peroxide], and benzyl peroxide [2,5- Dimethyl-2,5-di-
{tert-butyl-peroxy) hexyne-3 peroxide], 2,5-dimethyl-2,5-bis(tert- butylperoxy)-3-hexvna),
which would serve to increase the mechanical properiies of the graft copolvmer and alter the
physical (rheclogical) properties of the graft copolvmer.

L35
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Example 2
HA-co-PEMA Hyvdrogel Synthesis
[h0112] One embodiment of the HA-co-PEMA hydrogel of the present invention was
synithesized pecording to the protocol presented below,
[113] Determine the drv weight of reactants (HA-CTA and PEMA) for the desired
formulation based upon the reactant weight ratio (see Table 2).

Table 2
Copolvmer Formulation Weight Ratios

Internal Reactant Weight Ratio

MNomenclature HA-CTA:FEMA

99:1 CoPEMA 360l

95:5 CoPEMA Tl

£5:15 CaPEMA k]

T0:30 CoPEMA 4:5

5:95 CoPEMA 1:20
[00114] Faor example, approximately | g of a 95:5 gel formulation {unhydrolyzed) will
require 78 g HA-CTA and 1/8 ¢ PEMA.
[Bo115] Weigh a slight excess of neactants (to allow for weight Toss due o the

evisporation of water) and place into separate labeled containers, Vacuum dry reactants at
S0FC and =25 inches Hg for a minimum of 24 hours, Place glassware to be used for the
reaction ina [00°C oven. MNote: Exposure to water will hvdrolyze the maleic anhvdride and
reduce the reactivity of the PEMA. Vacuum drying will close the anhydride nings and
reactivate the MA functional groups.

|1 16] Copolymerization Reaction: Place HA-CTA in 300 ml RBF along with an
appropriate stir bar. Spread vacuum grease on two rubber serum stoppers and place stoppers
in side necks of the flask, Secure stoppers with copper wire and parafilm. Attach condenser
to mvidd le neck of BAF, using vacuum grease or teflon sleeve to seal. Wrap connection with
parafilm and secure with Keck clip. Add DMS0 via cannula under dry Mo flow, forming
~0.5% wiv solution (for 1.6 MDa HA; higher concentrations cam be used for smaller TLA)L
Continuee to flush the system for a fow minutes after the appropriate volume of DMSO has
been added, closing off the system with a slight positive pressure of dry Wz Heat to 80°C in
an oil bath and stir vigoreusly for four hours fo dissolve all HAZCTA. Place PEMA and
appropriate stic bar in 250 ml RBE. Seal flask and sdd DMSC as described above for HA-

- 26 -
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CTA 1o form a 0.1% wiv concentration. Heat to 80°C under vigorous stirring in an oil bath
until FEMA goes into selution, approximately two heurs. Once the HA-CTA and PEMA
have gone into solution, raise the temperature for the HA-CTADMS0 flask to 90°C,
Transfer the PEMA-DMS0 solution to the 300 ml RBF via cannula under M- Qow. Mix the
two solutions, stirring vigorowsly, for 12 hours at $0°C.

[[C1 ] Copofymer Processing: Process reaction product per a CoPEMA
Crosslinking protoecol (see Example 4) or a Copolymer Washing protocol (see Example 5).

Example 3
Tripolymer Hydrogel Synthesis

(O8] Caleulate the dry weight of repetants (TLA-CTA, PEMA, and PE-g-MA) for
the desired formulation bused upon the reectant weight ratio (see Tahle 3):

Tahle 3
Copolymer Formulation Variations

Internal Reactant Weight Ratio
Momenclature - HA-CTAPEMA
85:10:5 Tripoly 27.2:8.7:1%
L Tel3:E Tripoly 154,400
[ 19) Weigh a slight excess of neactants (to allow for weight loss due o the

evaporation of water) and place into separate labeled containers, Vacuum dry reactants at
S0FC and =25 inches Hg for a minimum of 24 hours, Place glassware to be used for the
reaction in a [00°C oven, Note: Exposure to water will hvdrolyze the maleic anhydride and
reduce the reactivity of the FEMA. Vacuum drving will close the anhydride rings and
reactivate the MA functional groups. |
[ (M1 204 Copolymerization Reaction: Flace HA-CTA in 300 m| REF along with an {
appropriate stir bar. Spread vacuum grease on two rubber sennm stoppers and place stoppers

in zide necks of the flask. Secure stoppers with copper wire and parafilm. Attach condenser

to middle neck of RBF, using vacuum grease or teflon sleeve to seal. Wrap connection with

parafilm and secure with Keck clip. Add DMS0 via cannula under dryv Mo flow, forming

~0.3% wiv solution (for 16 MDa HLA; higher concentrations can be used for smaller HAJ.

Continue to flush the system for a few minutes after the appropriate volume of DMSO has

L7
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been ndded, closing off the system with a slight positive prassure of dey Mo, Heat to 80°C in
an oil bath and stir vigorously for four hours to dissolve all HA-CTA.

[DDi21) While HA-CTA is stirring, prepare PE solution: Place PEMA and appropriate
stir bar in 250 m] RBF. Seal Mask and add DMS0 as described above for HA-CTA 1o form a
0.1% wiv concentration. Heat to 80°C under vigorous stirring in an oil bath. Place PE-g-MA
and an appropriate volume of TCB fo form a 0.1% w/v concentration in a 250 ml RBF. Add
stir bar and seal flask as described above. Attach to condenser and flush with dry ™2 fora
few minutes, Heat to 80°C under vigorous stirring in an oil bath, Onee both PE mixtures
have gone into solution {(approximately two hours), transfer the PEMA solution to the PE-g-
WA flask. Allow to mix vigorously for two hours. Once the HA-CTA has gone info solution
and the PE mixture is well entangled, raise the temperature for the HA-CTADMS0 flask to
90°C. Transfer the FEMA-DMSO solution 1o the 500 ml EBF via cannula under W flow,
Mix the two solutions, stirring vigorously, for 12 hours at 90°C.

[0122] Copalymer Processing: Process resction product per a CoPEMA
Crosslinking protocol (s2e Example 4) or a Copolymer Washing protocol (see Example 3).

Example 4

CoPEMA Crosslinking
[00123] Combine the coPEMA resction product and an excess volume (3-4x) of a non-
solvent (2.2, acetone, xylenes) in a large heaker to form a “gel” precipitate. Acelone can be
used for high HA content; xylenes for mid 1o high PEMA content. Cover and soak for a
minimum of 4 hours, Filter solvents from the gel using a Bochner funnel and vacuwm flask,
Wash and filter gel precipitate with acetone three times (may be increased), Resuspend the
copolymer in a small volume of DMSO; mix vigerously using a vortexer. Add HMDI for o
final concentration of wp to 3% v with the DMS0 and cast the suspension inte a vial or
petri dish as appropriate for desired shape. Allow the suspension to cure af reom temperature
for o minimum of 24 hours. Soak the crosslinked gel in several changes of seetons to remove
excess HMDL Prepare a 0.2M NaCl agueous hydrolyzing solution, Immerse the crosslinked
gel in the hydrolyzing solution and gently agitate (¢.g. in shaker oven) at room temperature
overnight,

-28 -

1-42



20

Attarney Dockel Mo, 312400 0AW0

Example 5

Washing Protocol
[nz4) Prepare a 0.2M NaCl aqueous hydreolyzing solution (volume greater than the
regction volume) in & large beaker or flask. Add the copolymer suspension (HA-co-HDPE,
HA-co-FEMA, tripolymer) to the hydrolyzing solution and mix at room temperatire
overnight, Add an excess of chilled ExOH and mix for a minimum of four hours to
precipitate the copolymer, Allow 1o stand af room lemperature; copelymer will begin to
seitle at the bottom of the beaker'flask. Centrifuge for 10 minutes to begin separating
precipitate from supernatant, Filter supematant using a ceramic filter and vacuum flask; soak
precipitate pellets in isopropyl alcohel. Wash and filter precipitate with isopropyl aleohol
thres times {may be iMd]. Resuspend the copolymer in a small volume of distilled HaO;
mix at room temperature for four hours, Re-precipitate with an excess of isopropy] aleohol,
mixing again at roem femperaturs for four hours. Allow the selution to stand at room
teimperature; filter and wash as described above. Vacuum dry the HA-co-PEMA at -25
inches Hg overnight or until there s no change in weight,

Example 6

Preliminary Swell Tests for Crosslinked HA-co-PEMA
Hydrogels in Deionized Water

[t 25) Swell tests were conducted for various crosslinked HA-co-PEMA hydrogels in
deionized water, HA-co-PEMA gels were erosslinked with 1% (Hydrogel #1), 2.5%
(Hyvdragel #2), and 5% {Hydrogel #3) vv crosslinking solutions, The results of these tests
are shown below in Table 4:

Table 4

Preliminary Swell Test Results for Crosslinked HA-co-PEMA
Hydrogels in Delonized Water

Hydrogel #1 | Hydrogel #2 Hydrogel #3
'% HMDI (viv) T 25% | 5%
Swell ratio (Q) 152.6 ST 113
| [wel weight/dry weight)
Eﬂﬂxfcuﬂnm 50,39, 0§24 6.0,
(et — dry)iwet ) i

HAATH = hexamethylens diisocyanais, a chemical crosslinker

-20.
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[00126) Figure 1 illusirates the stained gels suspended in deionized water, with the
vials from left-to-right comesponding to gels crosslinked with 1% (Hydrogel #13, 2.5%
(Hydrogel #2), and 5% (Hydrogel #3) v crosslinking solutions. The gels were stained with

toluidine blue to indicate HA content.

Example 7

HA-co-PEMA Cast (el Synthesis
[00127] Che embodiment of the HA-co-FEMA hydrogel of the présent invention was
gynthesized according to the protocol presented below,
|00128] Muaterfals & Equipment: The following is a list of materials and equipment
that were used to synthesize one embodiment of the polymeric material and hydrogel of the
present invention: Hyaluronan-cety] wrimethylammonium complex (HA-CTAY);
Polyiethylene-gir-maleic anhydride) (FEMA); Dimethy] sulfoxide (DMSO); Oy, 2 two-
necked round-bottomed flasks (REF);, Serum stoppers; Copper wire; Keck clips; Condensers;
Mg (dry) gas; il bath; Weigh boatis); Analytical scale; Magnetic stir bar(s);, Stir plate(s);
T30 cryatallizing dish; Reinforcing agents (optional) (e.g, Particulate reinforcement: Cab-
o-5il fumed silica, TE-6200TS-720 (Cabor, Boaton, MA)) (e.g., Fibrous reinforcement:
Carbon nanotubes {nanotubes or nanofibers), Chitosan nanofibers); Disposable pipettes, 25
ml and 1 ml; Foreeps; Pipette aid or bulb pipette; Vacuum hags and sealer; Disposable glove
box (Sigma Aldrich); Temperature-controlled oven, €., Shake *n Bake Hybridization Oven;
Ultrasonic bath; Acetone; MaCl; Dedonized water; Ethanal {E(OH); and Vacuum oven.
[DB129] Procedure; The following ere procedures that were used to synthesize one
embodiment of the polymeric material and hydrogel of the present invention:
(00130 Stock Solutions; Mote: Allow a minimum of 1 day prior to el casting for
preparation of stock solutions. Precautions for air'water-sensitive chemistry should be
observed, ie. HA-CTA and PEMA powders should be vacuum dried a minimum of 24 hours
prior to use, glassware should be stored at 100%C to ensure it & completely dry, stir bars
should be rinsed with acetone before use.
[B0131] Prepare a concentrated solution of HA-CTA in DMSO, aiming for a viscosity
similar to homey, A 2.5% wiv congentration is appropriste for HA-CTA prepared from HA in
the 450-500 kDa siee range. The procedure is as follows: Weigh HA-CTA and place along
with stir bar in an appropriately-sized RBF. Seal side neck of REF with a serum stopper
secured with copper wire. Attach REF to condenser with a Keek clip, lower into oil bath, set |

S 10-
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temperature o 80°C and begin stirring, Insert vent neadle and transfer canula into rubber
serum stopper. Transfer appropriate volume of DMSO {100 ml for every 2.5g HA-CTA) into
Mesk via canola under s flow, Flush Mask with Nz by plugging vent, allowing slight positive
pressure fo build, and releasing plug a total of 3 times; plug vent and remove along with
canula, leaving slight positive pressure of Ma in the flask, When HA-CTA is fully dissolved
(can take 12+ hours) remove from heat and allow to come to room temperature,

[00132] Prepare a 10% wiv concentrated solution of PEMA in DMSO, following
procedure described above for HA-CTA solution, The FEMA will go into solution much
more readily than the HA-CTA and thus will not need to be on heat for as long.

[p0133) Gel Casting: Mote: This reaction is air‘water sensitive, 17 available, work
inside a glove box filled wi diry nitropen, sealing the cast gel inlo a vacuum bag prior 1o
removal from the glove box, If a glove box i= not availeble, airfwater contact can he
ninimized by working with sealed vacuum bags as described below.

[(HF134] Base formulation: 16,5 mil 2,5% (wiv) HASCTA in DMSO; 0.6 ml 10% {wiv)
PEMA in DMS0,
[00135] Reinforcement (optional); 0.8g treated silica (Cabot TS-620 or T5-720) max

or fibrous reinforcement (e.g. carbon nanstubes, chitesan nanofibers).

[00136] Measure FEMA solution into a vial and seal with & serum stopper and copper
wire, Flush vial with N; gas.

[00137) Measure HA-CTA solution infe T0x50 crystallizing dish using 235 mi
serological pipette, IF reinforcement is to be used, add and stir by hand at this time. Flace
appropriafely-sized stir bar into dish, then place dish and a pair of forceps info a large
vacuum bag medified with a serim-stopper “pont™; remove air with vecuum and flush with
My gas thiee times, il vacuum bag if working in glove box.

[ 38] Place crystallizing dish on stir plate; turn-on stir plate 1o start mixing. Slowly
add PEMA solution to the stirring HA-CTA solution via canula and low M Mow (if using
vacuum bagh or dropwise using a pipette (If working in a glove box). The HA-CTA and
FEMA solutions should complex, becoming more viscous. This may necessitate moving the
dish wround on the plate and adjusting the stir plate r.p.m, to get good mixing,

[MN13%] Remaove the stir bar from the dish using the forceps. If working in a glove box,
plice the cast gel into & vacuum bag and seal immediately upon removal from glove box.,
Oiherwise, push the forceps and stir bar to one end of the vacuum bag and re-seal the vacuum
bag around the forceps and stir bar;, cot bag 1o remove,
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[0 140 Place sealed dish into 75°C oven to cure for 24 hours,

[0041] After curing, remowve excess PEMA by sonication with acetone for 30 minites.
Flip gel and repeat.

[o142] Prepare a 0,20 MNaCl aqueous hydrolyzing solution in a large heaker or flask,

Add the hydrolvzing solution to the crystallizing dish and sonicate for 30 minutes,

[0143] Replace hydrolyzing solution with deionized water and repeat sonication for
30 minutes. The gel will swell (o a greater extent in deionized water, allowing trapped
WNaCTA to be removed. Repeat the sonication if the solution appears 1o be “soapy.”

[0 144] Dehydrate gel by soaking in ethanol a few hours or evernight; drain ethanol
and completely dry in a vacuum oven at equipped with a solvent trap at -25 inches Hg until
there is negligible change in weight.

Example 8
Synthesis of a Hyaluronan-Polyvethylene Copolvmer Hydrogel for Orthopedic Repair
[00145] Abstract: Hyaluronan-high density polyethylens grafi copelymer (HA-co-

HOPE, or Copely) has previously been synthesized from hyaluronan (HA), a
glycosaminoglyean, and high density polyethylene (HDPE), a synthetic plastic, HA-ro-
HDPE combines the mechanical properties of polyvethylens with the lubricating benefits of
hyaluronan; due to its biocompatibility, it may be a promising material for meniscal cartilage
replacement or injectable nucleus pulposus repair. The following study aftempis o improve
upon the chemisiry of the original reaction in order to svathesize a hyaluronan-polyvethylens
copolymer that behaves as a true hydrogel.

[[COEL] Introduction: Biocompatible hydrogels serve as practical materials in
orthopedic medicine. A troe hydrogel network will swell and preserve structural infegrily ina
water or saline envirgnment, which are advantageous properties for matenals used in
orfiwpedic replacements or repair. An ideal hydrogel for such applications would feature both
the mechanical strength of polyethylena (FE), a plastic used in artificial joints, and the
lebricating character of hyaluronan (HA), the “gooey” or viscous glycosaminoglyean found
througheut the body, including in synovial fluid and around articular cartilage. Previous
studies’ synthesized an HA-PE copolymer {HA-co-PE)} from ammeonium cation-complexed
HA and maleated PE, via esterification reactions between the primary hydroxyls of the HA
chain and malgic anhvdride (MA) groups grafted onte the polysthylene backbone. However,
this original HA-co-PE lacked mechanical integrity when swollen in water, The ohjective of
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this research was 0 synthesize a hyaluronanpolyethylens copolymer that behaves as a true
hydrogel.

|00 147] Hyaluranan is a hydrophilic glycosaminoglvean found in synovial fluid and
conting articular cartilage, known for its lubricating properties. The siructure of hvaluronan
1= well known.

[(CLTEE) Polyethylene is a hydrophobic durable thermoplastic often used in artificial
Joints, The structure of polyethylene is well known.

[00149] Several approaches are described here, The original copolymer reaction was
repeated, replacing 1,2 d-trichlorobenzens for xylenes as a more DMSO-miscible selvent in
order 1o increase the reactive interface. An HA amide reduction experiment was also
conducted in an attempt o functionalize HA with erosslinker-compatible primary amine
reactive groups, Finally and most promisingly, a collection of copolymers with varving ratios
of PE-g-MA, PE-al-MA, and HA-CIA, were synthesized, crosslinked, and characterized by
swell tests and FTIR.

CopolyGel: PE-alt-MA and HA-CTA

[k01=0] The maleic anhydride to kydroxyl (MAGOH) reactive ratio of the Copely
reaction is 1:185; that is, the hydroxyl is in extreme excess. In order to optimize the molar
ratio, a polyethylene incorporating more maleie anhydride groups iz ideal. For this purposs
poly{ethylenc-alitzrnating-maleic anhydride), comprised of 78% maleic anhvdride by weight,
was closen to replace polyethylene-graff-maleic anhydride, which featured only 3% maleic
anbvdride by weight, leaving OH in great excess and limiting the number ester linkages, In
the case of an 83:15 HACPE final product ratio, this shifts the reactive ratio 1o 1:1.58, in fuvor
of MA (the “perfect” ratio iz 1:4, since HA contains four hydroxyl groups, only one of which
is primary and thus reactive).

[MFIS1] The esterification reaction between maleated polyvethylense and HA-CTA is as
shown in Scheme 1 (provided above).
(00152 PE-alt-MA, unlike PE-g-MA, is actually a copolymer with an alternating

cthylene-MA-cthylene-MA structure, Without a polyethylens backbone, PE-als-MA may not
behave like frue polvethylens, In fact, PE-al-MA 15 water-soluble, while polyethylene and
PE-g-MA are hydrophobic; PE-alt-MA is also soluble in DMS0. This allows the copolymer
esterification reaction to oceur in only DMSO, eliminating the need for a second selvent
(xylenes or TCR) and expanding the reaction interface to the entire volume of solution.

However, the dissimilarity of its physical properties also suggests that PE-alt-MA may not
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prowide the strength or durability of polyethylene, since it cannot form the random crystalline
segments that provide pelyethylene its characteristic strength, and any network it forms with
HA could potentially lack necessary mechanical integrity.

[0D153] The structures of (a) a polyethylene backbone with grafted malsic anhydride
groups and {b) an alternating ethylene-maleic anhydride copolymer are provided
hereinabove,

[00154] CopolyGel was synthesized in two formulations, a 85:15 or 70:30 HA:PE final
product ratio, so thet it could ke compared 1 Copoly materials of similar product
composition. PE-alt-MA and HA-CTA were disselved in DMSC0 separately, then reacted
together al 90°C for 12 hours, (A single solvent flask reaction vielded similar reselis, but
separate solvent flasks a:.e recommended [0 ensure homogeneity.} Hydrolysis, precipitation,
washing, hydration, and dryving steps were followed a5 according to the Copoly protocol,
although isopropanc] replaced ethanol as a washing agent but aof &5 a precipitating agent as
salt solutions are insoluble in isoproganal,

M1 55] Both CopolyGel products behaved as hydrogels. 70:30 was stronger than
B5:15 as expected by the relative amount of medified polyethylene present, but both swelled
significantly in PBS, a saline solution thet mimics physiological salt concentration (95.08%,
water after one hour for 70:30, 93.33% for £5:15) without falling apart. Still, they lacked the
desired mechanical strength; the lubricated outer surface easily separated from the rest of the
network, and too much agitation or pressure could cause the network to break apart entirely.

HMDI-Crosslinked CopalyGel

[DiF156] The diisocyvanate crosslinker HMDI wis explored as a potential avenue for
increasing networking in CopolyGel. HMDI, or hexamethylenediisscyanate, erosslinks via an
alcohol group on hyaluronan, so it can link together siray chaing of HA that disrupt the
mechanical integrity of the network. It is less toxic than the commaonly used HA crosslinker
gliteraldelivde, but due to its water sensttivity it cannot be used as an injectable in vive
crosslinker and requires toxic non-aquecus solvents. An ideal crosslinked gel strikes a
balance between strength and swelling ability; & more erosslinked netwerk will hold together
tightly but may not be able 1o absorb much water.

|00157) Dry CopolyGel networks were soaked in excess 3% (viv) HMDIDMSO
solution for approximately 20 hours under nitrogen. The samples were transferred to the
vacuum cven at 30-70°C for 2 hours in order to cure the crosslinker, then washed with
acetong and dried. The 70:30 CopolyGel swelled significantly in the HMD] solution, whils

234
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83:15 did not swell at all; this may be attributable 1o the possible excess of PE-air-MA in
T30 1t is likely that the crosslinking solution could not saturate the network and access
loose HA strands, which is reflected in the swell tests (83.39% for 70:30 crosslinked, but
935.31% for 85:15 erosslinked, an increase). However, both crosslinked CopolyGels appeared
qualitatively more resistant fo stress; T0:30 was hardly lubricious and held together incredibly
well in PES. In order to improve erosslinking, a different CopolvGeland HMDI-soluble
solvent should be (ested, and to optimize swelling ability, future work can use & more dilute
HMDI solution and shorten the reaction time, This study utilized aggressive conditions to test

the effectiveness of crosslinking,

TripolymerGel: PE-alt-MA, PE-g-MA, and HA-CTA

[0O158] While CopolyGel swelled significantly and maintained a network in water, it
lacked mechanical strength and cohesion, breaking apart fairly easily under stress,
Meanwhile, Copoly fieatured the might of polvethylene but never successfully behaved as a
hydrogel. Thus a new polymer material, TrpelymerGel, was synthesized to unite both
features and create a sturdy, resilient hydrogel. PE-alt-MA in DMS0 and PE-g-MA in TCB
werg laizled logether, effectively functionalizing the graft polvethylene with an abundance of
maleic anhydride groups and creating a reactive polyethylene backbone, This new
functionalized polyethylens was reacted with HA-CTA; subsequent steps adhered to the
Copoly protocol,

[ 59] Twe TripelymerGel compositions (85:10:5 and 70:13:15) were synthesized
according to the amount of final HA to PE provided by each reactant, in the ratic
HA:PE(from PE-alt-MALPE{from PE-g-MA}, The 85:10:5 material wis expected 1o behave
similarly to CopalyGel 85:15 but with additional strength from the small amount of PE-g-
MA; in other words, the PE-g-MA would serve to strengthen the hydrogel, The 70:15:15
material was designed such that the PE-alt-MA would act as a compatibilizer, functionalizing
the PE-g-MA so that it would be more reactive

[EO T Az expected from the final product ratios, 70:15:15 displayed greater
mechanical strength than 85:10:5, although both products held together extremely well and
swelled significantly in PBS (96, 72% for B5:1003, 94,67% for T0:05:15), The properties of
851005 resembled those of the nucleus pulposus: it was flexible, elastic, durable, and
slippery., Meanwhile, 70:15:15 was more reminiseent of cartilage, tough and sturdy with a
lubricated outer surface. Unlike the CopolyGel materials, which tended to break apart under
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stress and gradually kose some of its viscous surface, the TripolymerGel materials withstood
both pressure and agitation and did not appear to lose any material.

HMDI-Crosslinked TripolvmerGel

[001aT] Although the TripolymerGels behaved extremely well in PBS, they were
HMDI erosslinked to further improve networking, In keeping with the results from
CopolyGel crosslinking, the 8521005 network did not swell at all in HMDLIDM SO, while
T0:15:135 did slightly, Swell tests vielded cxpected results {%4,66% for 85:10:5 crosslinked,
B4, 36% for 70:15:15 crosslinked), The crosslinked 70:15:15 wis noticeably stiffer than the
uncrosslinked version, although 85:10:5 felt only marginally tougher after crosslinking, As
discussed in CopolyGel Emﬁslinking, better crosslinking and swell results may be achicved
with a different solvent, & less concentrated HMDI solution, or a shorter reaction time,

[0 162 Conclusion: OFf the many approaches described in this paper, crosslinked
CopolyGel and the assortment of Tripolymerel materials are the most promising and
applicable o a wide mnge of orthopedic functions. Further work will explore and improve
the hincompatibility, swelling and mechanical properties of these hydrogels.

[00163] Keferences: Kurkowski-R; James, ST (2008). Copalymer pomhesized from
madified plycosaminaglycar, GAG, and an anfipdride fimctionalized hydrophobic patymer.
LS, Patent Mo, PCTAUS09/05054. Colorade State University, Fort Colling, C0, USA,
“Rutler, MF; Ng, ¥; Pudney, PD. Mechanism and kinetics of the crosslinking reaction
between biopolyvmers containing primary amine groups and genipin. & Poly S0 2003, 41,
3941-3953, "Baran, ET; Mano, JF; Reis, RL. Starch-chitosan hydrogels prepared by
reductive alkylation cross-linking. J Mater Sof 2004, 13, 739-765, "Pourjavadi, A; Aghajani,
V; Ghasemzadeh, H. Synthesis, characterization and swelling behavior of chitosan-sucrose as
a novel full-polysaccharide superabsorbant hydrogel. . dppd Poly Sei 2008, 109, 2648-2653,
*Stem, R; Kogan, G Jedrzejas, MI; Soltes, L. The many ways to cleave hyvaluronan, Siarech
Advares 2007, 25, 537-557. “Tokita, Y; Okamoto, A. Hydrolytic degradation of hyaluronic
acid, Polvmer Degradation and Stahility 1995, 48, 269-273, "G, L; Zhy, 5; Hrymak, AN,
Acidic and basic hvdrolysis of poly(MN-vinylformamide). J App! Pole Soi 2002, 86, 3412-
3414,
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Copolymer Formulation YVariations

of the present invention.

Table 5

Provided below is & fable showing various copolymer formulation variations

Copolyvmer Formulation Variations

Internal Reactant Weight Ratio Reinforcement
Nomenclature | HA-CTA:PEMA Level Comments
) HA-CT Azother
41 CoPEMA 36l -
455 ColPEMA T -

955 XL 71 - Crosslinked with HMDI
[hexamethylene
diisocyanaie)

62 {-reim forced T 1:2 T5-620 fumed silica
1:1 {Cabot Corp.); high, med,
5:1 low reinforcement
T20-reinforced 1 1:2 TH-T20 fumed silica
1:1 (Cabaot Corp.); high, med,
. RH low rednforcement
CHN-law T 4ik:1 Carbon nanotubes, low
o level of reinforcement
CM-high tH 4:1 Carbon nanotubes
Chi-reinforced T:1 4i):1 Chrtasan nanofibers
£5:15 CoPEMA 21 -
B5:15 XL 21 - Crosslinked with HMDI
T30 CoPEMA 4:5 -
T0:30 XL 4:5 - Crosslinked with HMDI
B5:10:5 Tripaly 272870 - * MA-g-HDPE used as 37
reactant
B5:10:5 XL 212870 - * MA-g-HDPE used as ERl
reactant; crosslinked with
) HMDI
T0:15:15 Tripoly TA44:0 - * MA-p-HDPE used as il
| reactant
T0:15:05% XL TAA4:0* - * MA-p-HDPE wwsed g 37
| reactant; crosslinked with
| | HMI
5195 CoPEMA 1:20 | Bratle/crumbly texture
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Example 10
Swell Test Results
[(HI165] Provided below is a table showing swell fest resulis of various copoalymer

formulation variations of the present invention,

Fli. Folymer Swell Test .
(HA:PE Product Ratis) | Water % Qualitative Praperties
FIG. 2A CopolyGel 9353 Wiscaus, breaks apart with mild agitation
BS:15 OoF pressure
FIG. 2B CopolyCiel 95.3] Viscous, breaks apart with moderate
8515 crosslinked agitation or presaune
Flg. 20 CopalyGel 95,08 Thick, breaks apart with vigerous
030 _ agitation
FIG, 20 CopalyGel 8539 Rubbery, elastic, not lubricicus, holds
T0:30 crosslinked | together extremely well
FIi. 2E Trpolymer Gel G, 72 Sturdy, flexible, lubricated surface, like
B5: 1S o nuclens pulposis
FIi. 2F Tripolymer Gel RN Sturdy, Mexible, durable, somewhat
85:10:5 crosalinked libricated surface
FIG. 206 Tripolymer Gel G467 Tough, durable, lubricated surfice, like
T 15:15 cartilage
FIG. 2H Tripodymer Gel | E436 Extremely tough, lubricated surface, holds
T 1505 crosslinked tegether well
(0166 As referenced in the above table, FIG, 2A through FIG. 2H are photographs

of gach polymer hydrogel in PBS solution. Blue gels have been stained with toluidine blue,

Example 11

FTIR Results
[00147) FTIK scans were produced for varions embodiments of the polymeric material
and hydrogels of the present invention, as shown in FIG. § through FIG. 10
D0 68] As shown in the figures, the FTIR scans indicate the appearance of an ester
bond peak {i.e., the covalent bond berween the HA and PEMA). In the figures, peaks relating
to the ester bond |, the hase constituents, and the reactive groups have been identified.
[B0169] Based on the FTTR data, the following conclusions were made with respect to
the Tripolymer Gel: (i) strong CHa-0OH peak (indicative of HA content); (i) moderate, sharp
C-Hz peaks (indicative of PE content); {iii) indications of desired reaction, including {x) O
peak diminished compared to HA, (b) characteristic peaks for maleic anhydride (C=0), cyclic
C-0-C) gone, (c) appearance of moderate ~COOH peak, unrescted maleic anhydride
hvdrolized 1o maleic acid, and (d) appearance of an ester peak.
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00 T0) Based on the FTIR data, the following conclusions were made with respect to
the Co-PEMA(i) strong O peak (indicative of HA content); {77} moderate, broad C-H;
peaks indicative of the small ethylene uaits in hydrolyeed PEMA; (ii0) mdications of desirad
renction, including {z) OH peak broadened compared to HA, (b) characteristic peaks for
maleic anhydride (C-0, eyelic C-0-C) gone, () appearance of —~COOH peak, unreactad
maleic anhydride hydrolized to maleic acid, and {d) appearance of ester peak.

[00LT) While certain representative embodiments and certain details have been shown
for the purpose of illustrating the invention, those skilled in the art will appreciate that
various modifications, whether specifically or expressly identified herein, may be made to
these representative embodiments without departing from the novel core teachings or scope
of this technical disclosure. Accordingly, all such modifications are intended to be inchuded
within the scope of the claims. Whether the commonly emplayed phrase “comprising the
steps of ' may be used in o methed claim, the applicant(s) does not intend to invoke any law
i@ manner that unduly limits rights 1o its innovation. Furthermore, in any claim that is filed
herewith or hereafter, any means-plus-function clawses used, or later found to be present, are
intended to cover af least all structure(s) described herein as performing the recited function
and not only structural equivalents but also equivalent siructumes,
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WHAT IS CLAIMED I5:

1. A polvmeric material comprizing a glyveosaminoglyean networked with
a polyolefin-containing polvmer, wherein said glycosaminoglvean networked with a
polyolefin-containing polymer is synthesized by reacting a glycosaminoglyean constiteent
with a polvolefin constituent,

wherein zaid glycosaminocglyean constituent comprises & modified
glveasaminoglyvean, and

wherein said polvolefin constiment comprises an alternating copolymer of a
polyolefin with an acid anhydride.

2. The polymeric material according to elaim 1, whersin the
glycosaminoglyean is selected from the growp consisting of hvaluronan, chondroitin sulfates,

dermatan sulfates, keratun sulfates, heparan sulfates, and heparin.

EN The polymeric material according to claim 1, wherein the polyolefin is

polyethylene,

4, The polymeric materiel according to claim 1, wherzin the acid

anbydride s maleic anhydride.

5, The polymeric material according to claim 1, wherein the polyolefin

constituent comprises an alternating copolymer of polvethylene with maleic anhydride,

G, The polymeric material sccording to claim 1, wherein the polyolefin
conshituent is selected from the group consisting of polyiethylenc-ait-maleic anhydride),
poly(styrene-ale-maleic anhydride), poly(isobutylene-alt-maleic anhydride), polyimaleic
anhydride-air-1-octadecene), poly{methyl vinyl ether-ali-maleic anhydride), and dervatives
thereaf,

7. The polymeric material according te claim 1, wherein the polyolefin-
conlaining polymer s selected from the group consisting of polyiethylenc-ali-maleic
anhydride), polyistyrene-air-maleic anhydride), poly(iscbutylene-alt-maleic anhydride),
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polyimaleic anhydride-ali-1-octadecene), polyimethyl vinyl ether-aie-maleic anhydrida), and
derivatives thereof.

& The polvmeric material according claim |, wherzin the

L

glycosaminoglycan constituent comprises a glveosaminoglycan modified with a paraffin
ammonium cation dissociated from a salt selected from the group consisting of
alkyltrimethylammonium chloride, alkylaming hydrochloride, alkylpyridinium chloride,
alkyldimethylbenayl ammonium chloride, alkylrimethylammenium bromide, alkylaming
hydrabromide, alkylpyridinium bromide, and alkyldimethylbenzy] ammonium bromide.

9. The polymeric material according to claim 1, wherein said polvmeric
material comprises a struchure as follows:

10.  The polymeric material according to claim | further comprising:
a reinforeing agent selected from the group consisting of an morganic
reinforcing agent and an organic reinforcing agent.

20 1. The polvmeric material acconding 1o claim 10, wherein the inorganic
reinforcing agent comprises silica

12, The polymeric material according fo claim 10, wherein the crganic
reinforcing agent is selected from the group consisting of carbon nanotubes, carbon

25 nanofibers, chitosan nenofibers, demineralized bone matrix (EM), collagen, silk, and

cellulose.

T
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13. A hydrogel comprising the polymeric material according to claim 1,

4. A method of synthesizing a polymeric materizl comprising a
glycosaminoglycan networked with a pelyolefin-containing polymer, said method
comprising:

reacting a glycosuminoglycan constiteent with a polvolefin constituent under
conditions effective to vield a pelymeric material comprising a glveosaminoglyean
networked with a polyolefin-containing polymer,

wherein said glycosamineglvean constituent comprizes one or more modified
glvcosaminoglveans, and

wherein zaid polyvelefin constituent comprises an allerating copolymer of a
polyelefin with an acid anhydride.

15, The method according to claim 14, wherein said reacting step
coanprizes an esterification reaction between the glvcosaminoglyean constituent and the

palvelefin constituent.

L6, The method according to claim 14, wherzin the glvcosaminoglycan is
selected from the group consisting of hyaluronan, chondroitin sulfates, dermatan sulfates,
keeratan sulfates, heparan sulfates, and heparin,

17.  The method according to claim 14, wherein the polvolefin is
palvethylene.

18 The method according to claim 14, whercin the acid anhydride is

maleic anhydride.

19, The method according to claim 14, wherein the polyolefin constituent

comprises an alternating copolymer of polvethylene with maleic anhydride,

20, The method according to claim 14, wherein the polyolefin constituent
15 selected from the group consisting of poly(ethylenc-air-maleic anhydride), polyistyrene-
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alt-maleic anhydride), polyiisobutylene-air-maleic anhydride), poly(maleic anhydride-air-1-
octadecene), poly{methy] vinyl ether-alt-maleic anhydride]), and derivatives thereof,

21, The method according to ¢laim 14, wherein the polyolefin-containing
polymer is selected from the group consisting of poly(ethylene-alt-maleic anhydride),
polyistyrene-alt-maleic anhydride), poly(isobutylene-al-maleic anhydride), polvimaleic
anhydride-air-[-octadecene], poly(methyl vinyl ether-afi-malzic anhydride), and derivatives
thereof.

22, The method according o clainy 14, wherein the glyeosaminoglycan
constituent comprises a g.,lyta\suminugl}m modified with a paraffin ammonium cation
dissociated from a salt selected from the group consisting of alkyltrimethy lammonium
chloride, alkylamine hydrechlonde, alkylpyridinium chloride, alkyldimethyibenzy|
amimgtiinm chloride, alkyltrimethylammonium bromide, alkylamine hydrobromide,
alkylpyridinium bromide, and alloyldimethylbenzy] ammonium bromide.

23, The method according to claim 14, wherein said polymeric material
comprises the glyeosaminoglycan and the polyalefin-containing polymer covalently bound 1w

one another.

24, The method according to claim 14, wherein said polvmeric material

comprises a structure as follows:

25. The method aceording to claim 14 further comprising:
incubating the glveosaminoglyean constituent and the polvelefin constituent in

a crosslinker constituant,
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26, The method sccording to claim 23, wherein said crosslinker constituent
is effective to crosslink with an alcohel group of the glycosaminoglyean constituent.

27 The method according 1o claim 26, wherein said crosslinker constituent
is selected from the group consisting of dilsocyanates, polyisocyanates,
hexamethylenediisocyanate (HMD), methylene diphenyl diisocyanate, toluene diisocyanate,
imophorone dilsocyanate, divinyl sulphone, poly(ethylens glyeol) diglyeidy] ether, phosphoryl
chioride, glutaraldehyde, dialdehyde via Passering reaction, diamine via Ugi resction, and

carbodiimide.

28 The method according to claim 14 further comprising:
combining the glycosaminoglyean constituent and the polyolefin constituent

with a reinforcing agent,

29, The method according to claim 28, wherein the reinforcing agent is
selected from the group consisting of an inorganic remforcing agent and an organic

reinforcing agent.

30, The method according to claim 29, wherein the inorganic reinforcing
agent comprises an inorganic agent selected from the group consisting of silica, alumina,
zirconia, caleium phosphates, and hydroxyvapatite,

3. The method according to claim 29, wherein the organic reinforcing

agent i= selected from the group consisting of carbon nanctubes, carkon nanofibers, chitosan
nanafibers, demineralized bone matrix (DBM), collagen, silk, and celluloss.
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32, The method secording to claim 14, wherein said glveosaminoglycan
constituent comprises a modified hyaluranon, wherein said polyolefin constituent comprises
poly(ethy lene-alt-maleic anhydride), and whergin said reacting step comprises & synthetic

scheme as follows:

mxkenphilic annck
—_——p-

Ting opurEng

fron Esislier

OH

330 A hydrogel comprising the polymeric material produced according to
the method of elaim 4.

34 A polvmeric material comprismg a tripolymer ghvcosaminoglyean-
polyolefin network, wherein said tripolymer glyoosaminoglyean-pelyolefin network is
synthesized by reacting a first constituent, & sccond constituent, and a third constituent with

one anather,

wherein said first constituent comprises a modified glycosaminoglyean,

wherein said second constituent comprises an alternating copolyvmer of o
podvelafin with an acid anhydride,

whergin said third constituent comprises a graft copolymer having a
polyolefin backbone functionalized/grafted with an acid anhydride, and

wherein the first constituent, the second constituent, and the third constituent

react o form covalent bonds,
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33, The polymeric material according 1o claim 34, wherzin the
glycosaminoglyean is selected from the group consisting of hyvaluronan, chondroitin sulfates,
dermatan sulfates, keritan sulfates, heparan sulfates, and heparin.

36, The polymeric material according to claim 34, wherein the polyolefin
is polyvethylene,

37, The polymeric material according to claim 34, whercin the acid
anhydride is maleic anhydride.

5. The polymeric material according claim 34, wherein the first
constiteent comprises a glycosaminoglyean modified with a paraffin ammonium cation
dissociated from a salt selected from the group consisting of alkyltrimethylammonium
chloride, alkylamine hydrochloride, alky lpyridinium chloride, alkyldimethylbeney|
ammonium chloride, alkyirimethylammonivm bromide, alkylamine hydrobromide,
alkyipyridinium bromide, and allkoyldimethy lbeneyl ammonium bromide.

39, The polvmeric material according to claim 34, wherein the second
constituent comprises an alternating copolymer of polvethylens with maleic anhydride.

4. The polymeric material according to claim 34, wherein the second
constituent is selected from the group consisting of polviethylene-alr-maleic anhydride]),
palyistyrene-alr-maleic anhydride), poly(isebutylene-alt-maleie anhydride), polyimalzic
anlyydride-air-1-octadecens), poly{methyl vinyl ether-ai-maleic anhydride), and derivatives

thereof.

41, The pelymeric material according o claim 34, wherein the third
constituent is selected from the group consisting of maleic anhydride-geaf-polyethylens,
maleic anhydride-grafi-polypropylene, maleic anhyvdride-grafi-pelystyrene, polystyrene-
grafi-maleic anhydride, polyisoprene-grafi-maleic anhydride, and polypropylene-grafi-
maleie anhydride.
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42, The polymeric material according to claim 34, wherein the first
constiteent is hyaluranon, the second constituent is polyiethylene-aff-maleic mhydride), and
the third constituent is maleic anhydride-grafi-polyethylens,

43, The polymeric material according to claim 34 further comprising:
a reinforcing agent selected from the group consisting of an inorganic

reinforcing agent and an organic reinforcing agent,

a4, The polymeric material according to claim 43, wherein the inorganic
reinforcing agent comprises an inorganic agent selected from the group consisting of silica,

alumina, Firconia, caleiin phosphates, and hvdroxvapatite.

45, The polymeric material according to claim 43, wherein the organic
reinforcing agent is selected from the group consisting of carbon nunotubes, carbon
nanofibers, chitosan nanofibers, demineralized bone matrix (DBEM]), collagen, silk, and
cellelose,

46, A hydrogel comprising the polymeric material according 1o claim 34,

47, A method of synthesizing a polvmeric material comprising a
tripolvmer glycosuminoglycan-polyolefin network, said method comprising:
providing the following constituents:
(i} @ first constiteent comprising a modified glycosaminoglycan;
(i) asecond constituent comprising an alternating copolymer of a
pelyolefin with an acid anhydride; and
(iiiy & third constituent comprising a graft copolvmer having a
pelyolefin backbone funciionalized/grafied with an acid
anhydride; and
reacting the first constituent, the second constituent, and the third constituent
under conditions effective to vield a tripolvmer glycosaminoglycan-polyelafin network,
wherein said tripolymer glycosaminoglyean-polyolefin network comprises the
first constituent, the second constituent, and the third constituent covalently bound to one

anather.

-47.
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48, The method according to claim 47, wherein the glveosaminoglyean is
selected from the group consisting of hyaluronan, chondroitin sulfates, dermatan sulfates,
keratan sulfates, heparan sulfules, and heparin.

49, The method aecording to claim 47, wherein the polyolefin is
polvethylene,

30, The method according to claim 47, wherem the acid enhydride 15
maleic anhydride,

51, The method according to claim 47, wherein the second constituent
comprises an alternating copolymer of polyethylene with maleic anhydride.

52, The methed according Lo ¢laim 47, wherzin the second constituent is
selected from the group consisting of poly(ethylene-alt-maleic anhydride), poly(styreng-oft-
malzic anhydride), poly(isobutylene-ei-maleic anhydride), polyimaleic anhydride-afr-1-
octadecene), polv(methyl vinyl ether-alt-maleic anhvdride), and derivatives thereof.

EEN The method according to claim 47, wherein the first constifeent
comprises a glycosaminoghycan modified with a paraffin ammonium cation dissociated from
a salt selected from the group consisting of alky lirimethy lammonium chloride, alkylamine
hvdrochloride, alkylpyridinium chiloride, alkyldimethylbenzy] ammonium chloride,
alkyhrimethylammenium bromide, alkylaming hydrobromide, alkyvlpyridinium bromide, and
alkyldimethylbenzyl ammoniom beomide.

34, The method according to claim 47, wherein the wherein the third
constituent is selected from the group consisting of maleic anhydride-grafi-polvethylene,
maleic anhydride-grafi-polypropylene, maleic anhydride-graf-polystyrens, polystyrene-
grafi-maleic anhydride, polyisoprene-graf-maleic anhydride, and polypropylens-grafi-
male: anhydride.

35, The method according to claim 47, wherein the first constiteent is
hyaluron, the second constituent s poly{ethylene-alt-maleic anhydride], and the third
conatituent is maleic anhydride-grafi-polyethviens,

Sag-.
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56, The method according to claim £7 urther comprising:
incubating the first constituent, second constituent, and third constituent in a
crosslinker constituent.

37, The method sccording 1o claim 56, wherein said crosslinker constituent

is effective to crosslink with an alcohol group of the first constituent,

8. The method secording fo claim 57, wherein said crosslinker constituent
is selected from the group consisting of diisocyanates, polyisocyanates,
hcmmcth}flcncdiisncym {HMI), methylens dipheny] diisocyvanate, toluene diisocyanate,
sophorone ditsocyanate, divinyl sulphone, poly{ethylene glyeol) dighveidyl ether, phosphory]
chloride, glutaraldehyde, dialdehyde via Passerini reaction, diamine via Ugi reaction, and
carbodiimide

54, The method according to claim 47 further comprising:
combining the first constituent, second constituent, and third constituent with a

reinforcing agent,

6. The method according to ¢laim 59, wherein the reinforcing agent is
selected from the group consisting of an inorganic reinforcing agent and an organic

reinforcing agent.

6l.  The method according to claim 59, whersin the incrganic reinforcing
agent comprises an inerganic agent selected from the group consisting of silica, alumina,
zirconia, calcium phosphates, and hydroxyapatite,

62, The method according to claim 59, wherein the organic reinforcing
agent is selected from the group consisting of carbon nancfubes, carbon nanefibers, chitosan

nanofibers, demineralized bone matrix (DBM), collagen, silk, and cellulose.

63, A hydregel comprising the pelymeric material produeced according to
the method of ¢laim 47.

_40.
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64, A polymeric malerial comprsing a glveosaminoglyvean networked with
a polyolefin-containing polymer, wherein said glycosaminoglyean networked with a
polyolefin-containing polvmer comprises glyeosaminoglycan covalently bound to a
polyolefin-containing polvmer.

5
65, The polymeric materal according to ¢laim 64, wherein said
glycosaminoglycan is hyaluranon and said polyolefin-containing polymer is poly{ethylene-
alt-makeic anhyvdride).
1 66, The polymeric material according to claim 64, wherein said polvmeric
material comprises a structure as follows:
67, A hydrogel comprising the polymeric material secording 1o claim 64.
13

-5 -
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ABSTRACT OF THE MSCLOSURE

The present invention relates to polvmeric materals including a
glyeosaminoglyvean networked with a polyolefin-containing polymer. The present invention
lso relates o hydrogels containing the polymeric materials. The present imvention further

relates to methods of svnthesizing the polymeric materials and hydrogels of the present
invention,

-51-
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