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CHAPTER |

INTRODUCTION

Overall cancer fatalities have been leveling off for both men and women since the
early 1990s, however the prevalence of cancer occurring over a lifetime is still
remarkaby high for men (45%) and women (38%While all of the recent advances in
therapies and treatments for cancers have increased the average lifggdantsfit has
opened new doors toetastatic diseaséisat were nopathologically relevant in the past.
One of the most prominent metaist sites for the most common cancers, e.g. breast,
prostate and lurfgis often the keletal systeh Skeletal metastasis increases mortality
significantly?, andare associated with increased pain, hypercalcemia, and fractures. The
growing interest of research in this areahswn in Figure 1.1.
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and Acancer indiuced bone diseaseo (

As in many cases of metastatic dise#se phenotypic and genetic changes that
occur when cancers metastasizedne effectivelyrender the cancéncurablé®® °,
Oneof the many changes that occymon establishment in the bone microenvironmgnt

the upregulation and secretion of parathyroid related protein (P HP@Jyathyroid

proteins are utilized by the body to regulate calcium ion concentration in the blood



stream, particularly dumiy pregnancy, by stimulating osteoclasts to breakdown hone
This protein has been shown to be an integralqgdarte vicious cycle of osteolytic

cancer®’. The vicious cycle is a unique phenomenon in osteolytic tumors where the
cancer chs stimulate bone destruction and the bone destruction releases growth factors
which further stimulate the tumors.

There has been a large effort to study the mechanisms that drive the vicious cycle
with significant focus being placed on the effectsnafchanotransduction.
Mechanotransduction is the ability of a cell to react to the local physical environment.
Many cells have been shown to sense their local environment by the expression and
activation of integrinsa class of transmembrane proteinghwgpecific binding affinity to
various extracellulamatrice$. It has ber found that upon exposure to various
substrates of similar chemistry but different rigidities, many types of cells will alter their
phenotypic and genetic profilesSpecifically, cancerous cells have higher contraction
and spreading abilities on substrates with higher rigttiiayn the native tisstie This can
lead to a number of pathological issues, such as increased invasiveotl#y and
metastatic pssibilitied™. The ability to analyzeellular responses a physiologically
relevant range of rigidity for bormould precipitatehe underlying mechanisms of
mechanotransductidn cancer induced bone diseas®l could potentially lead to
therapeutic targets.

The goalof this dissertation was to optimize and characterize a polyurethane
basedcell culture system that could be utilized to study the effects of
mechanotransduction icancer induced bone disease. From these efforts therapeutic

targets were identified andatihodologies for delivering drug payloads to specific



pathological locations were analyze@ldditionally, polyurethanébased bone grafts
developed in the Guelcher lakere analyzed for biocompatibilignd optimized with
novel chemistries, paving the whoyr further studies in the regeneration of bone
destroyed by metastatic cancers.

The wo-dimensional polyurethane cell culture systeleveloped in the Guelcher
laband covered in Chapter |thas been previously utilized to determine that there is a
corrdation between the physiologically relevant rigidity in the bone microenvironment
and the expression of osteolytic factors, such as PTHrP, in cancer cells that are known the
metastasize to botfe The change in osteolytic gene expression in response to rigidity
was associated with TGF s i g n a | rassgciatadkiohasdr(R@CK), a downstream
signaling cascade in the mechanotransduction respémszhapter Il thisvork is
expanded by probing the upstream signaling pathways associated with cancer cells that
metastasize to bonén particular, the relationship between integrinand GFs i gnal i ng
is examinedy a novel Forster resonance energy transfer (FRET) exgeti The FRET
analysis showed that there is a distinctazalization on the surface of cells cultured on
rigid substrates and not on compliant substrates. The ability to limit the expression of
integrins,by therapeutics or small hairpin ribonucleads (ShRNA), prevents this €o
localization andowers osteolytic gene expressiornvitro and tumor induced bone
destructionn vivo. From these studies downstrearalecular targets are identifiéor
the potentialnhibition of osteolytic destruction in cancer induced bone disease.

Thedownstreamargets identified by the previous stuchn be affected by
several classes of small molecule hydrophdbigys;however, the most effective drugs

are insoluble in aqueous environmeautsl have posed significant challenges in both



systemic and local delivery to tumors. Additionally, the drugs must be reliably delivered
to the cytosol of the cancer cells to achieve the desired affects. Both of these challenges
can be overcome with th@plication of polycationic micellar nanopartictés Chapter

IV screens a library afwelve polycationic polymerthat spontaneously form micellar
nanoparticles for potential drug delivery vehicl&me of théwelve polymers in the

library tested have been found to be highly effective at encapsylatid delivering

small interfering ribonucleic acids (SiRNA) vitro andin viva'2. Furthermore, the

polymers have been loaded into injectable polyurethane scaffolds, developed by the
Guelcher lab, and shown to bmlogically active upon release from inapked scaffolds

in viva. However,none of the polymerisave been studied for the capacity to
encapsulate and deliver small molecule hydrophobic driige.synthesis and
characterization ahepolymer library as well as the ability to encapsulate and delivery a
modelsmall molecule hydropobic drug was completed vitro. Effects of pH and

polymer composition on cytotoxicity, membrane disruption, and micellar stability were
also analyzed revealing a noyalymercompositionfor further analysis.

Chapter Vdescribes thanalysis of injea@ble, settable polyurethane
biocomposites fouse as a regenerative platform for bone defdajectable and settable
bone grafts offer significant advantages overfprened implants due to theability to
be administered using minimally invasive teicjues and to conform to the shape of
irregular and complegefecs. However, injectable biomaterials present biocompatibility
challenges due to the potential toxicity antimate fate of reactive components that are
not incorporated in the final curedagluct. In this studyhe effects of stoichiometry and

triethylenediamine (TEDA) catalyst concentration on the reactivity, injectalality,



biocompatibility of two component lysingerived polyurethane (PUR) biocomposites
wereinvestigated.Rate constastwere measured for tikemplex reactive mixturaesing
an in situ attenuated total reflection Fourier transform infrapsdtroscopy technique.
Based on the measured rate constants, a kinetic model predicting the corvezaitin
component with time was developethe kinetic model successfully predicted the
composition of leached material over time and proved that onkcykmtoxic materials
could extravasate into the wound béithe PUR biocomposite supported cellular
infiltration andremodeling in femoral condyle defects in rabbits at 8 weeks, and there
was no evidence of an adverstammatory response induced by unreacted components
from the biocomposite or degradation produais the cured polymerTaken together
these data underscore the utility of the kinetic modpledlicting the biocompatibility of
reactive biomaterialsThe polycationimanoparticles discussed in Chapter IV and the
injectable biocomposites described in Chapter V are prime candidatesttliziee
together for patients with cancer induced bone disease. The ability to release specific
small molecule hydrophobic drugs from an injectable bone gpaft result in reduced
margins of resections, localized cancer destruction, and regenerfationor destroyed
bone.

The injectable, settable polyurethdsiecomposites in Chapter V adesigned
with a polyester component that degrades primarily by hydrolysis of the estéf.bond
The hydrolytic degradation has also been shown to be autocdtalytiichis difficult to
control andcancreatea mismatctbetween thelegradation of the polymer scaffold and
regeneration of new tissirevivo™. In order to overcome this hurdle, a novel polymer

with covalent linkages that are highly susceptible to reactive oxygen species (ROS) called



polythioketals (PTKs) were developed and optimtZe&ince ROS is mainly secreted
locally by cellsin vivo, replacing the polyester component in polyurethane composites
with a PTK polymer results in degradation rates that are related directly to the degree of
cell infiltration. Chapter VI describes tldevelopment of PTKs and Chapter VIII
discussesvork toadd another level of specificity to the degradation mechanism of PTK
polymers by incorporating enzymatically labile amino acid sequences. The reaction to
form PTKs results from the acid catalyzsdp polymerizatioof adi-functionalthiol
component with @i-functionalhydroxyl analog. Nearly angi-functionalthiol
compound can bemployedfor this reaction, including thiolated amino acids. Thiolated
amino acid sequences were designed with sensitivity to Cathepsin K, an enzyme secreted
by osteoclasts ding bone remodelin, and added to the PTK reaction. Up to 10% of
the amino acid coultdeintegratednto the PTK while still remaining a viscous liquid.
Chapter VI discusses thErK-amino acid (PTKAA) synthesis and characterization upon
incorporated int@olyurethanes The degradation rates and specificity were also
analyzed and compared with two different isocyanates and polyester coftrel® Tk
AA polymers were found to have both enzymatic and ROS degradable functiamality
vitro.

Chapter VIl concludes the dissertation by summarizing the main results and
Chapter VIl presents a cumulative discussion of future studegrall this dissertation
presents a path tevelop polyurethanes to study and ultimately treat cancer induced

bore disease.
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CHAPTER Il

BACKGROUND

Cancer Induced Bone Disease: Biology, Patholoqgy, and Cellular Mechanisms

The skeletal system & important reserve for minerals, immune cgltsfeins,
and growth factors Thebone micrenvironmenis in a constant staté ,emodeling
with the entire skeleton being replaced on average b years. Bone turnover, in
healthy individuals, is a tightly controlled procegh strain and biochemical signals
influencing the rate of new bone formatfofThis process is generally controlled by three
cell populations: osteoblasts, osteoclasts and ostedt§tesOsteoblastare the bone
building cells. They begin the bone forming process by excretipgdadlagen, which
polymerizes extracellularly into collagen.eiN mineralizedooneis formed by
reinforcing the collagen fibers with precipitategdroxyapatitd HA). Someosteoblasts
envelop themselves in mineralized matrix difterentiate toosteocytes. The osteocytes
regulate bone turnover amgtl in maintaining ion equilibrium in the plasma. Osteocytes
are stimulated to induce bone resorption by many factors, including constant strain,
injury, electrochemical interactions and biocheminatkersfrom the endocrine systém
The resorption process of bone is completed by the osteoclasts. These cells are formed
by a merger of bone progenitor cells and resudtlargemultinucleated single cell. The
osteoclasts form sealed resorption areas by integrin activated attachment to extracellular
proteins like vitronectin (Vn) and fibronectin (n)The resorption areas directly
underneath the cells are then exposed to excretéeqses, reactive oxygen species

(ROS), and high concentrations of acidic specidss results in dissolution of both the



mineral structure of bone and the underlying collagen reinforceme&his.in turn
releases ions and growth factors such as wamsfig growth factob (TGFb), bone
morphogenetic proteins (BMP), insulilke growth factors (IGF) and many more
There are several pathologissich as osteoporosis, hyperthyroidigmthritis,
and metastatic cancetbat result in unbalanced bofemation and a majority of these
diseases are causidpartby a disruption or hijacking of the endocrine systeffhe
endocrine system is comprised of many glands that secrete regulatory hormones which
act on nearly every system in the body. In regards to bone remodelipgydhgroid
has been isolated as a primary driver of bone resorption. During pregnancy the
pardhyroid releases a large dose of parathyroid related protein (PTHrP), which acts to
increase levels of Ghions in the blood for fetal development and lactdflo®THrP
indirectly acts to enhance bone resorption by binding to receptors in osteoblasts which
inducesthe produation of receptor activator of nuclear fac®B ligand (RANKL) and
prevents the formation of osteoprotogerin (OPG) which acts as an inhibitor to RANKL
RANKL binds to RANK receptors on osteoclasts and stimulates bone resoiptiole
this process igghtly controlled in healthy individuals, many forms of cancer that are
known to metastasize to bone show the abilitipéally producePTHrP and in turn this
generates what is known as the #@%vicious
In some of the most common forms of cancer, e.g. breast, lung and prostate, late
stage diagnosis often includes metastatic sites in bonee Bese tumors establish in the
bone microenvironment tlyebegin to secrete PTHr®hich has been shown to be
regulated through the transcription factor &liPTHrPstimulates the resorption of bone

through the RANKL mechanism atlgis causes theelease bgrowth factors held within
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the bone like TGH. In normal cellsand even in tumors at the primary site in breast
cancer,TGFb results in apoptosisiowever, the metastatic cancer cells that establish in
bone have malternative signaling pathway and are stimulated in the presence offf GF
to produce more PTHPP The vicious cycle positive feedback loop resultssteolysis

and tumor proliferation.

The causes of metastasis to bone have been widelgataid are linked tmany
factors including chemokine receptors, protease expressiointagdn expressioh
Integiins are a class of transmembrane proteins that have specific binding domains
targeted to various extracellular matrix molecules. They are vastly important to regular
cell function as adhesion sites for motility and they initiate differentiatitmcancers,
integrins have been found to be overexpresseabiny tumors including thotkat
preferentially metastasize bmne Specifically,overexpression dghtegrinUbs, an
integrin with binding domains specific to Vn and Fnknown to result in aggressively
bone metastatic phenotyp®s. However, if metastatitumor cells are artificially
stimulated to express high levelslgbs; and directly transplanted into the bone, there is
no difference in the osteolytic potential compared to cells that express normal levels of
Ub:%. Inhibition of integrinU,bs by treatment with small molecule antagonists or
antibodies rests in lower prevalence of metastasis to B&n8ystemic inhibition of
U/bs is thought to act synergistically to reduce metastasis by decreasiog tum
angiogenesis and preventing osteoclasts form forming resorption pits. However, since
Ubs is prevalent in many normal cells systemic delivery of-amégrin therapeutics may

have adverse side effetts
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While thebasic mechanism of thecious cycle ananetastasisre well studied
the reason behind the distinctly different gene eggion between primary tumors and
metastatic bone lesioms more compleXFigure 2.1) The expression of the osteolytic
proteins such as PTHrP is nearly 100% prevalent in metastatic tumors that reside in bone,
where other metastatic sites (even withia $ame patient) have significantly less
expression of PTHM®. It has been shownthatthe TBF si gnal i ng pat hway
gene expression @li2, atranscription factothat can egulate PTHrPhoweverTGF-b
is ubiquitously expressethus cannot alone explain the bone specific expressime
factor thatcan aidanalysis isstudyingthe rigidity of the bone microenvironmesmd the

utilization of organ specifim vitro models

Bone EC

Mechanotransduction
Rigidi

Stem Cells
Immune Cells
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Fibroblast \‘ ‘ ' '. .-
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Figure 2.1. Current scheme of the possible factors involved with the vicious cycle.
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Organ Specifidn Vitro Models

The cells ability tasense and respond to the mechanical cues of the surrounding
microenvironment is knowto play a large role in phenotype and gene expression
many cell populationsin the case of cancergudies looking at primary breast tumors
have shown that thereasslight increase in thegidity of the extracellular matrix
surrounding a tumdf. This increase in rigiditis commaly modeledn vitro with
hydrogels The organ specific models weaable toprovide insight on tumor invasiveness
and novel molecular pathways that resulted in target therapélitiemwever, a large
majority of studiesise hydrogels which are limited modulusto <100kPa.These
materials are unable to provideage of rigidity that is specific to bone.

The bone microenvironment is divided into twoegmf mineralized matrix
cancellous and cortical baheCortical bone is the hard outer casing of bones and it has
high mineral density and limited vascularity. Cancellousabecular bone occurs in the
interstitial space of cortical bone, primarily near joints, and is comprised of a network of
spindle shaped mineralized trabeculae. The trabecular bone is filled with marrow and
blood vesselsRecent nechanicahnalysis othese two types of bone with
nanoindentation has yielded a range of rigidity of 365 + 223 MPa for trabecular bone and
9.9 + 1.7 GPa for cortical botie Other methods of analgshave obtained similar
values;however, nanoindentation probes the matemah similar scale toellar
interactions

In order to better model the rigidity of bonegpa@yurethane (PUR) cell culture
system was developed. The PUR films were made by melt casting a liquid reactive

isocyanate and pollgydroxyl. The molecular weight of the precursor materials is

13



directly correlated to the modulus of the resulting filmy &8ljusting the molecular
weight, PUR films were generated with rigidity that spanned from 1 MR&Pa
(Figure 2.2).Initial studies witithe PURfilms in vitro haveshown that PTHrP and Gli2
are stimulatedh metastatic breast cancer caisiply by ircreasing the rigidity from
basement membrane levels (~1 MPa) to cortical bone levels (~1'GRajas also
found that inhibition of the downstream mechanotransoiicegulator Rho associated
kinase (ROCK)imited the rigidity mediated stimulatioriThese experiments showed that
modeling the rigidity of the bone microenvironménvitro hasa direct correlation to
clinically relevant gene expressionvivo. Addiionally, it is more likely that novel
therapeutic targets can be better identified when biologically relevant models are
employed Future studies withonebiomimetic models shadd aid in elucidation of the

complex interplay of cancers that metastasieégpentially to bone
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Figure 2.2. Diagram of the range of modulus seen in cancers that metastas
bone with physiological rigidities boxed in solid lines and model systems in
dashed boxes.
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Injectable Biomaterialfor Tissue Engineering

Biomaterials are generally defined as +wable materials used in medical
devices that are intended to interact with biological systems in order to replace any tissue,
organ, or function of the body While this classification is constantly evolving to
encompass new areas of resefchhe definition of injectable biomaterials exhibits
more vaiability depending on the specific application, reactivity of the mateaiad]
interaction with the tissd& °. For the purposes of this review, the term injectability
will focus on materials that are vimes enough to be extruded through clinically relevant
applicators with minimally invasive surgical techniques. Injectable biomaterials offer
advantages compared to prefabricated implants due to their ability to be utilized in non
invasive surgical procedes, curein situ, fill complex defects, and easily incorporate
cells or therapeutics. Prefabricated biomaterials require implantation through invasive
surgical procedures, which increases the risk of complications and recovery tiltith
the interest in biomaterials for tissue evegring applications presumably rising for the
foreseeable future, injectable biomaterials are anticipated to increase in clinical
significancé®.

Injectable and settable biomaterials can be classified based on curing mechanisms
(nonsettable injectable materials are outside $igepe of this review). Physically
settable biomaterials include environmentally responsive crosslinked (i.e. pH,
temperature, micelle formation in water, etc.) and ionically crosslinked pol{inérke
lack of covalent linkages in physically settable biomaterials produces weak mechanical

properties, which limits their use. h€mically settable biomaterials, which form covalent

15



bondsin situ, cure by photopolymerization, thermally activated polymerization, catalyzed
reactions, clickbased reactions, or enzymatically catalyzed reacflons

Despite the advantages of settable biomaterials, there are distinct challenges
associated with the development of clinically relevant therapies. Strafegielical
translation must address sterilization procedures, handling properties, biocompatibility,
and regenerative capabilitiés The toxicity of low molecular weight reactants, catalysts,
or other additives released durimg situ cure is of particular concern for settable
biomaterials. Settable biomaterialswust be designed as itgect low molecular weight
monomers (and optionally catalysts or other additives) that subsequentlynreaad
without damaging host tissue. The reegments of biocompatibility and biodegradability
apply to both the low molecular weight precursors as well as the cured material. The
following critical engineering challenges must be addressed when designing settable
biomaterials for clinical use.

Sterlization and Infection

Despite meticulous surgical care, the incidence of bacterial infection resulting
from implanted biomaterials can be as high as'’584 Infection rates are highly
dependent on the type, application, and location of implantationinfection of
temporary implants, such as catheters, wound dressings and mucosal inserts, can result in
pain, discomfort, use of systemic antibiotics and additionapmicationé®. Orthopedic
and cardiovascular implant infections are more serious, and as with many biomaterial
infections the bacteria involved are also increasingly resistant to common antiffiotics
Infections associated with these permanent implants can result in tissue damage, excess

surgeries, implant fhire, or mortality’.
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Sterilization is the first line of defense against bacterial infections. Settable
systems are more sensitive to sterilization procedures due to potential polymerization or
loss of reactivity of the monomeric components, which would adversely affect their
performance. Applications that utilize injectable systems to deliver bioactive molecules,
drugs, or cells are particularly sensitive, and consequently sterilization and its effects on
the efficacy of these biologics must be analyzed. For most settable biatsatthylene
oxide (EtO) or gamma irradiation is the gold standard for sterilization of liquid organic
components. Radiation doses below 25 kGy have been reported to have minimal
effects on the functionality of most biomedical polyrm#&trs

In cases where sterilization and proper surgical technique alone are insufficient
for preventing infection, a growing amount of research has been applied to local delivery
of antibiotics from an implanted matefial Local delivery of antibiotics has the benefit
of sustaining effective doses directly at the site of implantation. Although systemic
delivery can provide basal levetsf protection from infection, its ability to provide
bacteriocidal concentrations at the implant site is limited due to ischemic conditions and
the inability of the drug to diffuse to the surface of the impfantSince bacterial
colonization occurs on the surface of biomaterials, local delivery of antibiotics from the
implant allows for a more controlled targeted therapeuntervention. Settable
biomaterials can easily incorporate antibiotics by simple loading during mixing of the
precursor$® ®. The release of the antibiotics is typically diffusiwontrolled, which can
be tuned basednomaterial parameters such as crosslink density and pGr8sity”".
Alternative carriers, such as microbeads, conjugateetiprgs, or even materials with

known microbial resistance such as chitosan, can be added to further control the release
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of antibiotics and invasion of microbial spes®® 2% 258 27 These techniques have
proven to reduce infections in animal models of orthopedic trauma for up to 8*#eeks
256 251 28 \While the incorporation of antibiotics for localized delivery holds much
promise, concerns remain about overuse and the occurrence of resistant bacterial
straing’3%,

Handling properties

Handling properties of settable biomaterials, suchs@wage, mixing, and
delivery, must be optimized to facilitate ease of use in the HinBtorage requirements
are highly dependent on the composition of the material. Vgateble materials can be
lyophilized to improve shelfifie and require resuspension or solubilization before tise
Stabilizers can be added to reactive organic liquids to enhance storage stability. Storage
at low temperatures and/or reduced pressures in containers purged with an inert gas can
further enhance stability. Regardless of the @@t under which the material is stored,
care should be taken to ensure functionality is retained. Depending on the number of
precursors required for a given system, the materials might need to be mixed directly
prior to injection. Rheological charadiEtion can provide insight into the viscoelastic
properties of material® situ, which can directly translate into clinical performance of an
injectable system. Suspensions of solid particles irvi@aosity monomeric precursors
are typically sheathinning fluids, which are characterized by a reduction in viscosity
with increasing shear rafe Sheathinning behaior can enhanc¢he injectability of
settable biomaterials, due to the consequent reduction in viscosity upon the application of

force®’. When the applied force is removed, the viscosity increases, which can prevent

extravasation of material away frothe site of injection. In order to determine shear
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thinning behavior, a shear rate analysis must be performed using-agdaterheometer.
In this test, the viscosity is measured as a function of shear rate, from which the apparent
yield stress (e.gthe force required to cause the material to flow) can be calculated.

Many biphasic injectable systems, such as injectable composites or cements,
exhibit yield stresses spanning a range from11,000 P&". The yield stress is directly
correlatedto the injectability of the system, with lower yield stresses resulting in easier
injection. There are additional factors required to fully define injectability, such as
diameter of the injection device and molecular interactforisut the yield stress and
shear thinning behavior provide valuable insightionsitu viscoelastic properties of
injectable systems that can be directly translated into clinical performance.

The time between mixing and chemligelation, also known as the working time,
is a crucial parameter for characterizing settability. Working time can be calculated from
the rheological cure profile measured under constant strain condfitions this
experiment, the viscosity, storage, and loss modulus are measured versus time. As the
material cures, the storage modulus (corresponding to energy stored elastically) increases,
while the loss modulus (corresponding to enedggsipated by flow) decreases. The
working time is identified as the point at which the storage modulus equals the loss
modulus (i.e., the crossover point). Consequently, the working time is also known as the
gel time, at which point the material hasr@d a network and can no longer flow.
Working times of § 15 min are preferred for clinical USe

Reaction conditions

Settable biomaterials must undergo rapid setting, exhibit a mild exotherm,

comprise noftoxic precursors, and @sent minimal risk of extravasation. Rapid setting
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reduces the delay before the surgeon can close the wound, which consequently reduces
the risk of infectiof’. Many of the available chemistries cure via an exothermic reaction.
Since a rise in temperature of just 5° C for 300 s arse necrosiy controlling the
exotherm is important to avoid damaging local native tissue. In extreme cases, such as the
exothermic poly methylmethacrylate (PMMA) reaction, temperatures can reach 125°
C** The exotherm can be reduced for many reactions by lowering the aatioanof
catalyst or initiator, but lower catalyst concentrations can increase the working time. The
reaction should also undergo a high conversion of precursors in order to eliminate the
possibility of unreacted material leaching from the implant. ®hile reaction is
proceeding, there is a corresponding increase in molecular weight and viscosity, which
decreases extravasation of material away from the implantation site. Thus, reaction rates,
which can be measured using techniques such as Fourigotrarinfrared spectroscopy
(FTIR), must be optimized to provide for sufficiently rapid cure without generating a
harmful exother?2 Even for reactions that rapidly achieve high conversions, leaching
of harmful low molecular weight components is possible. The adverse efféeésloing

on healing depend on the toxicity and concentration of the components, as well as the
native tissue at the injection sfte Thus, biocompatibility testing of the individual
components is essential to understand the potential risk of leaching toxic monomers or
catalysts int the wound bed during cure. Guidelines for toxicity testing can be found in
the 1SG10993 standard, which provides established protocols for testing biomedical
devices required for regulatory approval. In particular, -I909935: Cytotoxicity
specifiesin vitro testing methods for assessing biomaterials at very early stages of

development. Té cytotoxicity protocol assesses the viability of cells treated with
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extracts obtained by incubating a biomedical device in saline or medium for 72 hours.
For injectable systems with multiple reactive components, this analysis is also helpful for
determinng the toxicity of individual components. Cytotoxicity tests are simple, rapid,
inexpensive, and highly sensitt/e Thus, they provide an early indication of
biocompatibility. In vivotesting is required to determine the safety of the device prior to
use in patients. ISO 10993 Systemic Toxicity, which evaluates the potential adverse
effects of the device on the 4 dplgntatton or gan
Testing, which determines the local pathological effects of the device on surrounding
tissue, are useful for assessing the safety of settable biomaterials at later stages of
development.

Degradation and tissue regeneration

In regenerative appmations, biomaterials must not only support infiltration of
cells and ingrowth of new tissue, but also degrade intetoxin breakdown products
The mechanism and rate of degradation of a settable biomadéieal implantation
affects the release of degradation products and the healing of the surrounding tissue.
Upon implantation, degradation inevitably results in loss of mechanical strength.
Therefore, it is imperative to tune the degradation rate to gdtoywer cellular infiltration
and remodeling, which will return native function and eventually mechanical properties.

Many types of biomaterials are designed to degrade by passive mechanisms (e.qg.,
hydrolysis). Hydrolysis rates are dependent on the wperosslinking, chemical
structure of the precursors, and the anatomié®it&he rate of hydrolytic degradation
can n many cases be adjusted to match that of remodeling. However, in the case of

polyesters, a commonly utilized polymer for injectable biomaterials, hydrolysis occurs
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faster at low pH and the degradation products of hydrolysis areé"acifisis can lead to
autocatalytic degradation, which can subsequentigrease degradation rates at later
time pointsin vivo'. Furthermore, the local reduction in pH can cause tissue damage
which hinders healir§.

In recent years, cetlegradable materials have been developed by incorporating
proteolytically cleavable peptides in the backbone. Proteolytic degradation can occur by
many types of enzymes vivo, with matrix metalloproteinases (MMPs) garnering much
interest®.  Proteolytic degradation is generally achieved via incorporation of small
sequences of amino acids that have been fgsEhtas highly sensitive to specific

enzymatic cleavage, which enables cells to actively degrade the material.

Polyurethane Based Bone Grafts

Polyurethanes (PURS) are a clasbiotompatiblepolymers derived from the
reaction of isocyanates (hard sent) with hydroxyls (soft segmenthat have been
utilized for biomedical applications for nearly 40 yéarsTheindividual segments have
inherent physical attributes that make them advantageous when together, as the hard and
soft segments provide physical strength and elasticity, respectively. The duality of the
final polymer allows for uniquand tunablghysical and chemicalroperties.PURs can
be further classified by the functionality of the precursors used for synthesis. Precursors
with a functionality of 2 generate linear elastomers, where functionality >2 produces
crosslinked networks. Both linear and crosslinked Puigerials have been widely
utilized in the field of biomaterials. Linear elastomers offer more traditional options in

biomaterial design. These polymers can be electr68moivent caéf, or molded into

22



various shapes to fit different applications, such as coAfjirmgure’, catheter®, and
artificial tissue matricé8®. Crosslinked networks can be utilized for injectable
formulations that curn situ.

Injectable PURSs are a relatively novel attempt to harness\vhesdilibrary of
biocompatible polymers. Multomponentiquid reactive systems are required to form
injectablePURs The components are liquid isocyanates, {hglgroxyls, water,
stabilizers, and catalysts. Common catalysts used in injectable Plé/syat amine or
metal based. Amine based catalysts aretorit, but theyhave been found teelectivity
catalyze thevaterreactionin aliphatic isocyanates, which can cause overfoathing
However, the isocyanaigater reaction produces a urea bond, which improves strength
of the network vidancreasedydrogen bonding. Furthermore, the water reaction
produces carbon dioxide wdhi acts as a blowing agent to form porous PUR foams in situ
that are ideal for enabling cellular infiltratih Metallic catalysts are selectively
catalyze the hydroxyisocyanate reaction, but are generally more toxic then their amine
counterparts. Combinations of catalysts can be utilized to produce many types of
PURs.

There are numerous sources for liquid isocyanatgstheir aplication is limited
by possible toxicities Low molecular weight, aliphatic diisocyanates such as 1,4 butane
diisocyante and 1,6 hexamethylene diisocyanate are known to havexmodegradation
products and are widely utilized in biomediB4JR elastorars® 3. However, both these
diisocyanates haveigh vapor pressures and are highly toxic as iahts, limiting their
use as injectable precurs¥rsTo combat toxicity issues related to some of these liquid

isocyanate sources, prepolymers of isocyanates synthesized from low molecular weight
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linkers can be usddstead®. Common aromatic isocyanates, such as toluene
diisocyanate and methylene diphenyl diisocyanate, are known to be toxic as mahomers
Additionally, upon degradation, aromati@sed diisocyanates form aromatic amines,
which areknowncarcirogens® *’. Aliphatic isocyanates derived from lysine have a
combination ofow vapor pressure, low monomeric toxicity, Atmxic degradation
products, and low melting p making them ideal for injectable PURs Lysine methyl
ester diisocyanate (LDI) and lysine triisocyanate (LTI) have been utilized for injectable
PURapplications in soft and hard tissue regeneratidh For applications in soft tissue,
lysine basd biomaterials undergo significant oxidative degradation which results in
implant lifespans of only 4 week&

The cellular components of the wound healing and begeneratiorare well
known and can be targeted for use in designing degradable biomaterials. The initial
response to injury or biomaterial implantatiorbonebegins by neutrophil and
maaophage migratioff®>°. This cell population utilizes oxidative species to remove
cellular debris and dispose of bacterial threats. Additionakigeltells secrete cytokines
that recruit and aid in differentiation of stem cells. If a material does not illicit a foreign
body reaction, then the inflammatory cells disperse within dagiseconday
populations of cells proliferate and induce angiogef@*°. In bone regeneration,
osteoblasts progress into the wound, begin laying down cortex material, and ossifying
structurally weak areas. Tlossified bone is remodeled into native bone by osteoclasts
which secrete acids and enzymes, such as cathepsin k and MMPs, to aid matrix
degradatioff. For biomaterials utilized in bone regeneration, osteoclasts are known to be

the major cell population that induces degradation and remodf&{iigy®™.
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Degradable mechanisms for PURsvivocan be deemed passive or active
depending on cellular involvement. Passive degradation mechanisms occur without
cellular intervention (hydrolysis), while active degradation mechanisms respond to
cellular cues (enzymati®y) Biodegradable PURs are traditionally formulated with
polyester soft segments which hydrolytically degrisxétro andin vivoto nontoxic
alpha acid®. This passive degradation can be adjusted by several factors including,
polymer composition, molecular weight, hard segment content, and bz
However, there are ises with autocatalytic degradation with polyesters due to the
release of acidic byproducts during degraddfioiThis leads to quicker and less
controllable degradatioim vivo. Active degradation mechanisms alléor the natural
wound healing response to remodel the polymer nfatrikn additional benefit of active
degradation is that the polymer maintains structural integrity until the desired cellular
response is achieved. The incorporation of novel polymer chexajstuch as
poly(thioketals) (PTKs), and amino acid substrates for specific cell released enzymes can

induce active degradation in PURs.

Localized Druqg Delivery from Polyurethane Grafts

For soft tissue applications, injectable formulations of lysiasel PUR foams
have proven to produce a ntoxic reaction environment during injection, remain ion
toxic until complete degradation, exhibit clinically relevant handling properties, and form
a simple method for incorporating therapeutics or ¥ells Recently injectable
biodegradable foams composed of LTI and a polyester polyol were shown to promote

cellular infiltration and ingswth in a rat excisional wound mo8® These porous
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scaffolds maintained structural integrity during thelag study as they degraded at a
similar rate as local tissue regeneration. The regenerated tissue had reduced alignment of
collagen, with is indicative of lower scar formati&ft In another study, similar LTI

based porous PUR scaffolds were loaded with-r@gionsivenanoparticles which
encapsulatedsmall interfering ribonucleic acid (SiRNA)n vitro®. The siRNA
nanoparticles were uniformly loaded within the PUR precursors during mixing and
remained stable while the PUR foaming reaction compi&tedfter the foam cured, the
siRNA nanopatrticles were released and silenced a luciferase reporter gene. The activity
was similar to free nanoparticles, indicating the PUR reaction did not interfere with the
nanoparti c % sThe diffusiorpoatrolted lsase was hypothesized to be
effective forin vivo gene silencing over the period of several w&8ksThese exaples
highlight that LTtbased injectable PUR foams can be fabricated into a mechanically
stable, porous matrix utilized for drug delivery in soft tissue applications.

Injectable polyurethanes derived from lysine have been utilized in the
development ofbiocomposites intended for tissue regeneration in hard tissueasites
wel[30 588 6% 65 - |niactable formulations for hard tissue applications generally include
LDI- or LTI-based prepolymers, amorphous polyester polyol, water, catalyst, solid filler,
and therapeutics. Mineralized ma#s, such as calcium phospe&® or allograft bone
particles®™® can be incorporated in the liquid reacting mixture to increase theamieah
properties of the PUR biocomposite. Therapeutics, such as antfffoticsgrowth
factor$’ can also beadded as labile powderso aid the biological properties.

Theoretically, the incorporation of nanoparticle based therapeutics (as discussed above)

should also be possible in the PUR biocomposites.
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CHAPTER Il

POLYURETHANES AS SUBSTRATES FOR ADVANCED ANALYSIS OF

MECHANOTRANSDUCTION EFFECT3N CANCER INDUCED BONE DISEASE

Introduction

The rigidity of the extracellular matrix is of increasing interest in the development
of new, effectiveherapies to prevertincer induced bordisease. Rjidity has been
shown to stimulate RhRmediated celtontractility to influence a number of cellular
outcomes, including motility, morphology and differentiatiofvhen cells are cultured
on gels approximating the rigidity of soft tissue, increasing rigidity of the substrate
generates larger cellular traction forces that result in activation of integrins, formation of
focal adhesions, ammbnsequent activation of SFKsUp-regulation of SFKs activates
Rho/ROCK signaling and subsequent phosphorylation of myosin light chain (MLC),
driving increased cell contractilityin soft tissue, forces arising from RO&jenerated
contractility can drive cytoskeletal remodeling, réisgl in stiffening of the matrix
surrounding the tumdthat can lead to a 16@ld increasen matrix rigidity’. In
contrast, in the bone microenvironment, tumor cells interact with a rigid matrix that is at
least 100,000,006bld stiffer than the prirary site. Consequently, the rigid mineralized
bone matrix is anticipated to drive a fefedward loop where integridependent
signaling is stimulated upon establishment of the tumor cells in the bone
microenvironment.Since many common tumors metastasizbone, it is of the utmost

importance to study all aspects of the bone microenvironment.

Decades of research has demonstrated that once these tumor cells establish in the
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bone they secrete factors like parathyroid hormone related protein (PTHeRgukin 6
and 8, or other factors that induce osteoblast expression of Receptor Activatooob NF
Ligand (RANKL) that stimulates the osteoclast to resorb hoffiais resorption results in
release of TGH from the bone matrix that continues to drive the expression of PTHrP
(or other factors) by the tumor célls While the mechanisms of T& r egul at i on
PTHrP expression in tumanduced bone disease have been studied extensively, it is still
unclear how the bone microenvironment regulates gene expression in tumor cells or why
tumors recur irthe bone many years after the primary tumor has been renidgsglite
these mechanistic studie$iet majorclinical treatments for bone metastases focus on
inhibiting bone resorptianWhile effective, these therapies do not directly inhibit tumor
burdenand do not significantly extend survival, suggesting a need for newer approaches

The physical rigidity of the microenvironment is one component that has been
demonstrated to regulate tumor cell invasiosaft tissue. However, until our paper in
2010 it was thought that tumor cells could not respond to rigidities above that of the
basement membraheWhile we observed that they could respond to the rigidity of bone
to alter gene expression, the moleculmechanisms remained unknown. Since
mechanotransduction signaling in soft tissue is regulated by integrin based focal
adhesiont ° and their ability to regulate contractility and invasfbrwe reasoned that
integrins were involved in the response ahtus to high moduli.

While specific ntegrirs, such asa,bs, has been demonstrated to promote
metastasis to bofe integrinsin generalhave been shown to cresgk with growth
factorreceptorsn primary tumorswhich mediates tumor malignancy and invasivelfess

For example,transforming growth factdbeta Receptor type Il (TGBP  Rihtéracts
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physically witha,bs integrin to enhance TGB-mediated stimulation of MARinases
(MAPKs) and Smad2/8nediated gene transcription in mammary epithelial cells (MECs)
during epitheliakmesenchymal transition (EM%)

In the present study, we hypothesizbdtintegrin a,bs mediated tumor response
to the rigidity of bone and influence tumimiduced bone diseasd.o test our hypothesis
we utilized a 2D polyurethane (PUR)Jm monoculture system to mimic the viscoelastic
properties of the basement membrane and mineralized inomgro. These studies
demonstrated that rigidity increased intedsgrexpression, which led to a-¢ocalization
with TGFb R | a n cexprieswon of BTHsPethus stimulating bone destruction.
Inhibition of tumor produced integribs molecular and genetic interferendecreased

gene expression of PTHrP and Gh2vitro andreduced bone destructiamvivo.

Experimental

Synthesis of 2D Substrates for Cell Culture Experiments

2D films with varying rigidity were prepared for the cell culture experiments. The
parameter typically used to quantify the rigidity of tissues and synthetic matrices is the
elastic modulus, whichsi def i ned by the initial sl ope
curve and has SI units of Nfnor Pascal (Pa). Unlike compliance or stiffness, the
modulus is independent of the geometry of the material. Biocompatible poly(ester
urethane) (PUR) substeat were synthesized and characterized as described pretiously
Briefly, an appropriate amount of polg{caprolactoneco-glycolide) triol (Mn = 300,
600, 720 or 3000 Da) was mixed with an LDI prepolymer and COSCAT 83 catalyst

(Vertellus) for 20s in a Hauschild SpeedMixerTM DAC 150 FKZvortex mixer
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(FlackTek, Inc, Landrum, SC). The targeted index (raticNGO to OH equivalents
times 100) was 105. The resultant mixture was poured into the wells of a tissue culture
plate and allowed to cure for 24h at'@D. To facilitate cell adhesion and ensure that the
surface chemistry was constant for all substrasted, fibronectin (Fn) was adsorbed to

the surface of the substrates by incubation inrey#nL solution of Fn in PBS at°@

overnight.

Fibronectin Characterization

To measure the surface concentration of Fn, coated substrates were incubated in a
solution of Fn antibody (1:1000) followed by incubation with a secondary -HRP
conjugated antibody. The relative amount of adsorbed antibody was then quantified by
reaction with 2' azinobis(3-ethylbenzthiazoling-sulphonic acid) (ABTS) and
subsequent optical dsity reading at 405nm. All PUR and PAA and were prepared at
the same surface concentration of Fn (lgTm2).

Mechanical Testing

PUR films and scaffolds were analyzed with an Agilent G200 nanoindenter
(Agilent Technologies, Chandler, AZ) to determthe elastic modulus at the cellular
interface of the materials. All the samples are probed by a diamond Berkovich indenter
tip, which has been calibrated from indents made on fused silica. All the nanoindentation
experiments were conducted at a consténain rate of 0.05. The elastic modulus and
hardness values were determined by the method proposed by Oliver and Pharr, shown in
equations 33"°. The depth of contact is derived from an empirical equation relating the
tip geometry, load, and stiffness of the er&tl, shown in equation 1 anigbre3.1 The

material stiffness, S, is defined as the slope of the unloading curve. Once the depth of
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contact is obtained, the elastic modulus can be derived from first determining the reduced
modulus, equation 2, and then applying equation 3.

N0 T W (1)
Where R is the depth of contact of the indenter into the sample, h is the full depth of

penetration, P is the load, and S is the material stiffness.

Figure 3.1. Diagram of the interaction between the nanoindenter and the sampl

0 T @)

Where Eis the reduced modulus and A is the contact area.
O p v - - — (3)

Where Ey is the indentation area, s the Poisson ratio for either the indenter or the

sample, respectively.

Cell Culture

MDA-MB-231 cells wereoriginally derived from ATCC (Manassas, VA) and
selected for the ability to metastasize to B&néIDA-MB-231 cells stably expressirg
dominant negative (MDADD4) form of ROCK were transfected and maintained as

describedoreviously*. The human squamous cell lung carcinoma cell line RWGT2 was
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purchased from ATCC (Manassas, VA) and a bone specific elasegenerated in our
lab. Cells were maintained and cultured atCG3@nder 5% CO2 in 1x DMEM (MDA
MB-2 3 1) or ME MU ( RWGT2) pl us 10% heat
penicillin/streptomycin.

SshRNA Transfections

MDA-MB-231 cells were stably transfected with d @f ShRNA for either human
i Nt eggaubu i t or control shRNA plasmid (San
i nstructi ons. 3KD ceisnverfe enairitatned inl DMEM glus 1086 heat

inactivated FBS, 1% petillin/streptomycin and 5ug/mLyromycin.

Quantitative Reallime PCR

To measure changes in gene expression, mMRNA reverse transcription was carried
out using the Quantitect Refsse Transcription kit (Qiagenp e r manufactur
instructions. Briefly, cells were hagsted with trypsin &r 24 hin culture and total
RNA was extracted using the RNeasy Mini Kit (Qiagen). The Quantitect Reverse
Transcription kit was used to synthesize cDNA using 1ug total RNA. The expression of
PTHrP, Gli2, integriFbz and TGFb RIl was measured in triglate by quantitative RT
PCR using validated TagMan primers with the 7300 Reake PCR System (Applied
Biosciences) using the following cycling conditions: ®For 15 seconds and 60 for 1
minute, preceded by an initial incubation period of®%or 10minutes. Quantification
was performed using the absolute quantitative for human cells method using 18S as an
internal control. The expression of osteopontin (OPN), interlelkiiL11), CXCR4,
connective tissue growth factor (CTGF), and matrix metatimimased (MMP9) was

determined using SYBR green primers as described previusly
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Western Blots

Cells were harvested 48h after seeding on substrates in a
radioimmunoprecipitation buffer containing a cocktail of protease and phosphatase
inhibitors (Roche, Basel, Switzerland). Equal protein concentrations were prepared for
loading with NUPAGE sample buffer (Invitrogen) areparated on a 12% SESAGE
gel (Biorad). Proteins were transferred to a PVDF membrane and blocked with 5% BSA
in TBS containing 0.1% Twee20 for 1h at room temperature, followed by incubation
with either phosph@38MAPK (1:1000, Cell Signalling), p38MA® (1:1000, Cell
Signalling), phosph&mad2/3 (1:1000, Millipore) or Smad2/3 (1:1000, Millipore)
antibodies overnight at 4°C. After washing, membranes were blotted withahbit
lgG (1:2000), and bands were detected by enhanced chemiluminescence. aivismbr
were then stripped and reprobed using an antibodp-etin (1:5000, Invitrogen) as a

loading control.

Immunoprecipitation

To investigate association of membrane proteins, cells were lysed using a 1%
NonidetP40 buffer containing a cocktail pfotease and phosphatase inhibitors.n400
total protein lysate per tube was incubated overnight @tuhder gentle endverend
mixing with anttTGFb RIl (1 ng, Santa Cruz). Subsequently, the immune complex was
captured with protein A/G agarose resin, thoroughly washed with lysis buffer and eluted
with nonreducing sample buffer. Proteins were then separated on aiPSGE gel
(7.5%, Biorad) and transferred & PVDF membrane. Following blocking with 5% milk,

membranes were incubated with antiegrin b; (Santa Cruz, 1:1000) at @ overnight.
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After washing, membranes were blotted with @abbit or antimouse 1gG (1:5000), and
bands were detected by enhathchemiluminescence.

ForsterResonance Energy Transfer (FRET) Microscopy

To investigate the association of TGF a n d | zhwe eerformed-orbter
Resonance Energy Transfer (FRET) and confocal microscopyeflyBrthe donor
antibody: antiintegrin b; (SantaCruz) was labelled with Alexa Fluor® 488 Carboxylic
Acid, Succinimidyl Ester (Life Technologies) (I'Tfz-488) and the acceptor antibody:
antt TGFb receptor type 2 (SantaCruz) was | abe
Acid, Succinimidyl Este(Life Technologies) (TGH RII-546) in a 2.25:1 molar ratio of
anti body:dye overnight at 4e. Labell ed
chromatography using RDO Desalting Columns (GE Healthcare). M#B-231 and
RWGT2 cells were grown on disc$ mgid and compliant 2D PURs. After 24 hours of
culture, cells were fixed with 10% For mal d
ITG-bs-488, TGFD RII-546, ITGb:-488 + TGFb RII-546 or 1gG control (1ug/1xf0
cells). Images were taken with a ZisSM 510 inverted confocal microscope. FRET
experiments were performed on a BioTek Synergy 2 using excitation filter 485/20 and

emission filter 590/35. Data was normalized to fluorescence of IgG control.

Drug Treatments

Cells were pretreated with them&d3 inhibitor, SIS3 (EMD4Biosciences, 10
nM) or the p38 MAPK inhibitor SB202190 (Tocris, riid), for one hour andharvested
To stimulate TGFb signalling cells were treated with either 5 ng/mL T®Fr TGFb

vehicle (5% BSAHCL) in serumfree media for 24 h prior to harvesting.
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Animal Experiments and Analysis

Confluent MDAMB-231 cells, K D ab4 KDohuman breast cancer cells were
trypsinized, washed, and resuspended in PBS for injection into the right tibia of
anesthetized -dveekold female athymic nude mice (Harlan Sprague Dawley, Inc.) at
2.5x 10° cells per mouse. Contralateral intratibial injeos of PBS were used as an
internal control for each mouse. Animals were euthanized four weeks after injection.
Hind limb specimens (tibia and femora) were removed during autopsy and fixed in 10%
neutratbuffered formalin (Fisher Scientific) for 4&urs & room temperature. Bone
specimens were decalcified in 10% EDTA fow&eks and embedded in paraffin. Bone
sections were stained with hematoxylin, eosin, orange G, and phloxine.
Histomorphometry was used to analyze tumor burden in the tibia and femugs usin
Metamorph software (Molecular Devices, Inc.). Specifically, using the drawing tool in
Metamorph, the region between the cortices directly below the growth plate was selected
and calculated by the software as the total area in squared centirfiétnsinor, as
determined by H& staining, was selected using the same approach. Tumor burden was
calculated as a percentage of tumor area over total tissue area. Multiple levels of bone
sections were stained and imaged, and all statistical analyses were gliantifie same
histomorphometric level.

Radiographs of mice

Animals were anesthetized deeply and laid down in a prone position on the
platform of the Faxitron LX60. Images were acquired at B&(p) for 8 seconds. Lesion
area and lesion number were deterai using quantitative image analysis software

(Metamorph; Molecular Devices).
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Exvivoe CT anal ysi s

Ti bias were analyzed using the Scanco
proximal tibia were scanned at-t2m r es ol ut i on. | mathgeeSsanove r e
Medical Imaging software to determine the V»ne volume.

Statistical analysis

All statistical analyses were performed using InStat version 3.03 software
(GraphPad Software, Inc.). Values are presented as mean = SENM, vahes
determined sing unpaired test, where *P < 0.05; **, P< 0.01; ***, P < 0.001 unless

otherwise stated.

Results

The PUR films were analyzed for rigidiby the slope of the unloading curve of a
nanoindentation plot (Figure 3.2). Namalentation is utilized todetermine the
mechanical properties of materials on a highly localized scale that is relevant for cellular
traction force¥®. Table 3.1 displays the elastic modulus in kPa for each PUR film.- PUR

3 and PURBO films are designated rigid and compliant films respectively.
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Figure 3.2.Representative nanoindentation curves for rigid (A) and compliant (B)
PUR films.

Table 31. Elastic modulus in (kPa) of PUR films as measured by Hiraahentation.

Sample Designation Elastic Modulus (kPa)
PUR-3 3.8*1¢° + 1*10°
PUR-6 8*10* + 7*10°
PUR-30 2.5%10° + 5*10°

We previouslyreported that PTHrP and Gli2 expression is regulated by RHCK
a known downstream effector of integrin signalingowever it remainednknown what
regulated the response to rigidity upstream. Integrins areestlblished regulators of
rigidity mediated responses, specifically, thgs integrin has been shown to regulate
migration and early stage invasiveness in metastatic bone cancer cél liBexe one

of the primary binding ligands fa,bs is fibronectin (Fn), Fn was deposited onto PUR
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films and cell culure dishes to ensura,bs binding was isolated. The effect of Fn
concentration was found tlo vitl studigsi withPoRa | abo
films coated with poly-lysine, a positively charged polymer that only would allow for
electrostatic binding, oother binding proteins such as vitronectintype | collagen
producednonsignificant or reveresedene expression for PTHrP, Gli2 andegrin bs

(Figure 3.3.

PUR films, coated with Fn, were utilized to analyze the gene expression of MDA
MB-231 and RWGT2 cells as a function of rigidity. Both cell lines are prone to
metastatic invasion of bone which often results in osteolytic tumatetektingly, both
cell lines expressed significantly increasing (p<0.001) amounts of PTHrP, Gli2 and the
integrinbs subunit as the rigidity is increased from basement membrane levels to that of
trabecular bone (Figure 3.3@). Upregulation of integns as a function of rigidity has
been seen in cancers in the primary'Sithowever, the range of rigidity spanned is
orders of magnitudes lower than the PUR films utilized in this study. These results reveal
that the mechanosensing of rigidity is highly specific to the associated pathological sites.
Since it has been shownathintegrina,bs is highly influential in bone metastatic cancer
cells further analysis into the relationship between the expression of osteolytic factors and

integrinbs was conducted.
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The effect of integrids on PTHrP and Gli2 expression was investigated by
utilizihg MDA-MB-2 31 cel Il s transfect ed;subinit@KDs h RNA
cells,90% KD, Figure 3.3 and MDAMB-231 cells treated with an inhibitor afbs
integrin(LM609). Both treatments produced a significant dexe€a<0.01) in PTHrP
MRNA (Figure 3.6A&E) and Gli2 mRNA Figure 3.5B&F) compared to control groups.
Theeffect of integrin concentti@n on osteolytic gene expression was tested on rigid and
compliant substrates with MDMB-231 cells transfected to over express integgin
The overexpressed cefissulted in higher levels of osteolytic gene expression on
compliant substrates (supplemntal information). The increased gene expression on
compliant substrates could be due to the increased cell contractility that has been shown
to occur in cells overexpressing integot®® Taken together these results ane of the

first to designate thenk between osteolytigene expressioand integrimactivity.
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Figure 3.5.1 nt e ggreinne be x p rzkDscells aompared to nfiock transfecte
controls.
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It is widely understood that thEGFb signaling pathways known to stimulate
expressionof osteolytic factors such aBTHrP and Gli?® To test whether this
stimulation wasaffectedby integrinbs, theinhibited MDA-MB-231 cells weretreated
with exogenous TGHB. In both cases, inhibition of thie; integrin subunitreduced
PTHrP and Gli2 mRNA expressiosignificantly (p<0.01; Figure 36 C-D & G-H).
Furthermore, exogenous T&itreament was not able to significantly increase the
PTHrP or Gli2 expression in the inhibited celfsgure 3.6C-D & G-H). Theexogenous
TGFb treatmenthad no effect on the gene expression of intelggim control orbz KD
cells,indicating the regulation of the integrin subunit is not directly related td Gfeb
KD signaling (Figure 3./ While targeting integrira,bs has been widely utilized as a
potential anticancer therapeutic, with varying degrees of sué@etbere is still a debate
about its mechanism of action. Inhibitionapfs is thought to prevent armggenesis and
adhesiof™® 2% 2! however, our data suggests that it affects the gene eiqresf

osteolytic factors as well.
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Figure 3.6. TGFb stimulation is negated by genetic or molecular inhibition of
integrin-bz subunit. PTHrP and Gli2 levels are significantly reduced when intégri
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Figure 3.7. Integrinbs geneexpression of mock transfected MEMB-231 andbz KD

cells with or without exogenous TA&¥

We have shown that integrz is activated on a range of modulus that is relevant

to the bone microenvironment and that inhibition is enough to limit the osteghne
expression of metastatic cancer cells, yet the underlying mechanism for this phenomenon
was not explained.It has been previously reported thategrins cluster with various
receptors to greatly alter gene expression during EMSpecifically, it was shown that
src phosphorylateSGRb  Radllawing clustering withbs integrin subunit. This led to
the analysis otlustering of membrane proteins bymunoprecipitation in response to
substrate rigiditywhere we found thatGF-b  Rassbciated witlthe integrinbs subunit
in MDA-MB-231 cells cultured on rigid, bofii&ke substrates, but not on compliant

substrates approximating basement membr&igeiig 3.8).
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Figure 3.8. Immunoprecipitation of the interaction of integbipandTGFb R | |
MDA-MB-231 cells cultured on rigid and compliant films.

To further analyzethis interaction Forster resonance energy trans(ERET)
analysiswas conducted with MDAB-231 and RWGT2 cells cultured on rigid and
compliant films Upon incubation with arbodies forintegrinb; and TGFb  RHat
were labeled with a fluorescent FRET paigtth MDA-MB-231 and RWGT2 cells
induced a FRET responséhen cultured on substrates approaching bone rigidity, while
there was no FRET signal on compliant substratesu(€ig9). The most noticeable
difference in the single channel fluorescence is the expressiamegfrin bs, which
increases significantlyrorigid substratesThefluorescent emissioassociated witf GF
b R4 rot affected by rigidityFigure 3.9A&D) and this was correlateditiv gene
expression (Figure 3.J0To ensure that the Fn coating was not affecting the expression
of either FRET teget, a dose response analysis was conductedr@80PE). It was
found t hat even | ow | evels of Fn coatings
(p<0.05) FRET response and that response was not significantly altered with high levels
of Fn coatings (12 and 50 e€g/ mL) . These
integrin bs on rigidities that mimic the bone microenvironment are inducing crésstal
events with the already overexpres3gaFb signaling pathway and this interaction is

resulting in osteolytic gene expressiddhether the interaction between the integrin and
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TGFb R | I's due to the increase | amorehe
complex interactionMDA-MB-231 cells were transfected to overexpress intdmyand
cultured on rigid and compliant PUR films. The expression of PTHrP was increased on
compliant substrates and there was no significant difference in gene expm@ssiells
cultured on rigid and compliant PUR filmBigure 311). This seems to point to the fact
that there is mindependentliffusion limited threshold between tirgegrinb; andTGF

b  Rimtdracting and bone like rigidity stimulates the tumorlscéd express more

integrins pushing over this threshold.
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Figure 3.9. Proximity of TGFb RII and integrinbs subunit in MDAMB-231 cells
point to a potential crosstalk event. Fluorescently labeled antibody staining fel T
RIl (Alexa 546; A&D) and integriAb; subunit (Alexa 488; B&E) on rigid and
compliant PUR surfaces show increases in intdgysubunit, while TGFb RII
remains relatively constant {R). Forster energy resonance transfer (FRET)
quantification of the fluorescent antibodieseals a significant difference of FRET
expression on rigid PUR surface indicating close proximity of -b&H| and
integrin-bz subunit on the cell membrane for both MBMB-231 (black) and RWGT2
cells (white) (B). High magnification fluorescent imagé8/A-MB-231 cells
cultured on rigid (G) and compliant (I) PUR films show the differences in intégrin
expression. Panel J shows the effect of fibronectin concentration on the quantifi
FRET response with MDMB-231 cells.
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Figure 3.10. TGFb RIl gene expression is not affected by rigidity. FGBRII gene
expression of MCH (white), RWGT2 (grey), and MDMB-231(black) cells
cultured on rigid and compliant films.
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Figure 3.11. PTHrP gene expression is increased when intdégiig overexpressed.
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Since we TGFb signalingwas involved in the response of tumor cells gadity
andTGFb si gnaling in bone metastases <an be |
dependent downstream signalfifigve investigated whether one or both of these
pathways was required for tumor cells to respond to bone rigidfgstern blot analysis
showedhat the phosphorylation gdi38MAPK increased wheim MDA-MB-231 cells
werecultured on rigid substrates as compared to those gnovaompliant substrates
(Figure3.12), suggesting an important role 88 MAPK in tumomesponse to bone
rigidity. Additionally, SMAD2/3 was also shown to increase with rigidifyaken
together this suggests that both play a role, but that p38MAPK may be the predominant

signaling pathway for the response to bone rigidity.

Rigid Compliant

P-p3SMAPK |
P3SMAPK «h s
B-aCtin e—

Figure 3.12. Rigidity influences MAPK and SMAD expression and inhibition of
these downstream moleculesults in decreased osteolytic gene expression.

Sinceinhibition of integrin bz with shRNA reduced the expression of osteolytic
factors in vitro, we reasoned that this would block tunieduced bone disease.
Therefore, we injected MDAMB-231 cellsstaby expressing the b3 sh
of nude mice. Ex vivo analyses usiagC TFigure 3.13A-C) and histomorphometry

(Figure 3.1®-F) demonstrated an increase in the BV/TVfKD cells compared to
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control cells, but did not have a significaftect on tumor growth.Analysis of xray
scans of the bone indicate a lower number of osteolytic lesios KD inoculated
animals (Figure 3.13-). There were ndifferences irgrowth or expression of common
cancer genely theb; KD cellscompared to the mockansfected controls (Figure 3)14
This indicates that the differences in osteolysis were a product of the inhibition of

integrinbs.
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Figure 3.13.Genetic inhibition of integrifb; subunit in MDAMB-231 cells
transplantednto the tibia of immunocompromised mice reduces the osteolytic effe
€CT renderings of control cells afgd KD cells significantly decreased bone
destruction (AB), which is mirrored in the quantified bone volumes (C). Histologic
analysis shows naeduction in tumor burden in the bone, but an odd migration of tt
tumor into the marrow space {B). Additionally, xray scans (&) and the resulting
guantification of lesion numbers show a reduced number of osteolytic lesionkin
treated animald)
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Figure 3.14. Comparison of growth and common markers of cancer cells betwee
KD and control cells. MTS assays of theKD (filled squaressolid line) and control
cells (empty squaregashed line) showed no difference in growth patterns (A). Fo
change of gene expression of common cancer markers also show no change be
bs; KD cells and controls.
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Figure 3.15. Inhibition of ROCK (KDe#t cells), a downstream mechanotransductio
regulator, does not produce the same effects of reduced ostaoljisis eCT
guantification of bone volume (A) and histological analysis of tumor burden (B) sl
no significant differenceletween K@et cells and mock transfected controls.

Interestingly, when downstream ROCK signaling (a downstream mediator of
mechanotransduction) was blocked using a dominangmat i ve construct,
bone resorption was also inhibited as determimgihcreased BV/TV by uCT, but to a
lesser extent than thg KD cells(Figure 3.1%. These datéurtherindicated that integrin
bs plays an important role for regulating the expression of PTHrP and bone destruction,
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and that usings inhibitors may reduce tumor induced bone disgadele alternative

mechanotransduction inhibitors may not result in the same aifeito.

Discussion

In this study we show that PTHrP and Gli2 expression is mediated by two
synergistic mechanisms (1jnechanotransduction induced integrin clustering on
substratesnimicking the rigidity of boneand (2) an altered TGBF si gnal i ng pa
driven by enhanced interaction with clustered integrins and downstream p38 MAPK
phosphorylation.We chose to focusur studies on the TGB ¢ talloveitls integrin and
TGFb RIl pathways, since clustering @bz with TGFDb RII is known to activate
MAPK signaling a known driver of osteolytic gene expressfoninteraction between
TGFb RIl anda,bs has also been associated with ERNJ® process influenced by tissue
rigidity* °°.  However, thesestudies focused only on the effects of rigidity fyels
approximating soft tissué~1i 100 kPg. We find that both expression bg integrin
subunit as well as its association witsFb RIl increase on substrates with borie
mechanical propertigs-1,000,000 kPa)Additionally, our study shows thathibition of
integrina,bs is sufficient to reduc¢he expression of PTHrP anlget transcription factor
Gli2 in MDA-MB-231 tumor cells. Taken together, these data imply that breast cancer
cells specifically change their expressionafintegrin subunit, which pairs with the
overexpressed TGB si gnal i ng pr es dls in responsebtmbordike met a st
mechanical properties. Furthermore, the increased associabgmeggrin subunit with
TGFb RIl and increased phosphorylation of pB\PK on rigid substrates suggest that
bonelike mechanical properties activates MAPKrsging in MDA-MB-231 cells
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Integrins are known to play a significant role in cancer tropism and met#stasis
and integrina,bs has been shown to directly facilitate metastasis to bone upon IV
injection in mouse modéf¥ P 1%4 11 gpecifically, stably transfecting MDMB-231
cells to overexpresa,bs results in significantly increased osteolysis upon IV injection
compared to notransfected cells, but thelifference is muted with intratibial
injections®®.  The authors note that this is possibly due to the bone targeting effect of
a,bzin the IV injections and more cells make it to the bone microenvironmentayben
is overexpresd. Since, previous studies have shown that targetibg prevented
tumor cells from early stage metastasis to bone we chose to isolate the effect of integrin
expression on the establishment and osteolytic potential of the tumors by focusing on
intratibial injections. The injection ab; KD cells directly into ke tibia showed that
inhibition of a,bs can reduce ostelysis in tumors that are established in the bone
microenvironment. High magnification images of the tumor locations actually point to
the migration and establishment of theKD cells into the marrowspace, rather than
centeredn the injection sitewithin thetrabecular bon¢Figure 3.16. The control cells
establish in the injection site in the trabecular bone sigdificant osteolysis occurs.
This correlates well with the previous studies inafha,b; aids cells in homing to and
attaching within the bone microenvironment. Inhibition of blentegrin may prevent

the cells from attaching well in the trabecular bone.
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Figure 3.16. High magnification images of histological sections of tumor
establishment. Animals inoculated with control cells are highly osteolytic and
even resorbing cortical bone {@), while the animals inoculated witi8 KD cells
appear to have large tumorstive marrow space with little osteolysis.

Specific inhibitors ta,bs have shown promise in preclinical studies, reducing
both tumor burden and incidence in bBfié®. Inhibition of a,bs can reduce osteolysis
by blocking the metastast&® ¢, preventing vascularizatié¥, or even affecting osteoclast
differentiation and resorptidH. Here we show that inhibition of integrinbs

specifically reduced the expression of PPHINd the transcription factor Gli2 in MDA
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MB-231 tumorcells. We als@emonstrat¢hat the rigidity of the bone
microenvironment ig keydriver in integrina,bs expressionwhich has a direct
correlation to osteolytic behavior vivo. This pointsto the fact that alternative
mehcanotransduction targets, that are known to affect integrin expféssionbe added

to the potential therapies to treat cancer induced bone disease.

Conclusion

In this study, we have shown that rigid substrates withikaenechanical
properties stimulate expression of osteolytic factosstro throughbs integrin andTGF
b RIl complexation, which is known to activate MAPK signaling through Src
phosphorylatior’®. This subsequently induces expression of the osteoclastogenic factor
PTHrP and its transcription factor Gli2. Specificallybs appear to be part of a
mechanesensing feedorward loop that when paired witGFb RII drives signaling
through MAPK to initiate expression of osteolytic factdfgy(re 3.17. Taken together,
these data suggest that the rigid mineralized bone matrix is ed/olvthe establishment
of osteolytic metastases by stimulating integnadiated contractility. This is especially
important in breast cancer, as bone metastases are associated wiidtigndiprognosis.
Understanding the mechanisms involved in the establishment of these metastases could

ultimately lead to new targeted therapies to improve clinical outcomes.
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Figure 3.17. Schematic diagram of the potential crosstalk of sstide (integrin)
and soluble (TG#b) signaling pathways that drive osteolyiiehavior.
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CHAPTER IV

SYNTHESISAND CHARACTERIZATION OF NANOPARTICLES FOR
HYDROPHOBIC DRUG DELIVERY FOR THE ULTIMATE GOAL OF DRUG

RELEASING POLYURETHANE BIOMATERIALS

Introduction

Selfassembled nanoparticles from amphipathic polymers provide a useful
platform for improvingpharmacokinetics, solubility, and target site bioavailability of
small molecule drugds proteind, and nucleic acids Hydrophobic small molecule
therapeutics can be encapsulated by preferential interaction with the hydrophobic core of
the polymer micelle, and a fAstealthod PEG
and increase in vivo stability of the nanoparscé® that they can leverage the enhanced
permeability and retention (EPR) effect to preferentially accumulate within tinibings
approach has recently been paired with receptor ligand targeting to the pspstate
membrane antigen in order to produce a docétamemomedicine with enhanced
circulation time and potentially improved clinical efficacy in hunians

A variety of environmentallyesponsive polymers have also been utilized in order
to tailor micelle drug release mechanisms that are triggered by patfsmegyic
changes in pk®, reactive oxygen specids®, enzymatic degradatibpand others.
Leveraging pH for drug release is especially relevant because tumor tissues are
characterized by a slightly acidic pH in the range of&3. Thus, stable packaging of
cargo at pysiologic pH of 7.4 and accelerated release at acidic pH is a useful approach
for triggering drug release intracellularly and within tumor microenvironments

Furthermore, once internalized into edgisosomal pathways, nanocarriers are exposed
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to a graduatiecrease in pH as they are trafficked from early endosomes (pH ~ 6.8) to late
endosomes and lysosomes (pH =6)4 This acidification can be utilized as an
environmental trigger to mediate endosomal disruption, releasing the therapeutic payload
into the cyoplasm. Additionally, the ability to release drugs via the early stage
endosomal pathway decreases the likelihood of rduliy resistance from occurring due
to the release of the therapeutic into the cytoplasm of thé&.cells

Development of nanoparticles based on basic, agoné&ining polymers is a
promising approach for achieving pH dependent drug release mechanisess et al.
utilized poly(amino acids) derived from lysine or histidine as the ionic species and
createdmixed micelles with nomonic hydrophobic block copolymers to titrate in the
ideal amount of ionic charge for optimal drug deliV&ryThe proper tuning of polymer
properties is key to achieving stable drug loading, optirtated triggered drug release,
and  biocompatibility of pHesponsive polymetS  Copolymerization with
biocompatible hydrophobic monomé&ts'* and incorporation of degradable moieties
represent two key approaches to reducing potential toxicity and tuning the nanoparticle
stability and drug release profiles of pelsponsive micelléd For example,
copolymerization of cationic monomers with the hydrophobic monomer butyl
methacrylate (BMA) has been utilized to increase in vivo blood circulation time and
stability of sSIRNA nanocarriers while simultanegusgtining the effective pKof the
polymer side chains such that they becomes ionized and destabilize the nanoparticle core
to trigger drug release and membrane disruption at endosonfal pHegradable

monomers with cationic branches attached via ester groups have the ability to trigger
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drug release at endosomal pH while simultaneously becoming hydrolyzed in the process,
thereby abroging their potential cytotoxic effects

The goal of this study wase synthesize and screen a library of polymers in order
to study the potential synergy between jgiid degradaticdependent tease
mechanisms in order to identify optimal micelle formulations foitpghered
intracellular delivery of hydrophobic small molecule drugs. The library of copolymers
was synthesized via reverse additfeegmentation chain transfer (RAFT)
polymerization using a poly(ethylene glycolPEG macrechain transfer agent to enable
Agrafting fromd the 5000 Da hydrophilic po
The resulting pH sensitive ester bond connecting the PEG corona to the-pofgmer
is a seondary degradation mechanism that can result in micelle destabilization and a
concomitant release of a therapeutic payload. A total of 12 copolymers were RAFT
synthesized using 4 different cationic monomers with varied hydrophobicity and
degradability. Br each cationic monomer, 3 different polymers were synthesized
containing approximately 40, 50 or 60 mole percent cationic monomer copolymerized
with the neutral hydrophobic monomer BMA. The tihependent stability of micelles
formed from these polymergas studied at a range of pH values mimicking
physiological stages of the endosomal pathway and the decreased pH of the tumor
microenvironment. Additionally the ability to encapsulate and release a model
hydrophobic small molecule was tested, and thecefff polymer composition on
cytocompatibility and drug release kinetics was assessed. Degradable cationic monomers
were utilized to tune the release of a therapeutic payload based on synergistically acting

with pH changes that drive phase changes ifnyleophobic core block of the
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ampipathic diblock copolymers, resulting in triggered macromolecular disassembly and

drug release from the micelle core.

Experimental

Materials

All chemicals and reagents were purchased from Si§ldach and were of
analytical grade unless otherwise stat&lityl methacrylate (BMA), Zdimethylamino
ethyl methacrylate) (DMAEMA), Zdimethylamino ethyl acrylate) (DMAEA), -2
(diethylamino ethyl acrylate) (DEAEA), and-(diethylamino ethyl methacrylate)
(DEAMA) were filtered through a basic alumina column to remove inhibitors prior to
u s e . -azohis(2rdethylpropionitrile) (AIBN) was recrystallized twice from methanol
before use. 1:Dioxane was distilled prior to use.

Synthesis of-¢yana4-(ethylsulfanylthiocarbonyBulfanylpentanoic acid (ECT)

The RAFT chain transfer agent ECT was synthesized following protocols
previously described by Convertine et*alnd adapted from Moad et *4l. Briefly,
ethanethiol (76 mmol, 4.72 g) was reacted with carbon disulfide (79 mmol, 6.0 g) in the
presence of sodium Hyide (79 mmol, 3.15 g) in diethyl ether for 1h. The resulting
sodium Sethyl trithiocarbonate was further reacted with iodine (25 mmol, 6.3 g) to
obtain bis(ethylfulfanyt hi ocar bonyl ) di sul fi de, whi ch
azobis(4cyanopentanai acid) in ethylacetate for 18 h. The crude ECT was purified by
column chromatography using silica gel as the stationary phase and a gradient of ethyl
acetate:hexane (40:60 to 70:30) as the mobile phid9¢MR (400MHz, CDC}): 111.36 t

(SCH,CH5); 111.88 s (CCNEls); 11231 2.65 m (G4,CH,);: 113.35 q (SEI,CHs).
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Synthesis of polyethylene glycol (PEG) machain transfer agentqTA)

Dicyclohexylcarbodimide (DCC, 8 mmol, 1.64 g) was added to the stirring
solution of mono methoxpoly(ethylene glycol) (M= 5000, 2 mmol, 10 g), ECT (4
mmol, 1.045 g) and, DMAP (48 mg, 0.4 mmol) in 250 ml of anhydrous
dichloromethane. The reaction mixture was stirred for 48h. The precipitated cyclohexyl
urea was removed by filtratipmnd the dichloromethane layer was camtrated and
precipitated into diethyl ether twice. The precipitated polymer was washed three times
with diethyl ether and dried under vacuulid. NMR spectra ofhe producshowed 84 %
of the PEG wasonjugation withECT. *H NMR(CDCL) 4 1. 3CH3)t; (USAH 88
(CCNCH3) ; iiR.62m (BHCH,) ; U THLHg), 3164 ¢CH0).

Synthesis and characterization of PI&GX-co-BMA) copolymersvhere X is
DMAEMA DMAEA DEAEMA or DEAEA

The PEGECT macreCTA was utilized in the RAFTcopolymerizaton of four
different cationic monome®MAEMA, DMAEA, DEAEMA, DEAEA with BMA, and
3 different copolymers were made from cationic monomer wid%, 50%, and 60%
BMA. All 12 polymerizations were carried out in distilled dioxane under a nitrogen
atmospherete65°C for 1824 hours using AIBN as the free radical initiator. The reaction
mix was purged with nitrogen for 30 minutes prior to polymerization. The molar ratio of
the PEGECT macreCTA to AIBN was 10:1 and the monomer to ma&®A molar
ratio was set t@achieve a molecular weight ajpproximately20,00 g/mol (molar feed
ratios and monomer to mae@@l A molar ratios were adjusted and optimized accordingly
to achieve the desired composition and MW). The resulting posavereprecipitated in

cold (-20°C) rexane, redissolved in acetoramd precipitated into coldZ0°C) pentane
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twice, followed by drying overnighih vacuo Gel permeation chromatography (GPC,
Agilent) was used to determine molecular weight and polydispersityMM PDI) of the
diblock copdymers using HPL&rade DMF containing 0.1% LiBr at 60°C as mobile
phase. Molecular weight calculations were calculated with ASTRA V software (Wyatt
Technology) and were based emperimentally determinedn/dc values *H NMR
analysis in CDG was utilizal to determine copolymer composition and vertifye
molecular weiglg determined by GPC.

Potentiometic Titration

Milli -Q ultrapurified water was utilized to prepare aqueous solutions of each
polymer and their corresponding monomers. The solutions vesddied using 1 M
HCI. The polymer solutions were titrated with 0.1 M NaOH using a Metrohm 798 MPT
Titrino automated titratdf. The pKa values were obtained from where the degree of
pr ot on a trviesofar eachipdlymer composition are equal to 0.5.

Formation and characterization of micelles

Stock solutions were generated by dissolving polymers in ultrapure methanol at a
concentration of 100 mg/mL. Solutions were storeelét C until further se. Micelle
formation wasnducedby the slow addition of 1 mL PBS (pH 7.4) by syringe pump at a
flow rate of 8 mL/hr to 10 uL of polymer stock solution in methapabducingl mg/mL
micelle solutions. Dynamic light scattering (DLS) analysis was utidzéo determine
hydrodynamic radius, polydispersity-potential, and critical micedl concentration
(CMC) of the various micelle formulations. Transmission electron microscopy (TEM)
imaging was used to verify micelle size and morpholdgyNMR in D,O wasutilized to

verify micelle formation evinced by the shielding of resonant peaks associated with the
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copolymer polymer block that forms the micelle corédditionally, micelles were
loaded with Nile red (NR) anderially diluted with PBS (cocentrations ofl, 0.5, 0.1,
0.01, 0.001, 0.0001 mg/mL) teerify CMC values obtained by DLS

pH-dependent degradation of micelles

Micelle solutions of PE&-(DMEAE-co-BMA) and PEGDb-(DEAEA-co-BMA)
were formulated inpH adjustedPBS (pH 7.4and 5.6) and micelle degradation and
destabilization was analyzed b4 NMR and GPC analyses The micelles were
incubated at 37C for 0 h, 24 h, 2 d, 4 d and 8 dafalowed by lyophilization and
analysis by'H NMR in CDCk to assesslegradation as determined the chemical shift
that results from the hydrolysis of the DMAEA and DEAEA polymebuwuts into
dimethylamino ethanol and diethylamino ethaml@gradation products, respectively.
GPC traces were also analyzed over time to assess both the loss of therBlaGand
degradable side chains.

Red blood cell hemolysis assay

The ability to disrupt the lipid bilayer of cell membranes was tested for each
polymer at physiological and endosomal pH levels. Each polymer group was tested at
concentrationsof 5,20had 40 e€g/ mL and at pH 7.4 (physi
endosome/tumor microenvironment), 6.2 (late endosome) and 5.6 (lysosome). Red blood
cells were incubated at 3T with the polymers for 1 hour. The membrane disruption
was evaluated by observingtheeeel s e of hemogl obin (& = 451)
cells.

Nile red encapsulation angH-dependent release

75



NR was co-dissolvedat 1 mg/mL in ultrapure methanakith polymers at a
concentration of 100 mg/mL. 1 mL of PBS was added at a rate of 8 mLsyrimge
pump to 10eL of the NR/polymer solution in methandNon-encapsulated NR was
removed by centrifugation and subsequent filtrathwerage fluorescent intensity of the
loaded NR was utilized to compare drug loading of each polymer mickilerder to
assespH-dependenteleasekinetics micellizationwas carried out in pradjusted PBS
(pH 7.4, 6.5, and 5.6) The samples wersubsequentlyncubatedin a sealed 96 well
plate at 37 C and fluorescence intensity was measurgedr time for 45 day®n a
TECAN Infinite M1000 Pro plate reader

Cell culture

Murine derived fibroblastsMC3T3-E1), primary rat derived bone marrow
mesenchymal stem celMSCg, and metastatic breast cancer céMDA-MB-231),
were cultured separ adwn(MEM)suppamered with @08s Eag
fetal bovine serum, 1% -glutamine, and 1% penicillin/streptomycin. Cells were
incubated at 37C with 5% CQ.

Micelle gytotoxicity

The CytoToxONE Homogenous Membrane Integrity assay (Promega) was used
to assess theytotoxicity of micelle treatments at a range of concentrations according to
the manufacturerds instructions. Bata ef | vy,
cell density of 10,00 cells/well and allowed to attach overnight. Cell culture medis. wa
replaced with media containirgy range of micelle concentrationg0(25, 50 and 100
ug/mL) and incubated for Bours. Ater 2 hours of incubation withreatments, cells

were washed twicwith PBS anccell culture media was replaced for 24 hours. A2
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hours the cells werge-suspended in 100 pL lysis buffer. Each well was then
supplemented with 100 plactate dehydrogenaselH) substrate and incubated at RT
for 10 minutes prior to the addition of 50 pL stop solution. l-DHuced fluorescence
(excitation 550 nm, emission 600 nm) was then quantified with a TECAN Infinite M1000
Pro plate reader and used to determiekative cell viability compared to untreated
control groups.

Uptakeand intracellular release of NR loadedgicellesin MC3T3, MSCs, and
MDA-231 cells

MC3T3, MSCs, and MDA231 cells weradded taa 96well plateat 10,000 cells
per welland allowed to attach for 12 h. Cellular uptake and intracellular release of Nile
Red loaded micelles were analyzed by replacing the ctddure media with media
containing Nile redloaded micelles(100 w/mg polymer), or with free Nile red
equivalent to the amount loaded into the micelles (10 ug/mfjer 2 h of incubation
cells were washed with PB®&ice and supplemented with fresh di@ and fluorescent
images were takewith an Olympus DP71 camera attached to an Olympus CKX41
microscope (Center Valley, PA) All images were analyzed with ImageJ image
processing software.

Statistical analysis

Statistical analysis was performed witle tRRISM Graphpad software package.

Statistical significance was defined with p<0.05. All grafmesent meaSEM.
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Results and Discussion

Polymer synthesis

The library of polymers was symgsized as described in Figure,4ahd the final
composition of the copolymers was calculated frdth NMR (Figure 4.2. The
composition of the synthesized polymers generally matched well with the feed ratio, as
shown in Table4.1l. The DEAEA (i.e. EA) series of polymers was the exception,
requiring a higher feed ratio of the cationic monomer to attain the desired compositions.
The reactivity ratios for each monomer were determined using the FirRosasn
method® as reported in thEigure 4.3AD. The values ofyrand g for DMAEMA/BMA,
DMAEA/BMA, and DEAMA/BMA were all close to 1 which would selt in a random
copolymer. However, the reactivity ratios for the DEAEA/BMA system wer0.83
and p=0.97 respectively. This indicates the potential for compositional shifting, resulting
in slightly longer segments of BMA However, since the reactivity ratio of BMA is less
than 1, the copolymer is still consideredadom distribution of DEAEA and BMA.
Molecular weights were tightly controlled for all of the methacrylzieed copolymers,
but the ethyl acrylate copolymer formulations resulted in increased polydispersity, which
is attributable to the difficulty in gdymerizing bulky, diethylaminoethyl ester side
chains®. To our knowledge, this is the first time that DEAEA based polymers have been
synthesized by RAFT polymerization or utilizedftsmulate degradable, pHsponsive

micelles.
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Figure 4.2. 'H NMR spectra of PE®-DMAEA-co-BMA in CDCl;before (A) and
after degradation (B).
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Micelle formation

The compositiordependent characteristics of the various micelle formulations
wer e det er npotentall a NRsfiuoregcens molecule assay, DLS, and TEM.

T h epotential of micelle solutions was obtained at pH 7.4 directly after formulation.
Figure 4.4A displays the critical micelle concentrations (CMC) of each polymer
determined from plotting the fluorescence intensity of NR versus polymer
concentratiolf. The fluorescent intensity of Nile red is dependent upon being
encapsulated in the hydrophobic core of the micelles. Nile red is released at
concentrations of polymer i/ the CMC, and NR fluorescence is quenched when it is
released into the polar aqueous phase due to micelle disassembly. As expected, CMC
values for all polymers were inversely proportional to hydrophobic content in the core
forming block (i.e. %BMA).

An important aspect of the current study was comparison of degradable and non
degradable polycations. To assess the effect of degradation on polymer CMC, each of
the polymers were treated with concentrated acid and elevated temperatures, and their
CMC vdues were subsequently-neeasured to assess the effect of PEG shedding and
hydrolytic removal of the dimethylamino ethanol and diethylamino ethanol groups. Both
DMAEA and DEAEA monomers are hydrolyzed into the smaller, more hydrophilic
monomer acrylic ad, and this resulted in an approximatelyo®1 increase in the CMC
for all of the degradable copolymers. The CMC shift was not nearly as pronounced with
the nondegradable polymers, and can be attributed to shedding of the PEG corona

through hydrolysisof the ester linkge to the copolymer core blockAs expected,
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following degradation, all micelles still showed the trend of decreasing CMC with
increased hydrophobic BMA.

DLS was utilized to obtain the average size and qualitatively assess staldlity as
function of concentration, Figure 4.4BThe range of sizes for each copolymer wag20
nm with no significant trends between groups. DLS measurements resolved aggregation
and micelle disassembly into unimers at polymer concentrations below the Cigé ran
determined in the NR assay, further corroborating the results from the more quantitative
NR method. TEM images verified size and uniformity of the micelles, with a
representative image shown in FigdrdD. The surface charge of each micelle ranged
from neutral to slightly negative upon formation (Figure 4.4C), which demonstrates the
charge shielding effect of the hydrophilic PEG corohbe size, polydispersity, and
surface charge of the nanoparticles indicates efficient-assémbly and ideal
charateristics for administration via the circulatory syst&mespecially for tumor

targeting via the EPR effétt
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Micelle stabilityand gH degradation

Micelle stability at pH 7.4 was tracked over time by DLS. The degradable
micelle compositions began to show signs of aggregation as early as 24 hours (Figure
4.5A), while the nordegradable micelles showed excellent stability with veryelitt
aggregation even after 4 days in solution (FigdraB). These data indicate that the
increase in CMC due to monomer degradation can be utilized to enhance micelle
destabilization, which may be useful for efficietniggered drug release. This regslin
agreement with a recent study that incorporated small quantities of the degradable
monomer DMAEA into a diblock copolymer of dimethylacrylamide (DMA); n

isopropylacrylamide (NIPAM) and butyl acrylate (BA) In this study, the DMA-
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(NIPAM-co-DMAEA-co-BA) micelles destabilized upon degradation of the DMAEA
monomer. The degradation of DMAEA has been deemed to be autocatalytic, occurring
over the span of roughly 10 days, and independent of pH, concentration and polymer

molecular weigHt™** %,
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Figure 4.5. Representative DLS plots of a degradable (A) and adegnadable (B)
formulation with 60% cationic monomer incorporation.
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To further track hydrodynamic stability, micelleem® formulated in pD 7.4 1O
and analyzed bjH NMR. The appearance of peaks associated with the exposure of the
cationic core of the micelles was tracked with time, shown in Figue The rate of
appearance of peaks related to the cationic core is inversely proportional to hydrophobic
content. None of the solutions show signs of cationic egpesure for at least 24 hours,
but at 6 days the degradable micelles showed charactgrestiks of the hydrophobic

core indicating micelle instability (Figure 4.6B Insert).
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Figure 4.6. 'H NMR spectra of a nedegradable (A) and degradable (B) polymer
with 60% cationic monomer incorporation in bufferegDD Main spectral scans are ¢
t=0, while the inserts are after 6 days in solution.
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The degradation of the micelles with the highest percentage cationic monomers,
which was hypothesized to show the largest difference of degradation effects (i.e. 60%
DMAEA and 60% DEAEA) was studied aH 7.4, 6.5 and 5.6 The polymers were
lyophilized and redissolved in CDGl Interestingly, there is a largghange in spectra,
which occuredaster at lower pH, in the region of£2ppm corresponding to the protons
of the cationic branci{Figure4.7). The downfield shifts in the NMR spectra occury
hours for both DMAEA and DEAEA at pH 5.6 and further shifts downfield occur over
the 7 day study. The early shifts can potentially be attributed to the lower pH inducing
the cationic branches to protoeatwhile the slow change over time designates

degradation.
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Figure 4.7. 'H NMR spectra of a EA 6 in CD€I The polymer was incubated in PB
ata pH of 7.4, 6.5 and 5.6. Downfield shifts could be caused by degradation.

GPC traces showed that tREG corona degradesly when the cationic content

is increased above 40% (Figure 4.8). pH seems to have little effect on the degradation of
the micelle The appearance of a secondary elution peak with the EA 6 polymer matches
the elution time of the PEG&CT starting material. Additional shifts in the primary
elution peak could be indicative of backbone degradation. Taken as a whole, the
polymers with 60% cationic monomers are lestable micelles, whichresults in

susceptibility to degradation.
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Figure 4.8. Gel permeation chromatography scans of EA 4 (A&C) and EB:-P) at
pH 7.4 (top row) and 5.6 (bottom row).

Hemolysis

The hemolytic behasr of each polymer is shown in Figure 4.9here is a strong
dependence on the relative amounts of cationic and hydrophobic monomers in the
hemolytic activity at all concentrations and pH values. Below the CMC, the MEA and
MMA subsets show significanemolysis even at physiological pH, while the degradable
EA and MA subsets show no hemolysis at any concentration at physiological pH. The
hemolysis begins to occur with most polymers at pHEG&? while all polymers show
nearly complete hemolysis at pkb5 The EA and MA polymer subsets show the most
sensitivity in response to slight changes in pH as evinced by the shakppeiddent

transitions n hemolytic activity in Figure 4.9
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Figure 4.9. Membrane disruptiveness as a function of compositioh an
concentration. Both the degradableKfand the nomlegradable (&) polymers
showed pH responsive membrane disruption. Higher concentration resulted in
hemolytic behavior in a lower range of pH values.

Nile red release

The relationshipbetween pH and micelle destabilization was assessed in the
context of release of the model hydrophobic drug NR. Each polymer was tested for
encapsulation efficiency and composition dependent release of a model hydrophobic drug
was tracked over 4 days at pt6, 6.5 and 7.4, representative of physiological pH, the pH
of the early endosomes, and of late endosomes/lysosomes, respectively. At pH 7.4, there
was little difference between the polgr groups, as shown in Figure 4AtD. Overall
there was a slightend of increased release with increasing amount of cationic monomer

incorporation. The EA group showed the most differential release as a function of
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cationic monomer content with the EA 6 group showing a significant burst release over
the first 24 hots. This burst release is likely due to the electrostatic repulsion in the core
upon protonation along with the decreased amount of hydrophobic monomer

incorporation, which destabilizes the micelles and accelerates drug release.

A
100% 100%
= =
S ]
g 2
2 75% - 2 75%
o @
= &
3 A MA4 T A MEA4
& 509% A Z50%
2 & MA'S 2 & MEAS
< 0 MA6 S 0 MEAG
£ 25% - A o £ 25% A & o
4 a A A A 3 —Weibull Fit E s &|  =——Weibull Fit
@
P Lo I &~
0% cf , . ; 0% f ,
0 1 2 3 4 0 1 2 3 4
Time (d) Time (d)
C D
100% 100%
F: 1
H z
£ 75% - £ 75% A
= ~
= —
S A MMA 4 T
g somp 2 o | A EA4
2 & MMA 5 2 & EAS
z z
- 0 MMA 6 - 0 EAG6
S 25% . . 5 25%
£ —Weibull Fit ¢ —— Weibull Fit
~ &
0% LT 0% 0
0 1 2 3 4 0 1 7 3 4
Time (d) Time (d)

Figure 4.10. Model hydrophobic drug, NR, release at pH 7.4 as a function of time.
Nile Red release from neshegradable MMA and MA micelles (A & C, respectively)

and degradable MEA and EA micelles (B & D, respectively) over time. Weibull fits
shown for the micelles withighest cationic content ¢R= 0.95 for all curves).

The pKads for each pol ymer, derived fr
Table4.1 shows that EA 6 has the highest value which correlates well with the faster
release. The release of drugsamodeled by the Weibull functidh and all polymers
could be modeled as diffusiaontrolled release (fitting parameters showi able 4.3.

The lower pH values of 6.5 and 5.6 had minimal effect on the release kinetics bésnice

made from the 40% and 50% cationic monomers; however, the 60% cationic monomer
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groups showed increased burst release behavior (F@aBA-D). The kinetics of
release over the first 24 hours showed that the release can be highly accelerated with the
pH decreases seen in the early and late stage endosome with the EA 6 formulation
demonstrating the fastest release at all pH levels. Additionally, the EA subset of
polymers had the most NR loading relative to any of the other gréigne¢ 4.13. The

release of NR never surpassed-886 for all groups indicating that even after

degradation there are still hydrophobic aggregates capable of sequestering the NR.

Table 4.2. Weibull fitting parameters for the release of a model hydrophobic drug
from eachpolymer compositoin.

Polymer Weibull Fitting Parameters
A B R?
EA4 0.19 0.75 0.98
EAS 0.09 0.98 0.97
EA 6 0.64 0.49 0.99
MEA 4 0.15 0.85 0.97
MEASS 0.11 0.73 0.98
MEA 6 0.17 0.75 0.98
MA4 0.12 0.75 0.97
MAS 0.08 0.99 0.95
MA6 0.28 0.60 0.99
MMA 4 0.24 0.67 0.99
MMA 5 0.26 0.65 0.99
MMA 6 0.17 0.86 0.97
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Figure 4.12. Relative Nile Red loading for each polymer composition.
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Cytotoxicity

MC3T3 cells were utilized to assess cytotoxicity of each of the polymer groups,
shown in Figure4.13A-B. Not surprisingly, the toxicitynicreases with increasing
cationic content for all of the polymers. At 10 ug/mL concentrations, all micelles exhibit
little cytotoxic behavior except for the MEA polymers. The exhibited toxicity of the
MEA polymers has been seen in literature for MEA hpatgmers above 7 kDa and the
toxicity was greatly increased when the polymers were protofiat&te total Mw of the
MEA segments in the polymer groups analyzed in this study range frei%KDa.
The EA groups exhibited marginal toxicity
potential usefulness. This data matches well with the membranetiveness seen in
the hemolysis assay, as the most membdsriptive polymers display increased

cytotoxicity.
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Figure 4.13. Effect of a 2 hour exposure of micelles, followed by 24 hours of
incubation, orviability of MC3T3 cells. Viability ofMC3T3 cells exposed to
varying concentrations of (A) neshegradable and (B) degradable micelles over 2.
hours.

Cellular uptake
Cell uptake was visualized by encapsulation of Nile Red in micelles at a

concentration of 0.1 mg/mL. The Nile Red loadadettes were added to cell culture
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media of MDA231, MC3T3, and rat derived BMSCs. Pure Nile Red solubilized in
methanol (10 ug/mL) was added to control wells. Fluorescent microscopy was used to
visually observe the uptake of the Nile Red. The resuitnages shown (Figur4.14)

were taken after 2 hours of treatment. The fluorescent signals were higher in all of the
nanoparticle treated cells with respect to the pure drug control, regardless of the
composition of the micelles or cell type. Cellulatake was normalized to fluorescent
intensity per cell and the average fold increase of fluorescence over the control treatments
was 33, 21, and 5 for the MDA, MS@nd MC3T3s, respectively. The increase in
uptakemay be due to the accelerated rate of ginosv the cancerous cell line. There

were no significant trends between polymer groups when the uptake was analyzed on a
per cell basis for each cell line. The release of Nile Red seems to be distributed
throughout the cells cytoplasm suggesting escage the enddysosmal trafficking

pathway. The ability to deliver small quantities of Nile Red (10 ug/mL) and produce
robust intracellular distribution (compared to the same amount of pure drug)
convincingly demonstrates the potential of these partiolesihed delivery of a

hydrophobic payload.
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Conclusions

A PEG RAFT macreCTA was utilized to copolymerize degradable or-non
degradable cationic monomers with the hydrophobic monomer BMA. The resulting
library of polymers produced narrowly dispersed micelles that were able to load and
release a model hydrophaldrug upon exposure to pH ranges indicative of the-endo
lysosomal trafficking pathway. Polymers containing a higher mole percent of the
cationic monomers displayed the mostgéhsitive release kinetics, specifically, the
polymers comprised of the degedidle DEAEA monomer showed accelerated release
relative to the analogous polymers. Finally, the efficient intracellular delivery of NR was
shown in three different cell lines representing various targetable populations. Of
particular interest is that thamcerous cell lines had increased uptake based on the per

cell fluorescent readings, and that cancer microenvironments are typically characterized
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by a slightly acidic pH which would trigger accelerated drug release from the degradable

EA micelle formulatons. In conclusion, this work shows that micellar nanoparticles

formulated fromamphiphilicdiblock copolymers consisting of cationic and hydrophobic
monomers show promise for the controlled;g¢pendent delivery of hydrophobic

therapeutics and allow f@ndosomal release of the payload into the cytoplasm. These
findings highlight the potential of multif
drug delivery vehicles for a variety of therapeutic applications and support further study

and optimizatiorof this approach to the intracellular delivery of hydrophobic drugs.
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CHAPTER V

DESIGN AND CHARACTERIZATION OF INJECTABLE, SETTABLE
POLYURETHANEBONE GRAFTSFOR POTENTIAL TREATMENT OF CANCER

INDUCED BONE DISEASE

Introduction

Injectable biomaterials offer significant advantages ovefgnaed implants or
autologous grafts, in part due to their ability to be administered using minimally invasive
techniques and conform to defects with a complex geometry. In the treatment of bone
defects, injectable biomaterials are of interest for a number of clinical indications,
including filling of contained defects where the structural bone is intact, as well as
defeds in trabecular bone at neveightbearing sites Injectable, settable grafts would
be ideal for defects caused by cancer induced bone disease, where the majority of defects
are untreatable due to the inability to surgically resect and replace damagedf laone
graft could be developed that would r&q# the resected bone tissue and result in
reformation of new bone it would provide a treatment option to patients suffering from
essentially an incurable diseasko ensure any remaining cancer cells are destrayed,
therapeutic could be addealthe gré for local delivery.

Since their discovery in 1982calcium phosphate cements (CPCs) have been
successfully introduced into the clinic due to their ease of use, osteoconductivity, and fast
setting time& However, their poor shear and fatigue properties can lead to brittle
fracture when CPCs are subject to physiologically relevant dynamic'loads
Hydroxyapatite (HA) cements have been combined with hydr¢gejs dextrahor

sodium hyaluronaf® to form osteoconductive injectable bone void fillers (BVFs). Other
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BVFs for metaphyseal bone defects include-setting allograft pastéswhich are
typically delivered using viscous carriers such as hyaluronic acid or gljic&ubiile
injectable pastes promote bone healing, they do nat séty, resulting in weak
mechanical properties.

Two-component lysinglerived reactive polyurethanes (PURS) have been
investigated as injectable BVFs and cements, and have been shown to elicit a mild and
transient inflammatory resporissupport cellular infiltration and new be formation,
and degrade to necytotoxic breakdown products in metaphyseal bone defects in rats,
rabbits, and she&) In contrast to nomsetting pastes, PURS incorporate a viscous
isocyanate (NCQj)erminated prepolymer theg¢acts with viscous active hydrogen
compounds (e.g., water, polyols, or polyamines) to form a polymeric netmsitiki with
tough, elastomeric mechanical properties. However, injectable PURs present additional
challenges beyond the biocompatibility regments for biomedical implants, such as the
toxicity and ultimate fate of reactive components that are not incorporated in the final
cured product. Additionally, the injected PUR may have adverse effects on surrounding
hosttissue due to the reaction exotherm or the reactivity of the-M@@inated
prepolymet?. Diffusion of water from the wound bed into the reactive PUR can result in
overexpansion of the scaffold, resulting in largoids®. Therefore, tiis necessary to
fully understand the complex PUR reactions to better predict the biocompatibility of the
materialin vivo.

In this study, we investigated the effe of stoichiometry and catalyst
concentration on the reactivity, injectability, settability, and biocompatibility of PUR

biocomposites. Bovine mineralized bone particledMBP) were incorporated in the
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biocomposites to increase their strength, conttphasion of the material by absorbing
excess moisture from the wound bed, and provide an osteoconductive matrix to enhance
new bone formation. The liquid components included-padrester triol, a lysine
triisocyanate (LTBpoly(ethylene glycol) (PEG)rppolymer, a catalyst solution

comprising triethylene diamine (TEDA) dissolved in dipropylene glycol (DPG), and
water (both present in the reactive mixture and diffusing from the environment). A
kinetic model describing the reactivity of the injectablecbimposites using an situ
ATR-FTIR technique was developed, which was used to calculate the disappearance of
isocyanate (NCO) equivalents at two stoichiometric conditions and catalyst
concentrations. To assess the biocompatibility of the reactive canisoreleased

during cure, the biocomposites were incubated in saline or medium at two time points.
The composition of the components leached from the biocomposite was determined by
NMR, and the cytotoxicity was assessed by live/dead staining. Fitredlgbility of the
biocomposites to remodel and support new bone formation was evaluated in a rabbit

femoral condyle plug defect model.

Experimental

Materials

A lysine triisocyanatgoly(ethylene glycol) (LTHPEG) prepolymer (21.7%
NCO) and a polyestériol (900 g/mol) were obtained from Ricerca Biosciences
(Concord, OH). The backbone of the polyester triol comprised 60% caprolactone, 30%
glycolide, and 10% lactide. Triethylene diamine (TEDA) and dipropylene glycol (DPG)

were purchased from Aldrich {S_ouis, MO). Bovine mineralized bone particles (B
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MBP) were obtained from Medtronic, Inc (Minneapolis, MN). All other reagents were
purchased from Aldrich. DPG was dried over 4 A sieves before use. TER#-a
knowntertiary amine polyurethane catst with low toxicity", wasdissolved in a 10%
(w/v) solution with dry DPG. Excess organic material (e.g. fat) was removed from B
MBPs with a chloroform/acetone solution and the bone was lyophilized before use. The
B-MBPs were then sieved to include only 1830 um particles.
Characterization of reactive PUR components

The hydroxyl (OH) number of the polyester triol was measured by titration
according to ASTM D427499 Method C, and the molecular weight was determined by
gel permeation chromatography (GPC, Waters Breeze). Pusetdhe polyester triol
was washed with hexane and dried under vacuum’t 8 24 h. The %NCO of the
prepolymer was measured by titration according to ASTM DZ&72The prepolymer
was maintained at’4 under argon prior to use. Water conteniabliquid components
was determined by Karl Fischer (KF) titration with a 798 MPT Titrino with a 10 mL
burette (Metrohm). Briefly, 0:5.0 g of material was dissolved in dry methanol and
HydranatComposite 2 (Sigmdldrich), a stock KF reagent, was udeditrate the
samples.

Synthesis of biocomposites

Biocomposites (BCs) were prepared by adding the polyester triol, catalyst
solution, and BMBP (45 wt%) to a mixing cup, in which they were hantked for 30
seconds before adding the prepolymer and ‘mixéhg for an additional 45 seconds.
The BC was then loaded into a syringe. The study design is summarized in Table 1.

Two catalyst weight percentages (0.50 and 0.25 wt%) and two index values (108 and
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195) were utilized. The index characterizes thecktometry and is the ratio of
isocyanate (NCO) equivalents in the prepolymer to the sum of the hydroxyl (OH)
equivalents in the polyester triol and water

NCO eq
OH eq (triol) + OH eq (water) 1)

INDEX=100Xx

Considering that DPG contains less reactive secondary hydroxyl groups, it was
anticipated to have a reiagly low reactivity and therefore was not included in the index
calculations. Thus at an index of 108, the stoichiometry was expected to be well
balanced (e.g., 8% excess NCO). A higher index of 195 was also tested to account for

the hydroxyl and aminequivalents from the B1BP%2

Table 5.1. Biocomposite formulations.

10-CO 10-C1 11-CO 11-C1
Index 108 108 195 195
B-MBP (wt%) 45.0 45.0 45.0 45.0
Catalyst (Wt%) 0.25 0.50 0.25 0.50
Water (wt% measured) 0.06 0.06 0.05 0.05
Water (wt% fitted) 0.13 0.23 0.11 0.07
LTI-PEG (Wt%) 22.4 21.3 30.2 28.8
T6C3G1L900 (wt%) 30.1 28.8 22.3 21.3
DPG (Wt%) 2.3 4.4 2.3 4.4

ATRFTIR analysis of the reactivity of individual components
Attenuated total reflectandeourier transform infrared spectroscopy (AFRIR)
measurements were conducted with a Seagull Variable Angle Reflection Accessory
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(Harrick Scientific) applied to a Tensor 27 FTIR instrument (BrdRem ZnSe
hemispherical crystal (HarricRcientific) was utilized to obtain timm@solved ATR

spectra. For each reaction characterized, spectra were taken every 20 to 60 seconds at a
resolution of 4 crif and 56 scans per spectra. Briefly, to obtain the spectral profiles for
the reactions of theiocomposites, a given composite was synthesized and placed on a
sample holder in direct contact with the bottom of the ZnSe crystal. To derive the
spectral profiles for the individual component reactions of the biocomposites, the
components were mixeditlv the prepolymer and catalyst only. The isocyanate peak
(2270 cm') was deconvoluted and integrated using a MATLAB program and a
calibration curve was used to correlate integrated peak values with known concentrations
of isocyanate. The analysis wasmpleted intriplicates (n=3Yor each reaction

analyzed.In order to obtain meaningful results from AR analysis, excellent

contact between the crystal and the sample must be maintained. The evanescent wave
generated by the FTIR source reflectingni the crystal surface penetrate2 im into

the sample. While the ATRTIR technique is well suited for analysis of PUR reactivity
due to the excellent contact maintained between the caysfahe liquid components
(Figure5.1A), its applicability islimited by the assumption that the small analysis

volume near the surface of the crystal is weiked and representative of the bulk. Also,
additional processing of the raw data is required to remove the slight distortion of the
isocyanate peak due tcetipresence of Cyenerated by the reaction of isocyanate and
water Figure 5.B). To prevent the distortion, a Gaussian fitting algorithm was utilized
(Figure 5.T), which is applicable for the isocyanate peak due to its symthety

separate algorithm was used to integrate the area of the fitted peak, from which the
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concentration of isocyanate equieals was calculated using a calibration cukigyre
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Figure 5.1. Process of determining isocyanate concentration by-ATR. (A)
Typical ATR-FTIR spectra for a given component; (B) Plot of isocyanate peak
decreasing with time and the potahtnfluence of CQ on the peak shape; (C) Plot
of Gaussian fitting algorithm removing the distortion of the,@€aks; (D)
Calibration curve to determine the isocyanate concentration in equivalents.

Porosity as a function of water concentration

To determine porosity as a function of water content under dry conditions,
biocomposites were prepared with @.0 wt% added water and porosity was measured
gravimetrically. Briefly, each 0.5 g batch of biocomposites was injected via a straight
bore symge into cylindrical molds where they were allowed to react overnight at room

temperature Triplicate (n=3) slice®f the cylinders were cut from the fully reacted
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biocomposites and measured with calipers to determine the volume. Scanning electron
microopy (SEM, Hitachi £1200) micrographs were obtained and analyzed for pore
size using MetaMorph 7.1 Image Analysis software (MDS Analytical Technologies).
The mass of each slice was used to obtain the density, and the measured density was
compared to théheoretical density to calculate the poroSitlefined as the volume

fraction of pores:

m

Il

T
Do

2)
wher e U i sristhe average measuied bjocompadien s i tcysthe and

density of the biocomposite assuming there are no pores:

p:

‘XB B

I—x
_|_ [
Ps Pr (3)

l n t hese ge200&d/niiotmesiensity of BUBP (measured by pycnometry),
}p= 1270 kg/niis the density of PUR (measured gravimetrically), gnig the weght
fraction of BMBP.

In vitro porosity in a simulated wound environment

To simulate the moist curing conditions of thevivowound environment,
biocomposites were injected (immediately after mixing) into 2 mL deionized water and
allowed to react oveight in an incubator at 8. Under these wet conditions, porosity
measurements were completed for biocomposites with index values of 108 and 195,
either 0.50 or 0.25 wt% catalyst, and no added water. At least three cylindrical cores
were taken from edn sample and analyzed gravimetrically to obtain porosity as

described above.
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Characterization of components leached from the reactive biocomposites

In order to determine whether cytotoxic reactive components leach from the BC
during curejn vitro leachng experiments were performed. Briefly, 2.5 g of each BC
were injected into an empty vial and 5 ml PBS was added to the vial 2 min after mixing
was started. For the second time point (45 min), 2.5 g of each biocomposite were
injected into a sample cupétransferred to a vial filled with 5 mL of PBS after 45 min
postmi xi ng. For the cytotoxicitymmemumer i ment
essent i atMEMenith 109V fdtal bovine serum (FBS) and 1% (v/v)
penicillin/streptomycin using thprocedure described above, and leachates were
collected at 2 and 45 min. Samples were maintained®&tf87 72 hours, at which time
the PBS (oma-MEM) was removed.a-MEM leachates were used for cytotoxicity
experiments. The pH of the PBS leachates maasured and the samples subsequently
lyophilized and weighed. After reconstitution in PBS, the residue was diluted in
deuterated DMSO and characterized by NMR. The spectra were compared to those of
the pure components in the biocomposites to deterthepresence of individual
components in the leachates.

In vitro cytotoxicity of intermediates leached from the reactive biocomposites

The cytotoxicity of the leachates from the biocomposites was measured using
MC3T3-E1 embryonic mouse osteoblast precursor aeNgtro. Cells were seeded in a
96-well plate with a density of8.0°c el | s per we [-MEMawithdl0% ul t ur e d
(v/v) fetd bovine serum (FBS) and 1% (v/v) penicillin/streptomycin in a @Qubator
with 5% CQ at 37 C. The concentration of the leachates varied from 6.15% (16X

dilution with serum medium) to 100% (13%) TrypsinEDTA was used for dissociation
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of MC3T3-E1 cells. Thecells were analyzed for viability using a Live/Dead Viability kit
(I'nvitrogen). The assay was compl eted as
instructions. Cells were analyzed after 24 hours exposure to the leachate solution.
Triplicates (n=3) foreach goup were analyzed with control groups treated with blank
PBS. All experiments were conducted in accordance witRlII$€935.
In vivo biocompatibility and new bone formation in a rabbit femoral condyle

plug defect model

Animal experiments were condecktin compliance with the Animal Welfare Act,
the implementing Animal Welfare Regulations, and the principles of the Guide for the
Care and Use of Laboratory Animals. All surgical and care procedures were carried out
under aseptic conditions per the apa IACUC protocol. New Zealand White (NZW)
rabbits weighing between 4.0 and 5.4vkgre used in this study. The remodeling process
of empty defects (untreated, n=9) was compared to that of defects filled with@He 10
biocomposite (n=6) at 8 weeks. Té@mponents of the biocomposites were gamma
irradiated using a dose of approximately 25 kGY. Glycopyrrolate was administered at
0.01 mg/kg IM followed by ketamine at 40 mg/kg IM. Bilateral cylindrical defects of
approximately 5 mm diameter by 11 mm in dewtre drilled in the metaphysis of the
distal femurs of each rabbit under copious sterile saline irrigation using a trephine in a
MicroAire handpiece Materials from the 16C1 group were subsequently injected into
each defect using a syringe, made flustinwhe cortical surface and allowed to harden.
Untreated defects were utilized as a contf@losure was attained using dayered
approach comprising muscle, fascia, and subcurane®ué@yl sutures. Skin glue was

applied topically to maintain clagse. Treatment groups for each composite were
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dispersed randomly among the rabbits. The rabbits were euthanizegeit8using
Fatalplus (1 mL/4.5 kg) intravenously.

nCT analysis

Harvested femoral condyl¢s=15)were fixed in 10% neutral buffered foalin
at room temperature for one week. During the fixation period, the condyles were scanned
with anCT40 (SCANCO Medical, Basserdorf, Switzerland) while in formalin.
Calibration of theCT40was compl et ed wusing the manufact
phartom. Scans were performed using afra§ tube potential of 70 kV, a source current
of 114mA, and a voxel size of 3@m. The axial images were reconstructed using the
software provided by the manufacturattenuation values were converted to Tissue
Minerd Density (TMD, in mg HA/c) based on calibration datafter reconstruction,
the image stack was rotated such that the depth of the defect was parallelaaithe z
The volume of interest was defined by centering a 5mm diameter circle on the cross
sectonal view of the cortical borders of the defect, and extending this cross section to the
end of the defect. Segmentation was applied to the resulting cylindrical volume using a
threshold of 505 mg HA/cPh The threshold value was visually chosen and kepstant
for all the samples. Bone volume fraction (BV/TV), Tissue Mineral Density (TMD),
connectivity density (Conn.D), and Trabecular number (Th.N.), thickness (Tbh.Th.), and
spacing (Th.Sp.) were quantified in the volume of interest.

Histology

After one week of fixation time in formalin, the samples were decalcified in
hydrochloric acid, dehydrated, and embedded in paraffire samples were sectioned

onto slides 5rim thick and some were stained using hematoxylin/eosin (H & E stain).
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Osteocytesn the interior of new bone as well as the organized structure of the allograft
particles were used as parameters to differentiate new bone from allograft bone particles.
The remaining sections were stained for the osteoclast marker Tartrate Resistdnce Ac
Phospahatase (TRAP) by treating with a NaphthoBAhosphate substrate solution
and a mixture of sodium nitrite and pararosaniline dye followed by a hematoxylin
counterstain. Osteoclasts were identified as multinucleated light red cells.

Statistics

Oneway ANOVA, performed in JMP 9.0, was used to determine if statistical
differences exist between grou@mparisons of individual sample groups were
perfor med usi ng-testirq aliexperichent§H< 0.@bevastcansidered

statisticallysignificant.

Results

Reactivity of PUR biocomposites

The five chemical reactions that proceed in parallel during cure of the
biocomposite are shown Figure 52. The individual components of the biocomposite
(polyester triol, DPG, BMBP, and water) wre analyzed for their reactivity with the
NCO-terminated prepolymer. The conversion of NCO equivalents in the prepolymer was
monitoredin situby ATR-FTIR, which was analyzed to obtain the seconder rate

constants for each retamn at each catalystvel.
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~—4 Urethane linkage
O B-MBP
. O Prepolymer bound to B-MBP
Dipropylene glycol
¥ Water

Q% Carbon dioxide

./ Di-substituted urea

Figure 5.2. Chemical reactions present in the injectable PUR biocomposite.
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The same technique was applied for the overall reaction of the biocomposite at
two different indices and catalyst levels. The rate law for the assumed second orde
reaction is given in Eq (4}

rate=k[OH][NCO] (4)
where k, [OH] and [NCO] represent the rate constant for componeand the
concentrations of hydroxyl and isocyanate equivalents, respectively. The rate equation
can be integrated, assuming equal initial concentratighof@OH] and [NCO], to obtain

the following equation:

Ll
SR (5)

where the slopef the inverse concentration of [NCO] equivalen® (neasured by

ATR-FTIR plotted versus time represents the second order rate constants for the reaction.
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Figure 5.3. Isocyanate (NCO) reactions follow secemder chemical reaction
kinetics. The gecific reaction rate was calculated by fitting (represented by the
straight line) theexperimental data to equation Biverse NCO concentration plots
for the overall biocomgsite reaction at (A) high (0.50t%) and (B) low (0.25 wt%)
catalyst concentrains. Filled symbols correspond to lo®0@) index, whileopen
symbols represent high (1plmdex formulations. Inverse NCO concentration plot:
for the reaction of the prepolymer with each componenwsho Scheme 1 at (C)
high (0.50wt%) and (D) low (25 wt%) catalyst concentrationkey to symbols:
water Oz polyester trib(6), DPG & ), andB-MBP (&9.

Figure5.3A-B displays plots of inverse concentration of NCO equivalents versus
time for the overall biocomposite reaction at high (0.50 wtd low (0.25 wt%)
catalyst concentrations, respectively.  Similarly, inverse NCO concentration plots
measured for the reaction of the prepolymer with water, polyester triol, DPGV&H3

are shown in Figur&.3C-D at high and low catalyst concentraiso The linearity of the

inverse concentration plots verifies that each of the reactions follows a saciand
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mechanism as anticipat®dandthus the slope of line is equivalent to the rate constant
for each of the reactions (Eq. (5)). The secordkr rate constants calculated from the
data in Figuré.2 are listed in Tabl&.2 Water has the highest reactivity compared to the
other reactionsregardless of catalyst concentration. The polyester triol is approximately
20 times less reactive than water for the higher catalyst level, while the DPG is
approximately 3 times less reactive than the polyester triol. The reactivity of-the B

MBPs is tte lowest of all the components at both catalyst levels

Table 52. Secondorder specific reaction rates for the reaction of each hardener
component with the NC@erminated prepolymer.

Rate constant (g &min™)
Description C1 Co
K Prepolymer +water reaction 783° 140 298° 51
Ko Prepolymer + triol reaction 37.2° 4.9 17.4° 3.1
Ky Prepolymer + diol reaction 14.5° 0.4 6.16° 1.5
Ko Prepolymer + BMBP reaction 1.23° 0.6* 1.17° 0.3*

* There is a statistical significange<(0.05) between all reaction rates except betwieglil andk, CO.

Based on the rate constants measured for the individual components, a kinetic
model was developed to predict the overall reactivity of the biocomposites. First, the net

rate of reactiom; is defined for each componary the following series of equations:

r. =—k,.C.C,

rp, ==k, CpC

fy =—ky Cy C;

Iy =—kCpC

Fo=ratr, R, 7)
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wherek; is the seconarder rate constant measured for componégteg™ min™) andC;
is the concentration of componeér(eq g*). The equivalent balance equations wera the

solved to calculate the concentration profiles of each component as a function of time:

L
dt
acy _ —r.M
dt
Co__,
dt
dacC
drw =M
acC
dzB =M
(8)

whereM is the mass of the biocomposite in granihe equivalent weight for polyester
triol, DPG and water were calculated from the mass of the sample,utaslaeight and
functionality (equation9). The equivalent weights for each of the components are shown
in Table5.3

a = m/(Mniff) 9)
wheregq is the equivalent weight (in units of g/eqmn,is the mass of component\V,; is

the molecular weight of specigsandf is the functionality.
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Table 5.3. Kinetic model parameters.

Component Eq wt () Initial number of equivalents, eq
g eqt 10-CO 10-C1 11-CO 11-C1

B-MBP 429 0.0021 0.0021 0.0021 0.0021
Water (meas.] 9.01 0.0007 0.0006 0.0005 0.0005
Water (fitted) 9.01 0.0014 0.0025 0.0012 0.00075
LTI-PEG 194 0.0116 0.0110 0.0156 0.0149
T6C3G1L900 300 0.0100 0.0096 0.0074 0.0071
DPG 67 0.0034 0.0066 0.0034 0.0066

The equivalent weight for the-BIBPs cannot beletermined directly by equation
1, due to the unknown functionality. We assumed thitEPs could be compared to the
composition of human bone, which comprises ~23 wt% Type | coffagemd the
remainder unreactive mineral content. Type | collagen has 210 reactive hydrogen
equivalents per 1000 residues resulting from hydroxylysine, lysine, arginine, serine,
threorine, glutamine, and cysteine residues in the backhonaAssuming the average
molecular weight of an amino acid residue in collagen is 90,000 g/mol, the equivalent
weight of the BMBP was calculated to b#9 g/eq.

From the equivalent weights, the number of equivalents for each component was
calculated for a given batch size. The batch size utilized in modeling each individual
biocomposite reaction is 10 g, which is clinically relevant for craniofadiaical
application§®. The equivalents for each component and each BC asitign are

tabulated in Table 5.4 The measured value of water was determined by columbic Karl
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Fischer titration (ASTM EL064). However, considering that the measured water
concentration did not yield a good fit due to absorption of moisture from the humid air
into the hygroscopic catalyst solution and polyester triol, the water concentration was
used as a fitting parameter. The initial concentrations of each of the components (shown
in Table5.4) were used to solve the set of equations relating the change in concentration
with time and the observed kinetic rate constants. Alimear R algorithm was chosen
to determine goodness of fit with the experimental data and the initial concentration of
water was iterated until the’®vas maximized (Rranged from 0.98.99). The value of
water that was determined to provide the best fit is display&dbie5.1and 5.4

Using the fitted rate constants and the initial concentration of equivatbets
overall conversion of NCO equivalents in the biocomposite was plotted and compared to
the experimental values iRigure 54A and B. Due to difficultiesassociated with
accurately measuring the concentration of water in the polyester triol, catalyst solution,
and prepolymer, the initial water concentration was used as a fitting parameter. As
shown in Tablé.1, the water concentrations measured by taratiaried from 26 to 71%
of the fittedvalues. Figur&.4C and D show the conversion of OH (or Ni¢quivalents
after 24 hours for water, polyester triol, DPG, ané¥IBPs calculated from the kinetic
model. While the water conversion approaches 100% afiproximately 10i 20
minutes, the conversions of the other active hydrogen components are less than 100%,

and decrease with decreasing index.
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Figure 54. Validation of the kinetic model for characterizing the reactivity of the
injectablebiocomposites. Comparison of experimental and predicted (from the
kinetic model) conversions for the overall biocomposite at 0.50 wt% catalyst anc
low (108) and (B) high (195) indices, showing good agreement between the
experimental and predicted vaki(R > 0.99 and 0.97). Due to the difficulty of
measuring water concentration at low concentrations (<0.4 wt%) by KF titration,
water concentration was used as a fitting parameter. The conversion of OHyjor
equivalents for water, polyester triol, BPand BMBPs particles calculated from the
kinetic model at 0.50 wt% catalyst are shown for (C) low (108) and (D) high (19-
indices.

Rheology of curing biocomposites
A representative plot of théneological properties dhe 10-C1 biocomposite are

shown in Figureb.5, i n which the values of storage
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the viscosityh are plotted versus timevith the nitial viscositiesd jG&and working times

(gel points) {{, highlighted.
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Figure 55. Rheolaical properties of PUR biocomposites. Representative plots
Go6, Gbas atunmctibn of time for L1 BC under wet conditions.

In clinical applications the rheological behavior of an injectable material is
important, considering that a settablaterial must be taekee within minutes after
mixing and injection to avoid excessive times before the wound can be cldsed.
rheological profiles during cure were measured for each biocomposite with an AR
2000ex rheometer with a Rheology Advantage AR Controller (TA Instruments).
Continuous oscillation measurements were conducted at 1 Hz and 1% strain with 25 mm
disposable parallel plates and a 1 mm gap. Measurements for each configuration of
biocomposites were taken with either dry conditions or submerged in water via a
submersion assembly kit (TA Instruments). Initial viscositie$ &nd working times

(gel points({) were tabulatedValues of these rheological parameters are tabulated in

123



Table 54 for both dry and wet conditions for each biocomposite composition and catalyst

level.

Table 54. Rheological properties of injectable biocomposites, including,
(working time), Ag (initial viscosity), and Xy, (isocyanate conversion at thee
point) for each formulation under dry and aqueous conditions. The isocyanate
conversions for each formulation at 2 and 45 minutes (i.e., the time points at
which leaching experiments were performed) are also listed.

10-CO 10-C1 11-CO 11-C1
(,ary (Min.) 29.3 +0.8* 14.3 + 0.2 19.7 + 0.2 7.1+1.0
Gl wed(min.) 27.3 +0.8* 10.2 + 0.9* 18.5 + 0.8* 7.2+0.1
diay(Pa*s) | 101.9+30.6 | 510.9+20.7 | 149.1+12.7 |972.9 +140.]
dinet(Pa*s) | 90.8+1.4 507.9+2.1 | 178.1+17.4 | 858+96
Xop.dry 48.7% 61.3% 28.5% 27.7%
Xpwet 47.5% 55.5% 28.4% 27.9%
X2 min 8.9% 24.7% 6.6% 14.2%
45 min 55.0% 79.4% 36.0% 54.6%

* Signifies significant difference$&0.05).

** For working time and initial viscosity (in both wet and dry), all index aathlysts groupings are
statistically significant from each other.

Working times varied fromv729mind ef i ne d -Goy ctrines s@dde r
decreased with increasing catalyst concentration and index. Similarly, initial viscosities
ranged from 90 900 Pa*s, and increased with increasing catalyst concentration and
index. For all but the 11C1 biocomposite, working times measured under wet conditions

were significantly shorter than under dry conditions, although the differences were
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modest. Working time and initial viscosity measured under wet conditions were
generally within 15% of values measured for dry conditions.

Effect of water on biocomposite porosity

Reaction of the NC@erminated prepolymer with water yields carbon dioxide
gas, which acts as a blowing agent resulting in the formation of flor@he porosity of
the biocomposites as airfction of total water (Figure 54 increases with water
concentration up to a plateau value of 60 vol% independent of the catalyst level or index.
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Figure 5.6. Effects of water concentration, index, and catalyst concentration on
porosity of biocomposites. (A) Under dry conditions, porosity increases with total
water concentration asymptotically up to ~60 vol% independent of index or catal
concentration. (Bnder wet conditions, KC1, 11-CO, and I6C0 biocomposites
expanded to >50% porosity, despite the fact that no water was added the materi
contrast, the IIC1 biocomposite showed porosity under wet conditions comparab
the range of porositieseasured under dry conditions for all biocomposites in the
absence of added water (shown in Panel B by the dotted lines). Thus, diffusion ¢

water into the reactive biocomposite can result in higher porosity at a high fndex.
p<0.05.

RepresentativéEM images(Figure 5.A-C) of biocomposites at 0.2, 0.4, and

1.0 total wt% water reveal that pore diameter, porosity, and interconnectivity increase
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with water concentration. While the pores are predominantly closed at the lower water
concentrations, they ppar to be more interconnected at Wi% water. As shown in
Figure 5.D, pore diameter is independent of index and catalyst concentration and
increases with total water concentration over the range of 9®0 nm, but the

differences are not significant.
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[0-CO 10-C1 11-CO 11-Cl

Figure 5.7. SEM images of 16C1 biocomposites with (A) 0.2, (B) 0.4, and (C) 1.0
wt% total water. (D) Average pore diameter as a function of water concentration
I0-C1 biocomposites (error bars represent SEM). There is no significant differer
between pore diameter.

Under in vivo conditions, water from the wound bed can diffuse into the

biocomposite, resulting in increased expansion and por&sityThe effects of water
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diffusion were simulated in an vitro test where the biocomposites were cured in a fully
submerged aqueous environment. Tieitro porosity data measuteunder both dry
(Panel A) and wet (Panel B) conditions for both catalyst coret@s are compared in
Figure 5.6 At the lower catalyst concentration, both indices yield biocomposites with
porosities of 48 55%, and at the higher catalyst level theex 195 biocomposite results
in 50% porosity under wet conditions with no added water. Thus the porosities obtained
under wet cure exceed thadatained from dry cure (Figure Bpwith no added water (9
T 20%, note that in the absence of added watas, still present at 0.1 0.2 wt% as
measured by KF titration under dry conditions). In contrast, the inde110
biocomposite has a porosity of 22% under wet conditions, which is comparable to the
17% porosity measured for the-@L biocomposite cured der dry conditios with no
added water (Figure 5%. These observations suggest that diffusion of water from the
wound bed can increase expansion, particularly at the low catalyst concentration and high
index.

Characterization and cytotoxicity of leachat@ vitro

NMR spectra for the leachates from thed@ biocomposite injected into PBS at
2 and 45 minutes after mixing are shown in Figu@DEE and compared to spectra for
the individual components (Figure.88-C) to determine which components were
leaching from the reactive polymer at time points corresponding to the cream (2 min) and
tackfree (45 min) stages of cure. The other biocomposites had nearly identical spectral

profiles to that of I6C1 (data not shown).
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Figure 5.8. Reactive PURiocomposites do not release potentially cytotoxic NCi
terminated prepolymer molecules during cure. NMR spectra of (A) 10% TEDA
DPG, (B) trifunctional polyester, (C) NC@rminated prepolymer, (D) leachates
collected at the early (2 min) time poinbda(E) leachates collected at the late (45
min) time point for IBC1 BC. Insets show the area where peaks unique to the
prepolymer would appear. Key to symbols: a = methyl protons in DPG, b = BV
d, c = water from DMSO, d = polyester triol proton clagescarbonyl, and e =
prepolymer protons closest to urethane and NCO groups.

The peak at 2.3 ppm associated with the proton adjacent to the carbonyl group in

the polyester appears in the spectra of the leachates collected at 2 and 45 min, suggesting
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that unreacted polyester triol had leached into the medium. Similarly, the peak at 1.0 ppm
associated with the protons on the methyl carbon group in DPG also appear in the
leachates at both time points, indicating that unreacted DPG had diffused into the
medum. While the protons on the methylene carbon appear at 2.8 in the TEDA pure
component spectrum, they shift to 2.6 ppm in the 10% TEDA in DPG spectrum (Panel
A). Thus, the peaks at 2.8 ppm in the leachate spectra (Panels D and E) are associated
with TEDA. In contrast, the prepolymer was uniquely distinguished by a series of peaks
above 6 ppm, none of which appeared in the spectra for any of the leachates, suggesting
that the prepolymer did not leach into the medium. Gravimetric analysis of the leached
biocomposites revealed a 0.1.2% mass loss due to diffusion of individual components
from the biocomposites into the buffer (Fig&:€C). The pH of the leachates recovered
at 2 and 45 minutes varied from 6.6 to 6.8 compared to the initial value of 7.35

MC3T3-E1 murine osteoprogenitor cells were treated with leachates from the
biocomposites collected at 2 and 45 min and diluted with serum medium such that the
final concentration of leachates ranged from 6.25% (16X dilution) to 100% (1X dilution).
Cells were cultured for 24 h. Leachate daseponse curves measured for leachates
collected at 2 (Figur&.9A) and 45 (Figures.9B) min reveal the anticipated sigmoidal
shape. The cytotoxic response is quantified in FIU®€. Three of the eight treatment
groups showed cytotoxicity, which is defined as <70% viability, when not diluted (1X
dilution). A statistically significant improvement in viability is seen for each of the
cytotoxic groups after only a 2X dilution. For the three treatment groups sihowin
cytotoxicity, the dilution factors required to render the culture mediumcitotoxic

varied from 1.36 1.66X. For a specific biocomposite composition and dilution factor,

129



the percentage of viable cells was generally higher for leachates collect&dnain
(except for the 1X dilution for KC1), which is consistent with the notion that the
concentration of leachates was lower at 45 min due to the higher conversion.

The morphology of live MC3T3 cells cultured in 8X diluted medium is shown in
Figure 5.9D-F (since all treatment groups showed <1% cytotoxicity at this dilution, no
dead cells are present in the field of view). Representative images of cells cultured on
tissue culture polystyrene stained with calcein reveal a-spefad phenotype when
treated with leachates from biocompositedQ collected at 2 min (Figure9D) and 45
min (Figure5.9E) and diluted 8X with serum medium. No substantial differences in size
or morphology of the cells were observed between the treated and untreated (control)

groups.
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Figure 5.9. Viability of MC3T3-E1 osteoprogenitor cells treated with leachates fr
PUR biocomposites diluted 1X to 16X with serum medium. 1(f&}) Percent cell
viability as assessed by live/dead staining for cells treated with leachdexted at
(A) 2 min and (B) 45 min. The cytotoxic response is quantified in Panel (C) for €
set of conditions tested as well as the percent mass loss due to leached interme
(D)1 (F) Images of cells cultured on tissue culture polystyreneestairth calcein
when treated with leachates taken from biocomposi@li@fter 2 minutes of
reaction; diluted (D) 1X with serum medium and (E) 2X with serum medium.
Control cells treated with PBS are shown in Panel (F).
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Table 55. Morphological parameters determinedrfyT for the 16C1 biocomposite
not implanted in the defects (namplanted, n=3), the KC1 biocomposite (n=6) and
control specimens (n=9) 8 weeks after injection.

10-C1 Empty Defect
Parameter
Non-implanted 8 weeks 8 weeks
Bone Volume Fraction (BV/TV, %) 14+10 22+40) 11+6
Tissue Mineral Density (TMD, mg
991+9 802+ 39 777+38
HA/cm?)
Trabecular number (Tb.N., /mm)| 3.7+ 0.17 2.4+05" 0.5+ 0.4
Trabecular thickness (Tb.Th, mm)| 0.104+0.005” | 0.153+0.007” | 0.207+ 0.035
Trabecular separation (Tb.Sp, mn]  0.26+0.017 0.46+0.08") 2.83+1.07
Connectivity Density (Conn.D,
0.036+ 0.013" 24.0+ 6.8 7.3+6.5
1/mnr)

O Significantly different than 1&C1 8
weeks (p<0.05)

™ Significantly different than the
control (p<0.05)

™) Significantly lower than the surrounding density
(p=0.0008)

In vivo remodeling in a rabbit femoral plug model

In a previous study, we reported thédcomposites with porosity approaching 60
vol% were friable and had weak mechanical propétties Considering that all
formulations except KC1 expanded to >50% porosity in the simulatedivo foaming
test compared to driy vitro conditions (Figure 5B), we evaluated the biocompatibility
and remodeling of formulation 4G1 in a rabbit femoral condyle plug defect mddel

According to nCT images, the location of the defects in the femur varied and the

effective depth of the defects ranged between 6 and 10RapresentativeCT images
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are shown in Figur6.10 and morphological parameters aeparted in Tabl&.5for 10-

C1 biocomposites prepared in the laboratoryGIDnonrimplanted) and a8 weeks post
injection. Compared to the neomplanted material, the biocomposite showed
significantly higher BV/TV and Conn.D at 8 weeks pwgéction infemoral defects, as
well as lower TMD, Th.N, and Tb.Th, suggesting that the biocomposite remodeled
vivo. While the control (empty) defects showed formation of new cortex but minimal
new trabecular bone, the biocomposite group showed significantlyegneetv bone

formation throughout the volume of the defect.

Figure 5.10. RepresentativeCT images of mean empty (Control) anedQ
biocompositetreated (BC) defects at 8 weeks. (A,Bjlilnensional images. (B,E)
Rotated 2dimensional images. Rdxbxes indicate the location of the defect. (CF)
dimensional view of the defect volume. Scale bars represent 1 mm.
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The bone in the biocomposite at 8 weeks also had higher Th.N, and Conn.D, and
lower Th.Th, and Th.Sp than the bone in the control defe€here were no significant
differences in TMD between the biocomposite and empty defect at 8 weeks. Considering
that TMD distribution provides information about the mechanical properties of bone
matrix °, similar values of TMD between the control and the treated defects suggest that
the ossified tissue has similar quality, although the volume fraction of bone differs
between the two defects. Representative thin sectionsr{) stained wh H&E at 8
weeks are presented in Figure 5.1The defects in the control (empty defect) treatment
group were identified by a central area of fat and hematopoietic elements surrounded by a
variably vague circle of bone and trabeculae. There appearedio trew bone and very

little inflammation within the center of these defects.
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Figure 5.11. Representative images of histological sections at 8 weeks stained fc
H&E. (A,B) Low and high magnification images of empty (control) defects. (C,D)
Low andhigh magnification images of defects treated with thR€10biocomposite.
Labels: & ) Point to osteoblasts lining the surface of new boreNgw bone. (A)
Allograft particles. (Ad) Adipose tissue.
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Figure 512 Representative images lostological sections of the 401 biocomposite
at 8 weeks stained for TRAP. (a,b) Allograft bone particles (A) in representative
samples surrounded by resorbing osteoclasts (multinucleated, light red cells).
Arrowheads point to resorption pits on the aad of the allograft bone particles.

Defects treated with the 401 biocomposite exhibited mild to moderate
inflammation with norviable bone fragments (allograft) surrounded by osteoclasts
geneating resorption pits (Figure 5.1%hite arrows), osteoldés, new trabeculae, and
marrow elements. The stained sections showed extensive cellular infiltration and
remodeling throughout the volume of the defect, as well as new bone formation near the
host bone interface, and some naable allograft bone partieb remained in the interior
of the defect. There was minimal to no evidence of residual polymer, suggesting that the

polymer had undergone extensive degradation by 8 weeks.

Discussion
Injectable lysinederived poly(ester urethane) networks have been shimwn
support tissue remodeling in preclinical moéefé. This class of biomaterials undergoes

hydrolytic and oxidative degradatioto lysine, a-hydroxy acids, and soluble lew
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molecular weight urethane adduét&®. Furthermore, neither ¢hcured polymers nor the

degradation products induce a severe inflammatory respongeo’™ *> 272

However,

the effects of reactive components in the PUR leaching into the surrounding tissue prior
to cure, resulting in a potentially adverse tissue resptindeas not been investigated.
Curing of the materialn vivo may dso differ fromin vitro conditions, resulting in

unpredictablén vivo performanc&® 2> 2°,

In this study, we investigated the effects of
stoichiometry and catalyst cosatration on the reactivity, biocompatibility, and
injectability of PUR biocomposites comprising a lysoerived prepolymer, polyester
triol, water, and a tertiary amine catalyst.

The polyester triol, water, DPG, andNBBPs had significantly differentesond
order rate constants, resulting in differences in the conversion of each component (Figure
2). DPG was 3 times less reactive than the polyester triol at the higher catalyst levels, but
not at the lower catalyst levels, which could be due to the dsonstructure (i.e.,
characterized by both primary and secondary hydroxyl groups) of BPGhe reaction
between the NC@erminated prepolymer and theNBBPs is more complex due to its
particulate state. ®1BPs are composed of ~30% organic compounds, of which *90%
collagen | that contains reactive amines (76% of total active hydrogen equivalents) and
hydroxyls (24% of total active hydrogen equivaleffts)While primary amines have a
rate of reaction with isocyartes approximately 10 times higher than primary hydroxyl
group$®, the reaction between-BBPs and prepolymer is limited by the diffusion of the

prepolymer to the surface of the particles. Remnore, most of the collagen is

embedded in the interior of the bone particles and only a small fraction is available at the

137



surface to react with the prepolymer. Thus, the dajidd reaction between the-B
MBPs and prepolymer showed the lowest corneearat both catalyst levels.

For all formulations, water was the most reactive component. When the initial
water concentration was treated as a fitting parameter, the agreement between the
experimental and calculated overall rates was god:(®R951 0.99, Fig.5.4A and C).

As shown in Tablé.1, the fitted initial water concentrations were on average 2.5 times
greater than the measured values. Measurement of trace water concentrations by KF
titration is limited by factors such as oxidizing and redgcagents (e.g., residual
catalysts) present in the test sarmple In addition, allograft bone contains a small
fraction (up to 2i 3% as measured by TGA) of surfaseund wate¥ that cannot be
detected by KF titration.Polyurethanes can also react with moisture in the air under
humid condition&’, and allograft bone can absorb up to 10 wt% water when exposed to
humid air, which are not accounted for in the KF titration.

Since the water reaction produces carbon dioxidé®Yads can be exploited to
generate >50mm pores (Fig. 5)7that accelerate cellular infiltratit ** 2% 33 The
porosity can be tuned to targeted values by otlimtg the water content under diy
vitro conditions (Figure 5&)*. As water is increased from 0.15 to 0.7 wt%, the
porosity increases from 10% to 50%, resulting in a decrease in cssiyarstrength from
9.5 MPa to 5 MPa as we have reported previgislyThe maximum porosity that can be
attained in the biocomposites is 6B5% (water concentrations exceeding 0.7 wt%), a
which point the compressive strength drops to <0.3 MPa and the materials become
friable’’®. Thus, to balance the requirements for both mechanical strength and cellular

infiltration, expan®n of the biocomposites must be controlled such&ka60 vol%. As
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shown in Fig. 5.B, the porosity of the KCO, 11-CO, and 11C1 biocomposites with no
added water increased fromi820% under dry conditions to 50 55% under wet
conditions. Since #hwet reaction conditions are more indicative of ith@ivo wound
environment, these observations suggest that formulatie@®,I01-C0O, and 13C1 would
undergo unpredictable expansionviva™ 2.

The instantaneous selectivity,.q) of the water reaction relative to the polyester
and DPG reactions provides insight into the sensitivity of the overall conversion to the

concentrations of the individuabmponents:

r k,C
Supra) =T = . (10)
WD 4, KC,+k,Cy

The water selectivity initially exceeds unity (singg>> ky, kg) and scales with & As

the reaction progresses,@:q) decreases due to the reaction of water, but diffusion of
water into the reactive scaffold from an external source results in increased water
concentration and selectivity. Thus, curing in a moist environment is predicted to
promote ovesexpansion, whichs consistent with the porosity data in Fig&®. To
prevent potential release of low molecular weight NCO groups, it is desirable to control
the value ofC, such that the NCO conversion approaches 100% after final cure (typically
~24 hourg. However,the high sensitivity to initial water concentration, as well as
diffusion of environmental water into the wound bed, can result in reduced conversion of
polyester triol conversion and weak mechanical properties. In  contrast,
photopolymerizable polymersidluding PEG acrylate derivativésand poly(propylene
fumarate) (PPEJ, curein situ upon activation of the initiator using ultraviolet light.
Thus, photopolymerization offers the advantages of curing rates amdéeof seconds

to minutes®® that are independent of conditions in the wound bed. We anticipate that the
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adverse effects of environmental waten PUR reactions could be mitigated by using
catalysts with low toxicity that selectively catalyze the gelling relative to the blowing
reaction. Despite the previously reported strong gelling selectivity of BEDK, >> Ko,
kq for both catalyst levels in the present study. The toxicity of heavy metal catalysts (e.qg.,
tin and bismuth) likely prgudes their use in injectable formulatidffs but a lower
toxicity gelling catalyst with § << k, k¢, such as ferric acetylacetondtes anticipated
to reduce the sensiity to environmental water.

While formulation I6C1 minimized the effects of external water on expansion,
the lower index resulted in a lower conversof polyester and DPG (Fig. ¥4 D).
Incomplete conversion is anticipated to reduce the crosslansity and introduce
network defects that reduce the mechanical properties of the cured pGlyfiee time
scale required for crosslinking can be estimated from the measured working times of the
composites listed iimable 5.4 The working time, which is determined experimentally as
the time at which thestr age modul us GO6 equals the | o0oss
gel point, or the time at which the reactive polymer forms afloavable crosslinked
network. Prior to the gel point, the low yield stress (2.1 Pa) and initial viscosity (170
Pa*s) render thdiocomposites both injectable and flowafle At the gel point, the
biocomposite transitions to a ndélowable gel that can no longer be injected. The
isocyanate conversiong, at the gel point (approximated by the working time) measured
under dry and wet cortecbns were calculated from the kinetic model and are also listed

in Table 5.4 For the high index conditions, 27%xg, < 29%, while for the low index

conditions, 48% <gp < 61%.
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At the early stages of the curing process prior to the gel point, th® NC
conversion is lower than the conversion at the gel point for each formulation (eig., 6.6
24.7% at 2 min, se&able 5.4, and thus leaching of reactive components may occur.
However, prepolymer was not identified in the NMR spectra of the leachatasy at
conditions, and only a small amount of polyester and DPGi (0.2%) leached from the
biocomposites at 2 min. At 45 min, the NCO conversion exceeds that at the gel point
(36.01 79.4%, seeTable 5.4. Consequently, the fraction of leachable comptsen
decreased for all groups, ranging from 0.0.68% of the total mass, due to the increased
crosslinking at 45 min. As anticipated, the measured concentration of leachables

decreased with the conversion of NCO groups calculated from the kinetic maplek(F
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Figure 5.13. Plot of the measured concentration of leachable components versus
isocyanate conversion calculated from the kinetic model.
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The NMR spectra revealed that a significant amount of TEDA leached from the
reactivebiocomposite at both 2 and 45 min. However, with an oral LD50 in rats of 1,700
mg/kg (MSDS, sigmaaldrich.com), even rapid leaching of TEDA from the reactive
biocomposite is not anticipated to adversely affect cells. When diluted with fresh
mediunf®, the leachates had no adverse effect on cell viability, which is consistent with
previous studies investigating the cytotoxicity of the degradation products from PUR
elastomer¥ and network®. Previous studies have also reported that the reaction
exotherm is <1%'>. These observations suggest that reactive PUR networks do not
release unreacted cytotoxic components or large amounts of thermal energy that are
harmful to cells and host tissuas has been reported for other reactive thermosetting
polymers (e.g., cyanoacrylate gl@or for some photopolymerizable systéfis

When injected into excisional wounds in rats, lysierived PUR scaffolds
supported prolifer&n of Ki67+ cells and formation of procollagen I, and the extent of
cell apoptosis (as assessed by TUNEL staining) was comparable to the empty defect
controf®  Macrophages infiltrated the defect and accelerated the degradation of the
scaffold by oxidation of lysine residues in th@lymer, as evidenced by positive staining
for anttPGP9.5 and myeloperoxida®e Thus, the inflammatory response was transient
and localized to residual PUR remnants. To more specifically assess the host tissue
response in the bone environment, the extent of osseointegration and remodtimg of
0-C1 biocomposite were evaluated at 8 weeks in a rabbit femoral condyle plug defect
model in the present studyt 8 weeks, residual allograft bone particles were surrounded
by functional osteoclasts and showed visual evidence of surface resorpgorption

pits) as well as a lower TMD. Moreover, the biocomposites supported the recruitment
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and differentiation of osteoblasts that deposited new bone as evidenced by the increase in
BV/TV and Conn.D after 8 weeks implantation time. Minimal evidenteesidual
polymer existed at this time point, suggesting that no adverse responses associated with
the cured polymer, the unreacted components, or the breakdown products resulting from
degradation of the polymer was evident. These observations aret@oingish the data

in Figure 6 reporting low cytotoxicity of the unreacted leachates from the polymer prior
to cure, as well as previous studies reporting that hd@rved PURSs release
degradation products with low toxicify*> ** and support new bone formation in bone

defects in rats, rabbits, and sh&&p*°.

Conclusions

In this study, we measured the chemical reaction rate constants of the active
hydrogen components with the isocyant@eninated prepolymer in an injectable lysine
derived polyurethane biocomposite using iansitu ATR-FTIR technique. The rate
constants were used to build a kinetic model describing the reactivity of the injectable
biocomposite. The tertiary amine catalyst TEDA preferentially catalyzes the blowing
reaction with water relative to the gelling reansowith polyester triol, DPG, and
allograft bone particles, despite the fact that TEDA has been reported as one of the
strongest amine gelling cataly$ts Thus, the conversions of polyisocyanate and water
were nearly complete, while the conversions of polyester triol and DPG were incomplete
(<70%). These predictions of the kinetic model wereagreement with leaching
experiments showing that polyester triol, DPG, and TEDA were released from the

reactive PUR, which were shown to be roytotoxicin vitro. When injected into plug
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defects in the femoral condyles of NZW rabbits, the PUR biocongpasipported
cellular infiltration and remodeling at 8 weeks with no evidence of an adverse
inflammatory response induced by the polymer degradation products. Thus, the kinetic
model is a potentially useful approach for predicting the biocompatibilityeattive

biomaterials.
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CHAPTER VI

NOVEL CHEMISTRIES FOR CELL SPECIFIC DEGRADATION OF

POLYURETHANE BIOMATERIALS

Introduction

Biodegradable scaffolds made from synthetic polymers have been extensively
investigated for use in tissue engineering and regenerative medicine. Examples include
poly(lacticco-glycolic acid) (PLGA}, p ecapyolacibne) (PCE) polyanhydrides
(PAA)?, and polyurethanésall of which have a history of use in products approved by
the FDA. These materials are applicable for a diverse range of regenerative applications
because they offer a high degree of tunability, generate a minimal host inflammatory
response, and degrade into rmyotoxic componentshat are resorbed and cleared from
the body.

In situcuring, injectal@ scaffoldssuch as poly(ester urethanes) (PEURS) that
support cellular infiltration and degrade into Aoxic breakdown products represent a
particularly promising class of biomatefiaPorous PEUR scaffolds are formed by
mixing hydroxyHunctionalized polyolsd.g, 900 g mof triols comprised of
caprolactone, glycolide, armiL-lactidg®®with isocyanatgunctional precursors to form
a crosslinked nevork. Water can be added as a blowing agent to create an inter
connected pore structure, and the mechanical, chemical, and degradation properties of the
scaffold can be modified through the selection of the polyol and isocyanate precursors
Unlike many other methods used for fabrication of porous scaffolds, this approach does

not require a porogen leaching step. Thisitufoaming approach, combined with the

150



relatively short working time of the reactive liquid mixttfreenders PEURSs useful as

injectable and settable scaffolds suitable for minimally invasive procedures in the clinic.
PEUR scaffolds are primarily degraded by agadialyzed hydrolysis of ester

bonds in the amorphous soft segment, resulting in chain scesifarmation of

hydroxyl and carboxylic acid end groupesidualcarboxylic acidin the polymer

reduce the local pH at later stages of degraddtitrereby catalyzingccelerated

hydrolysisof the polymef?. As the polymers degragew molecular weight and soluble

Uhydroxy acidgiffuse from the scaffold into the medium, resulting in mass loss.

Al t h o-lydrdxy ddids are netoxic and can be cleared from the b¥%y,

autocatalytic degradation of the PEUR network driven by residual carboxylic acid groups

can result irma mismatch in the rates of scaffold degradation and tissgewith that

leads to resorption gaps and compromised tissue regené&tation
Environmentallyrespansive polymers have been heavily investigated for the

development of smart materials that respond to specific biological Stinmlparticular,

biomaterials that degrade by eslediated mechanisms, such as materials with pretease

cleavable peptides, have been successfully utilized to synthesize environmentally

sensitive nanoparticl€s hydrogeld’, and polymeric scaffold& Development of

degradable polymers that can be cheaply synthesized in large scales, similar to polyesters,

but that target a ubiquitous cetlediated signal for scaffold deglation may provide a

more generalizable and betggrforming biomaterial. Scaffolds degraded by-cell

generated reactive oxygen species (ROS) are a promising candidate because ROS serve

asimportantbiological mediatorsn many normal biologicgbrocesss™, and elevated

ROS, or doxidati ve flammatersasndthe pathegermesisrobntyliacha r k
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diseasessuch as cancend during wound healiiy Polymeric biomaterial implants
have also been shown to elicit a stable tioddincreasen ROS production at surgery
sites over a four week timefrafighighlighting the potential utility of this cefjenerated
signal for triggering material degradatiodditionally, in the bone microenvironment,
osteoclasts are known to secrete ROS during resofptibhis has motivated the recent
emergence of new classes of R@Sponsive polymebased nanoparticl&sand
development of saleached, porous scaffoldemposed of a combination of the
polyester PCL and ROSensitive, prolindased peptidés

Here we sought to develop a generalizable;aedjradable polyurethane scaffold
formulated from polyols exhibiting ROG&pendent degradation. To do so, we
synthesized a new class of polyols based on-B€xffadable poly(thioketals).
Poly(thoketals) (PTKs) were recently applied for development of odiyered
nanoparticles that remain stable in transit through the stomach and specifically release
their cargo fAon de ma nd o date, hewieverethis uaifue ul cer a
polymer chemistry has solely been utilized in targeted nanoparticle drug delivery
application&® %", Herein, we report the development and testing of a new class of PTK
macrodiols amenable to synthesis of injectable, porous poly(thicke&hane (PTK
UR) tissue engineering scaffolds that are selectively degraded fyeoelited ROS.
These fully synthetiscaffolds have been developed to further explore utilization of an
ROSdependent degradation mechanism in order to yield scaffolds with better matched

rates of cellular infiltration and degradation
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Experimental

Materials

All chemicals were purchased from Sigklrich (Milwaukee, WI, USA) except
the following. 2mercaptoethyl ether (MEE), glutaraldehyde, and cobalt chloride were
purchased from Fisher Scientific (Pittsburgh, PA), and the tertiary amine catalyst
(TEGOAMIN33)was obtained from Goldschmidt (Hopewell, VAGRlycolide and D,
lactide were obtained from Polysciences (Warrington, EAxcat83, an organobismuth
urethane catalystyas supplied by ChasCheing. (Rutherford, NJ)Hexamethylene
diisocyanate trimer (HD, Desmodur N3300A) was received as a gift from Bayer
Material Science (Pittsburgh, PA). Cell
Eagle Medium (DMEM), fetal bovine serum (FBS), and penicillin/streptomycin were
supplied by Gibco Cell Culture édlsbad, CA). All materials were used as received
unless otherwise indicated.

PTK dithiol synthesis

The condensation polymerization protocol for PTK prepolymer synthesis was
adapted from Wilson et &°. Briefly, p-toluenesulphonic acid monohydrate (PTSA) was
added to a trnecked boiling flask equipped with an attached addition funnel. The vessels
were placed under vacuum for 15 min before being purged with nitrogen. The boiling
flask was cheged with anhydrous acetonitrile and basgrecific amounts of MEE (x
molar eq) and 1,4 butanedithiol (BDT)}xImolar eq) where x =1, 0.75, 0.5, 0.25, and 0
for the different synthesized PTKs. The addition funnel was also charged with anhydrous

acetonitile and 2,2dimethoxypropane (DMP) (0.83 molar eq). A molar excess of dithiol
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monomers was utilized relative to DMP to ensure the formation of polymers with free
terminal t hiol s. Both the addition funnel
flowing nitrogen for 30 min before submerging the boiling flask into an oil batif@t 80
After 15 min of temperature equilibration, the addition funnel stopcock was set so that
the acetonitrileDMP solution was added drepise into the continuously stirring iiog
flask over a period of 16 h. Post synthesis, the acetonitrile was removed by rotary
evaporation and the resultant PTKs were isolated by precipitation into cold ethanol and
dried under vacuum. To evaluate polymer compositions, samples of the respddtis
were dissolved in deuterated chloroform (CE@hnd analyzed witfiH nuclear magnetic
resonance spectroscopy (NMR, Bruker 400 MHz Spectrom&t#NMR chemical shifts
were reported a$values in ppm relative to the deuterated CIICGE 7.26).
Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), g (quartet), and m
(multiplet). The number of protons (n) for a given resonance is indicated as nH and is
based on integration valuési NMR (400 MHz, CDCJ): ti= 3.67%3.61 (m, 4H, ti= 2.83
(t, 4H),0= 2.63 (t, 4H) 172 (t, 4H)li = 1.60 (s, 6H).

Polyester polyol synthesis

Trifunctional or bifunctional polyester polyols were synthesized as previously
documented® To synthesize the trifunctional polyol, glycerol was vacuum dried8o
hours at 88C and then added to a 100 mL three neck flask. By molar amount(}60%
caprolactone, 30% glycolide, and 10% Beactide were added to the glycerol starter
along with a stannous octoate catalyst to yied®@ g mot" triol, a 1000 g mét diol, and

a 1500 g mot triol.
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PTK hydroxyl functionalization

The hydroxytfunctionalization of the PTK dithiols was complef&dih order to
generate polyols compatiblativ standard polyurethane synthesis. Briefly, PTK dithiol
polymers were transferred to a boiling flask, placed under vacuum, and then exposed to a
nitrogen atmosphere. The flask was charged with dichloromethane (DCM) before adding
a 10x molar excess 6tmercaptoethanol to the solution. This solution was stirred
continuously at room temperature to reduce any disulfide bonds and recover the reactive
thiol end groups. After 3 h of stirring, the DCM was evaporated and the residue was
washed three times in cofdhanol to remove residuadmercaptoethanol. The reduced
PTK polymers were dissolved in anhydrous tetrahydrofuran (THF) before adding a 10x
molar excess of cesium carbonate (CgdMder nitrogerand stirring for 30 min at room
temperature. A 5x molar egss of Zoromoethanol was next added to the solution and
stirred for 18 hours under nitrogen at room temperature. After stirring, the solution was
added to a separation funnel with an excess of deionized water to effectively separate the
PTK-solubilizing THF layer from the watesoluble CsC@catalyst. The hydroxyl
functionalized PTKs were extracted in THF before removing the solvent by rotary
evaporation, followed by precipitation three times in cold ethanol before vacuum drying
for 24 h. Molecular weigistand polydispersities of the figgnthesized PTK diols were
analyzed by gel permeation chromatography (GPC, Agilent Technol&giet Clara,
CA) usinga mobile phase dfi,N-dimethylformamide (DMF) with 200mM LiBr.
Polymer molecular weights were quaiaif using a calibration curve generated from
poly(ethylene glycol) (PEG) standards (408000 g mof). Hydroxykfunctionalization

was confirmed byH NMR (400 MHz, CDCY)): U= 2.74 (t, 4H) and attenuated total
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reflectance Fourier transforimfrared spectroscopy (ATRTIR; Bruker Tensor 27 FTIR,
Billerica, MA). For ATR-FTIR, thiokterminated and hydroxyterminated PTK polymers
were placed in contact with a ZnSe ATR crystal to quantify absorbance at 25%thdm
3400 cnt*, which correspontb absorbance peaks of free thiol and free hydroxyl groups,
respectively. The hydroxyl (OH) numbers of the different PTK diols were determined by
titration (Metrohm 798 MPT Titrinodccording to ASTM E189P 08 %°. Equation1 was

used to relate the moleculaeight to the hydroxyl number of each titrated PTK:

I 1
" R o0tm> @
where56,100 represents the taoular weight of KOH in mg/mof, represents the

hydroxyl functionality of the PTK (assumed to be 2 for the linear homobifunctional
polymers in this studyandM, representthe numbeiaverage molecular weight of the

polymer. The full synthesis scheme is displayed in Figure 6.1.

O o]
7< SHMSH SH\/\O/\\/SH
2,2-Dimethoxypropane 1,4-Butanedithiol 2-Mercaptoethylether
(DMP) (BDT) (MEE)

PTSA, Acetonitrile,
16h, 80 °C
Nitrogen Atmosphere

Hs hY4 o Y SH
Ws S)y(\/ "\/\S Sa;\/\/
Poly(thioketal) copolymer (PTK), x%MEE-co-y%BDT
Copolymers include 100%, 75%, 50%, 25%, and 0% MEE-PTK

CsCOj;, THF, 18h, RT

Br
\/\OH l Nitrogen Atmosphere

HO/\/S{\/\/\SXS):(\/O\,/\SXS%;\/\/S\,/\OH

Homobifunctional PTK Diol
Figure 6.1. Synthesis scheme for the condensation polymerization of thiol
terminated PTKs. The copolymers were derivatized wiltindmoethanol to yield
PTK diols.
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PTK-UR and PEUR synthesis

The PTKUR and PEUR scaffolds were prepared usingtemponenteactive
liquid molding of: (a) hexamethylene diisocyanate trimer (HDIt), and (b) a hardener
component comprising the PTK diol, 0.8..5 parts per hundred parts polyol (pphp)
water, 10.0 pphp TEGOAMIN33 catalyst, 0.3.0 pphp sulfated castor oil stabdiz
and 4.0 pphp calcium stearate pore op&hdthe makeup of theardener components
for the different respective PTK diols was individually optimized to yield scaffolds with
mechanical integrity and an intact porous structure. PEUR scaffoldgespectively
designatedby their polyester precursor 880tPEUR, 1000éPEUR, and 1500PEUR
and served as hydrolyticaljegradable controls. The hardener component elements were
first mixed for 30 s at 3300 rpm in a Hauschild DAC 150 H/BpeedMixer (FlackTek,
Inc., Landrum, SC) before adding the HDIt and mixing for antimehél 30 s. This
reactive liquid mixture was allowed to rise freely for2@min for complete setting and
hardening. The targeted index (ratio of NCO to OH equivalents times 100) was 115,
where the number of OH equivalents is calculated from the expetathy measured OH
number for the relevant PTK diol.

Characterization of scaffold physical properties

The core densities of PFKIR and PEUR scaffolds were determined by
measuring the mass and volume of cylindrical porous scaffold core samples, with the
core porosities being subsequently calculated from these density allies porous
morphologies of the different PTKIR scaffolds were qualitatively assessed by scannin
electron microscopy (Hitachi-&00 SEM, Finchampstead, UK). The amount of

unreacted components (sol fraction) in the cilivded network was measured from the
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mass loss of dried scaffold cylinders (25 mh2 mm) previously incubated in DCM for
24 h. To measure the molecular weight between crosslinky, @daffold samples (n = 3)
were weighed dry and then incubated in DCM for 24 h. After incubation, samples were
gently Dblotted to remove excess DCM and
Thesevalues, along with the solvent parameters, were used in the Rt@yer equation
to determine M For measuring scaffold hydrophilicity, PTR films of 100%, 50%,
and 0% MEEPTK diols were synthesized using an index of 105 and the gelling catalyst
CoscaB3at 1000 ppm. After mixing the catalyst and PTK diol for 30 s at 3300 rpm,
HDIt was added and mixed for an additional 30 s. The mixtures were cast into Teflon
compression molds and allowed to cure for 18 h at 60°Ccdhiact angle of water on
these PTKUR films was measured using a Rahart (Mountain Lakes, NJ) Model-A
100 contact angle goniomet&r. 4 ¢ L water drop was added
10 min, an equilibrium contact angle was measured to account for molecular surface
reorganizatiorwhich increased the hydrophilicity at the contactite

Thermal and mghanical properties

Thermal transitions were measured by a TA Instruments (New Castle, DE) Q200
DSC and Q800 DMA. For DSC analysis, samples ranging in mass frdra 4@ were
heated from80° C to 206 C at a rate of 10C min*, cooled to-80°C at a rat of-20° C
min, and heated a second time to 200at a rate of 10C min*. All transitions were
obtained from the second heating run. For dynamic mechanical analysis (DMA, Q800
DMA, TA Instruments, New Castle, DE), cylindrical samples @ mm) wee analyzed

from -80° to 55° C at a ramp rate o T min™. Scaffolds were compressed at a
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frequency of 1 Hz with 1% strain during the thermal treatment. Glass transitions were
obtained at the peak of t@in

The mechanical properties of the differ&itK-UR and PEUR scaffold
formulations were measured in compression 8€3A a submersion compréss clamp
using the Q800 DMA. Cylindrical 8 6 mm scaffold samples were tested after
incubation in phosphate buffered saline (PBS) for 7 days°&. 3Fsinga preload force
of 0.1 N, samples were compressed along the longitudinal axis at a strain rate of 10% per
min until 60% compressive strain was achi e
was calculated from the slope of the initial linear region of eagpective stresstrain
curve after toen.

In vitro degradation of PTKUR and PEUR scaffolds

Long-term hydrolytic stability of PTKUR and PEUR scaffolds was determined
by incubating 10 mg samples in PBS at@®n a shaker and measuring the mass Ioss a
each time point (n = 3). Before beginning the experiment, scaffolds were soaked in an
excess of DCM for 24 h to remove any unreacted components before vacuum drying for
24 h. Scaffold samples were removed from the buffer at each time point, rinsed in
deionized water, vacuum dried for 48 h, and weighed. The buffer medium was not
changed between time points. Short term oxidative degradation rates 4JRTK
scaffolds were similarly assessed using an oxidative degradation medium that simulates
in vivo oxidative degadation at an accelerated fAt&his oxidative medium comprised
20 wt% hydrogen peroxide ¢B,) in 0.1 M cobalt chloride (Cog)l, with the HO, and
cobalt ion reacting to stimulate oxidative radiftamatiorf®® As with the longterm

study, triplicate samples were ggeaked in DCM for 24 h before vacuum drying and
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incubated at 3T in the oxidative medium on a shaker. At specified time points over 10
d, samples were removed, rinsed vd#ionized water, vacuum dried, and weighed. The
oxidative medium was replaced every 3 days, and the morphology of botim&&ted
and HO»-incubated scaffolds was qualitatively assessed with SEM.

The effect of radical concentration on PR scaffold égradation kinetics was
also explored. The original 20%@, in 0.1 M CoC} degradation medium was diluted
ten and one hundred fold to yield a 2%in 0.01 M CoC} solution and a 0.2% 1D,
in 0.001 M CodClsolution. These three degradation media weeel i incubate 100%,
50%, and 0% MEEPTK-UR scaffolds along with 90REUR control samples, with
material preparation steps and incubation conditions being the same as previously
described.

Mathematical modeling of PFKIR oxidative degradation

The degrad#on behavior of the PTKUR scaffold formulations were fit to first
order decay kinetics equation to create a mathematical model of scaffold degradation
with respect to KD, concentrationThefirst-order degradation modes given in

Equation2.

“u ] g (2)
In this equationlM is the scaffold mass remaining at ti&l, is the initial
scaffold massandk is the degradation rate constadan-linear regression was used to
fit this first-order degradation model to the experimentally determined degradation data.
This method was used to determine the degradation rate caan&iatite different

scaffolds in the different control and oxidativedia.
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In vitro culture of macrophages on PIUR scaffolds

RAW 264.7 macrophages were cultured iMEM supplementedvith 10% FBS
and 1% penicillin/streptomycin. 100% and 0% MBEK-UR scaffolds were cut into 6.5
x 1-mm discs, sterilized by UVadiation dbr 1 h (30 min per side), placed into-@@!l
plates, and incubated with culture medium for 30 min. Macrophages were seeded onto
the scaffolds at a density of 2¢8L0° cells/scaffold. The cells were allowed to adhere to
the scaffolds for 3 h, at which paithe old media were removed and the cells were
treated with either fresh cultureedia oractivationmediacontainings & g* mL
lipopolysaccharide (LPS) and 1000 U thinterferon gammalEN-2). Cells were
incubated on the scaffolds for 3 d with freshtue media being applied daily. After the
3 d incubationthe scaffolds were fixed in 5% glutaraldehyde for 2 h followed by 2%
osmium tetroxide for 1 h. These fixed scaffolds were dehydrated in ascending grades of
ethanol before being vacuum drjeghutte-coated and imaged with SENb evaluate
surface pitting

Cytotoxicity of PTKUR and PEUR scaffolds

NIH 3T3 mouse fibroblaststably transfected with a firefly luciferase reporter
genewere cultured in MEM supplementegvith 10% FBSand 1%
penicillin/streptomycin. 100% MEPTK-UR, 0% MEEPTK-UR, and 90GPEUR
scaffolds were cut into 6.5 1-mm discs, sterilized by U¥adiation for 1 h (30 min per
side), placed into a blaekalled 96well plate, and incubated with culture medium for 3
min. Fibroblasts were seeded at a density ok5L0" cells/scaffold on n=3 scaffolds and
allowed to grow for 0, 1, and 3 days in 200f culture media per well (changed every

two days). At the endpoint, the cekteded scaffolds were treated withterd media

161



containing a luciferin substrate. After 10 min, the scaffolds were imagedmaitHS
200 (CaliperLife SciencesHopkinton, MA)bioluminescence imaging system with an
exposure time of 2 min to quantify the luciferdsesed bioluminescence sajrirom each
scaff ol dbés vi aAlteadingseaédrd normaized tb day 0 biliminescence
values.

In vivo degradation of PTKIR scaffolds implanted subcutaneously in rats

All surgical procedures were reviewed and approved by the Institutional Animal
Care and Use Committee. 100% MPEK-UR and 900fPEUR scaffolds wereut into
10x 2.5mm discssterilized with ethylene oxide prioandimplanedinto ventral
subcutaneoustsis in adult male Spragu@awley rats. Scaffolds were excisedieeks 1,
3, 5 and %o evaluate new tissue formation in the implants. The tissues were fixed in
formalin for 48 h followed by incubation in 70% ethanol for 48 h, embedding in paraffin,
sectioing, and staining with hematoxylin & eosin. Histological sections were evaluated
with Metamorph Imaging Software (Molecular Devices Inc., Sunnyvale CA) to assess
wound size, scaffold degradation, and new tissue growth.

Statistical Analysis

All data are eported as the mean and standard error of the mean. Statistical
analysis was performed using single factor analysis of variance (ANOVA) and Tukey
posthoc comparison tests, wighvalues less than 0.05 considered statistically

significant.
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Figure 6.2. 'H-NMR spectra of the synthesized PTK copolymer diols. Peaks
associated with MEE and BDT monomers correlated with molar composition u:

in the polymer feed.

Table 6.1. Characterization of PTK diols.

Copolymer (PTK diol)  100% MEE 75% MEE 50% MEE 25% MEE 0% MEE

GPC M, 1027 1005 947 1053 807

PDI 1.38 1.34 1.35 1.36 1.32
Titration M, 825 850 810 745 680
Theoretical MEE% 100% 75% 50% 25% 0%
Actual MEE% 100% 76% 52% 26% 0%
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Results

Thiol-terminated PTK polymers were successfully synthedized the
condensation polymerization of MEE, BDT, and DMP monomers using PTSA as a
catalyst Five copolymers were synthesized with varypggcent molar compositioof
MEE and BDT, aneach polymer islesignated bits relativemol% MEE. *H-NMR
spectra confirmed théihe composition of the synthesized polymers closely matched the
monomer ratios in the fed&igure 6.2, Table 6)1andgel permeation chromatography
(GPQ analysis showethat thepolymess hadM,, of ~1000 g mof with polydispersity
index PDI) values around 1.35

Efficient conversion of terminal thisito hydroxyk was demonstrated Byl R-
FTIR. The thiolabsorbance peak at 2550 tmas apparent in the thitérminated
paentPTKs but did not appear with the hygyb-terminated polymers, which generated
a characteristic ATFETIR hydroxyl peak at 3400 c¢ir(Figure 6.3. OH numbers
experimentally measured with titratiovere utilized to calculate #@riation M, that was
usedto balance the hydroxykocyanate reaction used to foRK-URs. Consistent with

previous findings, the experimental OH numbteesded highethan theoretical valu&s
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Figure 6.3. ATR-FTIR spectra of thieland hydroxyterminated PTKs. The thiol
absorbance peak is seen at 2550 amd the hydroxyl absorbance peak is seen at
3400 cm'. These spectra demonstrate efficient conversion of PTK terminal thiols
hydroxyls.

PTK-UR scaffolds were successfullyrghesized from the PTK diols aitDIt,
yielding porous,mechanically robus?D scaffolds (Figure 6.4 top row. PEUR control
scaffolds were alssuccessfullfjormed from HDIt andhethree diferent polyester
prepolymers (1000d, 1500t, and 900t). The ltespPTK-UR and PEUR scaffolds
possessed similar sol fraction and porosity, as se€alile 6.2 The average molecular
weight between crosslinks (Wfor 1000d and 15004PEUR was statistically equal to all
of the PTKUR scaffolds, while the 90REURshad a significantly lower WMp < 0.05)
relative to all other formulations except for the 100% and 0% MEE-UR scaffolds
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(Table 6.3. Therelativesurface hydrophilicity of th®@ TK-UR materialsvasassessed
usingcontact angle measurementsfilms, with 100%, 50%, and 0% MEBPTK-URSs
having contact anglealuesof 66°, 77°, and 80, respectively.

The glasdransition temperature gy of PTK polyols was determined by
differential scanning calorimetry (DSC), and thgoT the PTKUR scaffolds was
measuredby DSC and dynamic mechanical analysis (DMA) (Table @B wet
compressivenoduli ofthe PTK-UR scaffolds rangdfrom 100- 250 kPaandthe PEUR
moduli rangdfrom 207 100 kPa Figure 6.5. All the PTKUR formulations had
significantly higher modulusalues than the 150(REUR and 100G?EUR materials,
while the lower M 900tPEUR scaffolds possessed stiffness values closer to the PTK
UR samples. However, even this formulation was significantly less stiff than the 100%

and 0% MEEPTK-UR materials.
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Figure 6.4. SEM images of PTKUR scaffolds. Day 0 samples (top row) show
representative untreated scaffolds. The day 10 degradation samples (middle row)
incubated in 20% kO, in 0.1M CoC}for 10 days at 37°C to demonstrate oxidative
degradation ofthe PMKIRs (not e visible chpogesoi
appearancpopbpésamiorbhe struts of the
(bottom row) were incubated in PBS for two weeks at 37°C to demonstrate the
resistanceof he PTKs to hydrolytic breakdow
and the inset images display higher magnification views (2.6x magnification of lar
image).
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