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observed in the defect space from nHA in nHA-PTKUR scaffolds. (C) A schematic representation
of the regions of interest (ROI) utilized for histomorphometric and spatial analysis within the
diaphysis. D) Representative image of nHA-PTKUR scaffold in metaphyseal surgical site. (E)
Representative X-ray image of metaphysis. Yellow arrows indicate defect. Light opacity observed
in the defect space from nHA in nHA-PTKUR scaffolds. (F) A schematic representation of the
regions of interest (ROI) utilized for histomorphometric and spatial analysis within the metaphysis.
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6.2. Porous structure and mechanical properties of 3D nHA-PTKUR scaffolds. (A) Representative
.stl image of a 3D nHA-PTKUR scaffold. (B) Representative SEM images of the nHA-PTKUR
scaffold internal porous structure. (C) Material properties of nHA-PTKUR porous scaffolds
measured under compressive loading. Statistical significance of material properties dependent on
nHA evaluated using One-way ANOVA, **P<0.01. ....cccooveiiiieiieie e 98

6.3. New bone formation analysis of nHA-PTKUR pilot study. Histomorphometric analysis of (A)
area % bone and area % cartilage at 4 and 8 weeks. (B) Bone morphometric parameters (Bone
volume/ total volume (BV/TV), trabecular thickening (Th.Th.), trabecular spacing (Tb.Sp.) and
trabecular number (Th.N.)) from pCT analysis of new bone formation in rat diaphyseal model
after 4 and 8 weeks. Statistical significance of histomorphometric outcomes and bone
morphometric parameters at respective time points tested using Two-way ANOVA, *p<0.05,
FHN<0.0L, *FFPK0.00L. oottt ettt rerenns 99

6.4. Histomorphometric analysis of new bone and cartilage formation in nHA-PTKUR scaffolds
in rat diaphyseal and metaphyseal models. (A) Representative images of diaphyseal von Kossa
and Safranin O - stained sections (4X). Histomorphometric analysis of (B) area % bone and (C)
area % cartilage in nHA-PTKUR scaffolds at 4 and 8 weeks within the diaphysis. (D)
Representative images of metaphyseal von Kossa- and Safranin O-stained sections (4X).
Histomorphometric analysis of (E) area % bone and (F) area % cartilage in nHA-PTKUR scaffolds
at 4 and 8 weeks within the metaphysis. Statistical significance determined using Two-way
ANOVA, *p<0.05, ***P<0.00L.......c0eciiieieieierie e se ettt re e a e e sae e saesresreenaeneenes 101

6.5. High magnification histology of new bone and cartilage formation in nHA-PTKUR scaffolds
within the diaphyseal model. Representative von Kossa images (Top row, 4X and bottom row,
20X) depicting new bone formation in (A) PTKUR scaffolds where new bone (red stars) is seen
throughout the middle of the defect and into the scaffold and (D) 35nHA where new bone is only
seen on the periphery of the defect. Representative Safranin O (Top row, 4X and bottom row, 20X)
images depicting cartilage (orange) in (B) PTKUR scaffolds where cartilage is seen infiltrating
and ossifying into bone within the defect and scaffold and (E) 35nHA scaffolds where only small
amounts of cartilage are seen at the periphery of the defect. (C, F) Superimposed von Kossa and
Safranin O images depict where cartilage is actively ossifying into bone. ............cc.ccocvvinneen. 102

6.6. Infiltrating cell populations in nHA-PTKUR scaffolds at 4 and 8 weeks. (A) Representative
diaphyseal and metaphyseal sections stained with CD146, Endomucin, and CD31 at 4 and 8 weeks
(20X). Yellow arrows indicate positive staining, S indicates scaffold, red asterisks indicate bone.
Quantification of (B) CD146+, (C) Endomucin+, and (D) CD31+ staining. (E) Spatial distribution
of CD31+ staining and new bone within each defect. Statistical significance determined using
Two-way ANOVA, **p<0.01, ****p<0.0001. ....cooiiiiieieieieriese e 103
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6.7. nHA-PTKUR degradation in vivo. (A) Representative diaphyseal and metaphyseal sections
stained with Myeloperoxidase and CD68 at 4 and 8 weeks (20X). Yellow arrows indicate positive
staining. S indicates scaffold. Quantification of (B) MPO+ and (C) CD68+ staining. Statistical
significance determined using Two-way ANOVA, **p<0.001, ***p<0.001, ****p<0.0001... 104

8.1. Differentiation of hMSCs cultured on nPPi- PTKUR polymers. Representative images of (A)
Alizarin red-and (B) Alcian blue stained cells cultured on nPPi-PTKUR at day 21. Quantification
of (C) Alizarin red and (D) Alcian Blue staining on nPPi composites. Statistical significance
determined via one-way ANOVA ** p<0.01; *** p<0.001........cccorimiiimiiiiiieeneseseeeeeee 118

8.2. nPPI-PTKUR scaffolds osseointegrate in unfavorable biological environments. (A) 3D and
(B-C) 2D WuCT reconstructions of scaffolds implanted in femoral musculature show
osseointegration of nPPi-PTKUR but not n(HA-PTKUR in (D) 3D pCT reconstruction and 2D 2D
(E) axial and (F) sagittal cross sections at 6 weeks. Images used with permission from Satoru
EZEY” EGAWA. ..ttt b et b e reennne e 120
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CHAPTER 1: INTRODUCTION

Over 1.6 million bone grafting procedures are performed annually in the United States as
a result of underlying illness or trauma.! Bone grafts are required when a defect is critical sized
and is unable to spontaneously heal on its own.? Autograft (AG) has long been considered the gold
standard for bone grafts as it is inherently osteoconductive, osteoinductive, and osteogenic.3*
However, complications associated with AG include donor site morbidity, limited quantity, poor
vascularization, and potential failure to integrate with host bone.>® Allograft, donor bone, is also
frequently utilized for bone grafts, but its use is precluded by limited bioactivity and potential
immune response.”® To address the present shortcomings with both autograft and allograft,
recombinant human bone morphogenetic protein -2 (rhBMP-2) has been utilized clinically as an
osteoinductive agent to promote both the recruitment and subsequent differentiation of progenitor
cells into osteoblasts. However, current rhBMP-2 delivery modalities utilize supra-physiological
concentrations.® Additionally, FDA approval of rhBMP-2 is limited to specific anatomic sites and
presents off-label side effects of swelling, ectopic bone formation, mineralization in muscle tissue,

and carcinogenic risks.0-1%

Biodegradable lysine-derived polyurethane (PUR) scaffolds have been extensively
investigated for bone repair applications.’6-2° PURs breakdown through hydrolytic and cell-
mediated oxidative degradation into non-toxic byproducts.?®?! PUR scaffolds augmented with
ceramic particles have shown improved mechanical properties and are osteoconductive, meaning
they provide a platform for cells to proliferate and form new bone but do not directly guide
osteogenesis.®?2 However, large defects in less biologically active sites often require
osteoinductive factors, factors that recruit progenitor cells and promote their differentiation into

osteoblasts, which greatly limits available options.
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Furthermore, bone regeneration after fracture occurs by two mechanisms: endochondral
ossification and intramembranous ossification. Both of these processes begin with mesenchymal
stem cells, but the process by which these cells transform into bone differs. In endochondral
ossification, bone forms through a cartilage intermediate while intramembranous ossification takes
place when bone forms through the direct differentiation of progenitor cells into osteoblasts. The
method by which new bone forms is dependent both on anatomic site and additional factors
including fracture site stability, strain, and vascularity. Additionally, bone substitutes must
maintain the functionality of the specific bone in which they are used (i.e., weight bearing or non-
weight bearing). These factors can vary drastically between fracture sites, thus contributing to the
complexity of developing osteoinductive bone substitutes.

To overcome current limitations in available bone grafts, we developed PUR based bone
substitutes that utilize various approaches to confer osteoinductivity including the incorporation
of nano-ceramics like nanocrystalline hydroxyapatite (nHA) and AG. The development of and
material properties of these substitutes have been extensively investigated in previous work?24,
however little is understood about the mechanisms by which these materials promote cellular
differentiation, bone formation, and remodeling. A fundamental understanding of these principles
IS necessary to develop bone substitutes that promote new bone formation specific to both
anatomic site and application.

1.1  Specific Aims

The overarching goal of this research is to gain a better understanding of how

osteoinductive bone substitutes affect cellular response, differentiation, and remodeling both in

vitro and in vivo.
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Aim I: Determine the optimal autograft extender composition to enhance bone formation

and remodeling in vivo. AG is the gold standard of bone grafting but is limited in its availability,

thus, AG extenders have been developed to increase the overall volume of AG while maintaining
its osteogenic and osteoinductive properties. Poly (ester urethanes) (PEURs) and poly (thioketal
urethanes) (PTKURs) have been previously utilized in bone regeneration applications, however,
the effect of polymer composition on AG extenders ability to promote bone formation and
remodeling has not been explored. It was hypothesized that hydrolytically degradable PEUR based
AG extenders would degrade more rapidly and lead to increased bone remodeling when compare
with cell degradable PTKUR AG extenders. In this aim, PEUR- and PTKUR- AG extenders were
implanted into a rabbit radius model and outcomes of Microcomputed tomography (uCT),
dynamic histomorphometry, and histology were analyzed at 12 weeks to evaluate bone formation
and graft remodeling in vivo.

Aim Il Investigate the mechanistic role of nHA in promoting cellular differentiation in

vitro. nHA composites have been extensively utilized to recapitulate the bone microenvironment
in order to promote bone regeneration. Although it is widely accepted that nHA promotes
osteogenic differentiation of osteoprogenitor cells, some studies have shown small amounts of
nHA stimulate chondrogenic differentiation in vitro. Earlier work has suggested that nHA may
act through phosphate transporter (PiT) activation. However, the mechanism by which cells
interact with nHA dispersed in polymeric composites to determine a chondrogenic or osteogenic
fate is not well understood. We hypothesized that polymer bound nHA would activate membrane-
bound PiTs in a dose-dependent manner and lead to the activation of either chondrogenic or
osteogenic differentiation dependent on nHA dose. In vitro studies evaluated the response of

human mesenchymal stem cells (hMSCs) to nHA and identified a mechanism by which polymer
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dispersed nHA promoted osteogenesis.

Aim Ill: Assess the relationship between nHA and the mechanism of bone formation in

vivo. Recapitulating natural fracture healing in vivo remains a limitation in biomaterial-based bone
regeneration strategies. Although fracture healing typically occurs through a combination of
endochondral and intramembranous ossification, current approaches to bone regeneration typically
promote intramembranous ossification through the use of osteoconductive and osteoinductive
biomaterials and are not designed for the specific anatomic conditions or site at which they are
being used. Little is understood about how material composition of bone substitutes influences the
mechanisms by which new bone is formed in vivo. It was hypothesized that smaller concentrations
of nHA would promote bone formation through endochondral ossification while larger
concentrations of nHA would promote bone via intramembranous ossification. In this aim, nHA-
PTKUR composite materials of varying nHA wt% were implanted in 2mm femoral diaphyseal and
femoral metaphyseal defects in rats. uCT, histomorphometry, and immunohistochemistry were
utilized to evaluate the role of nHA in bone formation in vivo.
2.2 Approach

Chapter 1 of this work provides a brief introduction to osteoinductive polyurethanes for
bone regeneration and provides justification for the undertaking of this project. Chapter 2
provides an in-depth background on bone, its composition, and how fracture healing and
remodeling occurs. An overview of bone grafts and synthetic bone substitutes is provided. A
discussion on the use of polyurethanes in bone grafts and substitutes along with strategies to
promote osteoinductivity in polyurethanes follows. Finally, an overview of methods used to

evaluate in vivo outcomes of bone healing and remodeling is provided.
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Chapter 3 describes the continuation and completion of previous work in the lab and
provides an assessment of clinically relevant compression resistant rhBMP-2 carriers. New bone
formation and dose response was evaluated in a non-human primate mandibular model. Although
this work was successful and proved that compression resistant rhBMP-2 carriers worked to
promote new bone formation in a pre-clinical trial model, the challenges and nuances of gaining
FDA approval for a new carrier of a biologic growth factor demonstrated the need to develop
alternative osteoinductive bone substitutes and inspired the following work described in this
dissertation.

To avoid the inherent risks and costs associated with a novel rhBMP-2 carrier FDA
approval process, osteoinductive AG was combined with PTKUR and PEUR ‘extenders’ in
Chapter 4. PTKUR-AG and PEUR-AG extenders were implanted in a rabbit radius model. uCT
and histological outcomes evaluating bone formation and graft remodeling demonstrated that
polymer composition did not have an effect on overall new bone formation. This chapter addresses
the overall goal of determining the optimal AG extender composition for enhanced bone formation
and remodeling as defined in Aim I.

Reduced osteoinductivity observed in polymer-embedded AG led to the use of the
osteoinductive nanoceramic, nHA, for the remainder of this dissertation work. In Chapter 5, in
vitro studies were performed to evaluate hMSC differentiation on nHA composites. Increasing the
dose of nHA within the composites led to dose-dependent osteogenesis in vitro. Furthermore, the
mechanism of action by which polymer-bound nHA promoted osteogenesis was confirmed thus
addressing Aim 11.

A better understanding of the role of nHA in vitro led to investigating the role of nHA on

bone formation in vivo. In Chapter 6, nHA composites were implanted into two rat models in
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vivo: the femoral diaphysis and the femoral metaphysis. The implanted scaffolds supported new
bone formation in both anatomic sites. In the metaphysis, augmentation of scaffolds with nHA
promoted an intramembranous healing response while nHA inhibited endochondral ossification in
the diaphysis. These findings demonstrated that nHA had skeletal site-specific effects on fracture
healing. In this chapter, Aim 111 of this dissertation is addressed.

Chapter 7 summarizes the overall findings of this work while the future directions and

next steps are outlined in Chapter 8.
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CHAPTER 2: BACKGROUND

21 Bone

Bone is a highly dynamic tissue which undergoes constant remodeling. It serves many
functions within the body including structural support, protection of internal organs, maintenance
of mineral homeostasis, hematopoiesis, and provides a reservoir for growth factors and
cytokines.* 2 There are two distinct types of bone: cortical and trabecular bone. Trabecular bone
consists of a honey-comb structure of trabeculae within the bone marrow cavity whereas cortical
bone is solid and dense found mainly in the shaft of long bones and surfaces of flat bones.*> Due
to the differences in porosity, the compressive strength of cortical bone and trabecular bone is
roughly 100-180MPa and 2-12MPa, respectively.®

Bone extracellular matrix is comprised of roughly 30% organic material, 60% inorganic
material, and 10% water.” The organic matrix of bone consists of predominantly of Type I collagen
along with non-collagenous organic materials such as proteoglycans and glycoproteins, while the
inorganic component is composed predominantly of calcium and phosphate in the form of
hydroxyapatite crystals.®®

There are four different cell types which make up bone: osteoblasts, bone lining cells,
osteocytes, and osteoclasts.' Osteoblasts are cuboidal cells derived from mesenchymal stem cells
(MSCs) responsible for bone formation. Osteoblasts make up 4 - 6% of the total bone forming
cells.!! The commitment of MSCs into osteoblasts consists of specific steps of gene expression
including runt related transcription factor-2 and collagen Il during differentiation, alkaline
phosphatase during proliferation, and osterix and osteocalcin during transition to mature
osteoblast.> The mature osteoblasts then form bone matrix through deposition and mineralization

of the organic matrix.
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As osteoblasts become entrapped within the secreted matrix, they become osteocytes. A
subset of osteoblasts that do not undergo apoptosis or differentiate into osteocytes become bone
lining cells.*2 These cells on the surface of bone are flat and non- bone forming, communicate
closely with osteoclasts, and direct mineral uptake and release within bone. 13-

Osteocytes are the most abundant bone cells and make up 90-95% of the total bone forming
cells.'® Osteocytes are located within small cavities called lacunae and are surrounded by
mineralized bone tissue.t” While the osteocyte body is located in the lucana, they have cytoplasmic
processes that extend through channels in the matrix called canaliculi. These processes allow the
osteocytes to communicate with other osteocytes and receive nutrients.”'® Furthermore, the large
network formed by osteocyte processes throughout the matrix is thought to contribute to their
mechano-sensing ability. 820

Osteoclasts are terminally differentiated multinucleated cells which originate from
hematopoietic stem cell lineage.**2! These cells are responsible for the resorption and breakdown
of bone. This process happens in 3 steps: osteoclast adhesion to the matrix, dissolution of the
matrix via highly polarized osteoclasts with ruffled borders that secrete several organic acids, and
finally, enzymatic digestion of the matrix.?%%?

These different cells within bone work together to remodel bone. The cycle consists of five
overlapping phases: activation, in which osteoclast precursors are recruited to the bone surface and
activated; resorption, in which osteoclasts degrade old bone; reversal, when the switch from
resorption to formation occurs; formation, when osteoblasts lay down new bone that replaces the
previously resorbed bone; and termination, when the osteoblasts undergo either apoptosis, become

embedded in matrix, or change into bone-lining cells.?3
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2.2 Fracture Remodeling

Due to the unique and dynamic nature of bone, small fractures can heal on their own in a
temporally defined process.?* Immediately following a fracture, both vascular supply and bone
architecture are disrupted resulting in a loss of mechanical stability and a decrease in oxygen and
nutrient supply. A fibrin-rich blood clot, known as the fracture hematoma, forms to resolve
bleeding and achieve hemostasis.?>2¢ Cytokines released by the clot cause an influx of neutrophils,
B cells, T cells, and macrophages.?’-2° M1 macrophages play a pro-inflammatory role and work to
debride the wound. The polarization of M1 macrophages to the anti-inflammatory M2 macrophage
phenotype marks the shift from the inflammatory stage to the reparative stage.®® This stage is
defined by the recruitment of MSCs to the fracture site and vascular remodeling. This is followed
by the bone formation stage where fracture healing occurs through two processes: primary
(intramembranous) ossification and/or secondary (endochondral) ossification.

Endochondral ossification occurs when bone forms through an intermediate cartilaginous
callus.332 During this process, MSCs recruited to the fracture site differentiate into pre-
hypertrophic chondrocytes and form an unmineralized cartilaginous callus to provide stabilization
of the fracture.?* Following stabilization, the chondrocytes begin to hypertrophy and release
vascular endothelial growth factor (VEGF), bone morphogenetic protein (BMP), and
hydroxyapatite (HA) to promote angiogenesis and ossification.?>26:33 Hypertrophic chondrocytes
within the callus contribute to new bone formation either by undergoing programmed cell death
allowing for resorption, vascularization, and osteogenesis®* or by transdifferentiating directly into
osteoblasts and osteocytes.®>3¢ Endochondral ossification often takes place in fractures with
significant strain and can occur with limited initial vascularization.?63” This type of healing is

most predominant in the diaphysis and long bones.383°
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Intramembranous ossification takes place when progenitor cells infiltrate the fracture site
and undergo direct differentiation into osteoblasts followed by subsequent ossification and
Haversian remodeling. This process occurs when the fracture gap is minimal and the defect site
is both stable and sufficiently vascularized.***' The metaphysis has been show to heal via
intramembranous healing.*?

Despite the two distinct processes by which bone forms, most fractures heal by a
combination of both intramembranous and endochondral ossification due to the variable amounts
of vascularity and strain in the fracture microenvironment.?*26 When the fractures are small
enough, the bone is able to carry these processes out on its own.?* However, in instances where
fractures are larger than critical size or patients have sustained significant trauma, intervention is
required to support bone ingrowth.*3#4 Other comorbidities such as diabetes, age, and smoking
present complications in bone healing and can require intervention. 447 Overall, roughly 5- 10%
of all fractures result in delayed or non-union healing. “ Thus, there is a significant need for bone
grafts and bone substitutes to augment and guide bone healing.

2.3 Natural and Synthetic Bone Grafts and Substitutes

Bone grafting replaces missing bone with natural and synthetic substitutes to facilitate new
bone formation and promote fracture healing. As natural bone grows into the graft or the substitute,
it replaces the material over time leading to an integrated region of new and host bone.

2.3.1 Natural bone grafts. Autograft (AG), bone taken directly from the patient, has long
been considered the ‘gold standard’ of bone grafting. It is osteoconductive, meaning it provides a
platform that new bone can form on but does not directly guide osteogenesis.*® Furthermore,
autograft is osteoinductive, meaning it recruits progenitor cells to the fracture or defect site and

actively induces new bone formation.5®-52 Beyond its osteogenic properties, autogenous bone is
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advantageous due to its low material costs and its ability to mitigate the risk of disease transmission
or immune rejection.>3% However, complications associated with AG include donor site
morbidity, limited quantity, poor vascularization, and potential failure to integrate with host
b0n9.55'56

Allograft, donor bone from human cadavers, is also frequently used for bone grafts. The
advantages of allograft include its ease of use and ample availability.>” However, the process of
sterilizing and storing allograft affects not only its mechanical properties, but also its osteogenic
and osteoinductive potential.®%° Furthermore allograft presents concerns with its potential
immune response and high failure rates.*>%° Due to these limitations with naturally occurring graft
materials and the increasing need for bone grafts,5! the development of synthetic bone substitutes
has emerged as a promising strategy.

2.3.2 Synthetic bone substitutes. The ideal synthetic bone substitute is biocompatible,
resorbable, osteoconductive, osteoinductive, porous, and mechanically similar to bone.%? In order
to meet these requirements, researchers have incorporated ceramics and polymers into substitute
materials, utilizing the natural extracellular matrix of bone of bone as a guiding principle.

Polymers. Polymers are highly tunable and can be easily tailored to meet the needs of a
bone substitute. Natural polymers derived from animal or plant tissues include proteins like
collagen and silk fibroin along with polysaccharides such as chitosan, alginate, cellulose, and
hyaluronic acid.®®-%¢ In general, these polymers are biocompatible and enhance cell adhesion and
differentiation, but they lack the necessary mechanical strength for load bearing applications.5”:68
As mentioned in sectioned 2.1, collagen is the most abundant organic property in bone, thus it has
been extensively studied as a bone substitute.5® Collagen is advantageous in that it is

biodegradable, promotes cell adhesion, and can be used in many forms including nanofibers,
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scaffolds, sponges, and hydrogels.”®"> The use of collagen is limited, however, by its rapid
degradation and poor mechanical properties.?>7374

To address the issues with immunogenicity with naturally occurring polymers and provide
more tailored degradation, synthetic polymers are widely used in bone substitutes. In contrast to
natural polymers, synthetic polymers exhibit reduced bioactivity and osteoconductivity.”®8
Furthermore, their degradation products can be acidic and can cause inflammation.8 Common
synthetic polymers include poly (e-caprolactone) (PCL), polylactide (PLA), poly(lactide-co-
glycolide) (PLGA), and polyurethanes (PURs).”> "8

PCL has been extensively studied as a bone substitute and is commonly used for long term
implants due to its slower degradation rate.”®82-85 PLA and PLGA degrade more rapidly than PCL,
thus their use is more frequently employed for short-term applications such as non-load bearing
defects and drug delivery via micro and nanoparticles. -8 Poly(methyl methacrylate) (PMMA)
was extensively used as a bone cement, however, it is essentially non-degradable and exhibits poor
mechanical properties.8 PURs are easily synthesized under controlled conditions allowing for
ideal and reproducible mechanical and biological properties that can be varied dependent on the
specific applications. "+ PURs have been utilized in a wide range of applications including
electrospun fibrous scaffolds, hydrogels, and foams.%-9

Ceramics. Ceramics are often utilized in bone substitutes. Ceramics are biocompatible and
osteoconductive, however they possess brittle mechanical properties and resorb slowly.4%%
Commonly used ceramics include calcium phosphates (CaPs) like calcium sulfate (CaSQOa), and
-tricalcium phosphate (B-TCP, Ca3(P0O4)2), Hydroxyapatite (HA, Caio(PO4)s(OH)2), and biphasic
calcium phosphate comprised of a combination of HA and B-TCP.% The use of calcium sulfate

was first reported in 1892.%” Although it has been FDA approved since 1996, the resorption rate
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of calcium sulfate is faster than that of bone deposition, thus it is not frequently used in early
treatment.?8%° Both B-TCP and HA are particularly interesting due to their similarity to the
inorganic components of bone. B-TCP is frequently used in synthetic bone substitutes due to its
porosity, safety profile, and resorption rate.1%1%1 g — TCP resorbs slower than calcium sulfate but
quicker than that of HA.102103 As previously mentioned in section 2.1, bone is made up of 60%
mineral content consisting predominantly of HA. The similarity of synthetic HA, synthesized
through the precipitation of calcium nitrate and ammonium dihydrogen phosphate, with that of
naturally occurring HA has led to its wide use within synthetic bone substitutes.'®* HA maintains
more optimal mechanical properties than that of B- TCP and integrates well with host bone. 104105
However, HA resorbs slowly, persisting at least three years after implantation.’®® To achieve a
more balanced rate of resorption, a combination of p -TCP and HA has been used. The use of -
TCP and HA together demonstrated faster and higher bone ingrowth when compared to HA alone
and better mechanical properties when compared to B-TCP alone,07:108

Composites. To improve the properties of polymeric biomaterials, composites made from
both synthetic and natural polymers and ceramics have been investigated extensively for bone
replacements. Composite materials combine the osteoconductivity and osteogenic potential of the
ceramic with the mechanical and degradation properties of polymers mimicking the ECM of
bone.1%%110 Composite hydrogels, porous and fibrous scaffolds have all investigated for use in bone
regeneration.!'*1%5 The addition of HA and B-TCP to PCL and PLGA demonstrated improved
mechanical and bioactive properties.t'¢-11® Multiple studies have shown that HA increases
osteogenesis,'? thus HA has been incorporated in among a broad range of polymers including

collagen, chitosan, PLGA, PCL, and PURs. 121-126
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2.4 Polyurethanes as Synthetic Bone Substitutes

PURs are increasingly used in bone regeneration due to their advantageous properties.*?’~
131 They are non-toxic, biocompatible, and highly tunable. Thus, the rate of degradation and the
mechanical properties are easily altered through changes to the chemical composition and
structure.” PUR based bone substitutes have demonstrated strengths ranging from 40 kPa for
porous foams and up to 190 MPa for cements with moduli from the kPA to GPa range, and can
thus be utilized for either cancellous or cortical bone substitutes.!32:133

2.4.1 Polyurethane synthesis. PURSs are synthesized by step growth polymerization using
three basic components: polyols, polyisocyanates, and additives including catalysts and chain
extenders.’3* Polyols are multi-functional alcohols that comprise a polyether, polyester, or
polycarbonate backbone with a molecular weight ranging from 400-5,000g/mol.*?8 The choice of
polyol affects the rate of degradation of the resulting PUR. Polyisocyanates are characterized by
their -N=C=0 functionality and react with polyols and polyamines. Urethane linkages are formed
by the reaction of isocyanates with hydroxyl groups while urea linkages are formed by the reaction
of isocyanates with amines. 12313 PURs used in bone substitutes are most frequently synthesized
from either lysine-or hexamethylene-derived aliphatic polyisocyanates including lysine
triisocyanate (LTI), lysine diisocyanate , and hexamethylene diisocyanate due to carcinogenic and
toxicity concerns associated with conventional aromatic polyisocyanates such as methylene
diisocyanate.36:137

The polymerization process can be either a one- or two-step process. In the one-step
process, polyol, chain extender, water or other additives are mixed together with the
polyisocyanate resulting in a rapid and exothermic reaction that occurs without an additional

catalyst.!® In the two-step process, a prepolymer, providing an additional degree of control over
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the PUR structure, is utilized. In the first step, a prepolymer is synthesized by reacting polyol with
an excess of isocyanates. The prepolymer is thus a mixture of oligomeric intermediates with
isocyanate functionality.'?® Prepolymers are defined as having an NCO:OH ratio of 2:1, however
quasi-prepolymers with a range of functionalities are often used.’*® In the second step, the
prepolymer is reacted with polyol. The resulting reactive liquid mixture can be injected and
hardens to a solid in the site of injection. To achieve the desired final PUR structure, the rates of
the gelling ‘polymerization’ reaction and blowing reaction must be balanced. The blowing
reaction, crucial for the synthesis of PUR porous foams, refers to the presence of water in the
reaction. The presence of water leads to the formation of carbamic acid, an unstable compound
that breaks down to an amine and carbon dioxide gas, resulting in porous structure.*?® The blowing
reaction is catalyzed by tertiary amines.!38

2.4.2 Polyurethane degradation. PURs are designed to undergo hydrolytic degradation in
vivo in which ester linkages are hydrolyzed, yielding a-hydroxy acids, urethane and urea
fragments.??® The rate of PUR degradation is controlled not only by the type of polyol and
polyisocyanates used, but also the degree of crosslinking and the structure of the PUR. 3
However, hydrolytic degradation can be unreliable and lead to rapid degradation.

More recently, novel poly (thioketal urethane) (PTKURS) scaffolds have been developed
for bone regeneration applications.?3°141 PTKUR degrades in response to cell-secreted ROS from
macrophages and other adherent inflammatory cells.2#>14  Thioketal bonds degrade to thiol
decomposition products with low toxicity.'4> PTKUR is advantageous in that its degradation is
more stable and controlled than that of PURs.4! While PTKURSs support cellular infiltration and
degradation in subcutaneous sites, degradation of PTKUR based composites in bone has not been

extensively evaluated.!4?144

17



CHAPTER II

2.5 Promoting Osteoinductivity in Synthetic Bone Substitutes

As mentioned in section 2.3, osteoinductive scaffolds direct new bone formation through
biological signals that stimulate proliferation and differentiation of MSCs.**® While composite
scaffolds are inherently osteoconductive, they generally lack the osteoinductivity needed to
successfully promote regeneration. Thus, additional factors may be required to provide the
osteoinductivity needed to promote bony union at defect sites.

2.5.1 Growth factors. In the natural bone healing cycle, growth factors are produced by
bone marrow stromal cells, endothelial cells, fibroblasts, inflammatory cells, and osteoblasts.'4¢
The major growth factors involved in bone remodeling include BMP, VEGF, fibroblast growth
factor (FGF), insulin-like growth factor (IGF-1), platelet-derived growth factor (PDGF), and
transforming growth factor — B (TGF-pB).1%

As mentioned in section 2.2, blood supply must be restored after a fracture to promote the
formation of new bone. VEGF is fundamental for angiogenesis in fracture healing. Multiple studies
have shown exogenous VEGF to be effective in promoting fracture healing.4"14° It has been
postulated that VEGF contributes to bone maturation but does not enhance the amount of new
bone formation.*> Furthermore, PDGF upregulates VEGF and has shown to play a crucial role in
regulating angiogenesis to correlate with the rate of bone formation.'51152 FGFs, specifically FGF-
2, are also implicated in angiogenesis and bone regeneration. Similarly, FGF-2 was also found to
be effective in promoting fracture healing.'1% Although TGF-B plays a crucial role in bone
healing, its key function is limited to the production of extracellular proteins for callus formation,
and does not play a direct role in mineralization.'® IGF-1 is localized at the fracture site and plays

a critical role in fracture healing by promoting collagen | formation.'%6:15” While the above growth
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factors have all been investigated for the osteogenic potential, 47158162 BMPs have shown the
greatest success.

BMPs, part of the TGF-p superfamily, were first discovered as osteoinductive growth
factors by Urist and have shown significant success in bone regeneration.'93164 There are over 20
BMPs, but BMP-2 and BMP-7 have been extensively investigated for bone-regeneration
applications.'®> BMP-2 has been FDA approved for clinical use as INFUSE® bone graft
(Medtronic), an absorbable collagen sponge rhBMP-2 carrier approved for the treatment of
posterior-lateral spinal fusion, tibial fractures, sinus lift procedures, and extraction socket
defects.’®® The bone induced INFUSE® remodels to assume the appropriate structure of host
bone.'®” However, the carrier is unable to withstand compressive forces. Thus, a protective
membrane is required to maintain space and protect the carrier from mechanical forces. Both
resorbable and non-resorbable membranes are associated with problems including wound
dehiscence, and healing complications.®® Resorbable membranes commonly cause swelling and
inflammation problems while non-resorbable membranes must be subsequently removed.'6®
Additionally, off-label use and side effects associated with BMP-2 such as swelling, ectopic bone
formation and carcinogenic risks do exist. '°-1*  BMP-7 was approved under a Humanitarian
Device Exemption for posterolateral lumbar fusion. However, it did not meet the stringent FDA
requirements and the differences between patient data and historical controls was not significant.1’*
It has yet to obtain complete FDA approval.

2.5.2 Cell based strategies. MSCs have the ability to differentiate into various tissue
lineages, including bone, cartilage, muscle, and fat.1”> MSCs can be isolated from various tissues
including adipose tissue, tendons and ligaments, bone marrow, and embryonic tissue,’6-8% and ex

vivo processing and culture methods have been developed to obtain sufficient MSCs for
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therapy.'81182 Cell-based therapies to regenerate bone were initially based on the idea that
transplanted MSCs would replace the role of endogenous cells within the fracture site and
differentiate into new bone.'8 However, efforts towards clinical translation have been hindered by
high costs related to good manufacturing practice guidelines and challenges in regulatory
approval.'® The combination of MSCs with engineered bone substitutes has also been
investigated. Preclinical studies demonstrated that the survival of cells within scaffolds is limited
after in vivo transplantation.'®-18 The scaffold must exhibit interconnected pores to allow for
transport of cell nutrients and waste.

2.5.3 Nano-structured ceramics. As previously discussed in section 2.3.2, ceramics are
advantageous due to their biocompatibility and osteoconductive properties. More recently, it has
been demonstrated that cell adhesion, proliferation, and calcium deposition is greatly improved on
nanophase ceramics, ceramics that are less than 100nm in either direction, compared to micron-
sized conventional substrates. 18-1% Nano-structured ceramics are advantageous due to their high-
cell surface interactions.*8%191.192 Fyrthermore, nano-ceramics exhibit improved mechanical
properties including increased tensile strength, bending strength, impact energy and moduli closer
to that of natural bone. 1931% The optimal size for nano-ceramics is between 10-100nm as they are
able to freely interact with various body receptors, and are able to cross the cell membrane.1%51%

2.5.4 Autograft. Although rhBMP-2 holds great promise in promoting successful bone
regeneration, complications of off-label use in the spine include paralysis, respiratory failure,
inflammation of adjacent tissues, and even death.'®” AG alone presents complications, as outlined
in section 2.3.1, however strategies to exploit the osteoinductivity of autograft have been
investigated, specifically in spinal applications.'®® AG has been mixed with both ceramic and

polymeric materials as bone extenders, meant to extend the life of AG at the defect site and increase
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the volume of natural bone substitutes.?9-292 A recent study utilized PTKUR based AG extender
in an intertransverse process in rabbits. While the PTKUR enhanced handling and mechanical
properties of the AG, residual material due to limited degradation reduced cellular infiltration and
new bone formation.?%® Thus, the ideal AG composition must be identified to allow for synergistic
effects of material degradation and autograft bone extender.

2.6 Evaluating Outcomes in Bone Healing

In vivo studies are necessary to evaluate bone substitutes and bone regeneration. Of course,
in vitro studies to evaluate biocompatibility, safety, and osteogenic potential must be performed
prior to in vivo studies. However, the complex relationship between different cell types in the bone
and the ongoing cycle of remodeling warrant in vivo studies to determine bone grafts and
substitutes efficacy. Animals commonly used for bone regeneration studies include rats, canines
(purpose-bred beagles and coon hounds), rabbits, sheep, and pigs.?* The animal models are
selected and utilized dependent upon intended applications, anatomic sites, and material
selections.?%* For bone substitutes to achieve FDA approval, proof of efficacy must be reported in
a minimum of one small animal and one large animal.?% For bone substitutes that utilize biologics,
such as rhBMP-2, the proper dose of the biologic must be demonstrated in a non-human primate
model.2%

2.6.1 Histology and histomorphometry. Histology is often performed to evaluate cellular
activity and bone formation in vivo. It can be performed on paraffin embedded, plastic embedded,
or frozen sections. Un-decalcified, plastic embedded ground sections are traditionally used for
large, calcium-based implants.?%” These sections typically range from 50-150um in thickness and
yield poor cellular detail. These sections, however, can be utilized for stains such as Sanderson’s

Rapid Bone Stain, Stevenel’s Blue and Massons trichome, which can differentiate various
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connective tissue (i.e. bone, cartilage, muscle).?2®® Additionally these sections can be utilized for
von Kossa staining, performed to determine the degree of mineralization, and Safranin O staining,
performed to detect cartilage. The above stains, however, do not demonstrate temporal changes.

Fluorochrome injections, including tetracyclines, Calcein green, and xylenol orange, offer
a dynamic method to monitor mineralization temporarily in un-decalcified sections.?%
Fluorochromes are injected subcutaneously and bind selectively to actively mineralizing tissue
during the time of circulation (around 24 hours). Mineralization can be monitored over time in the
same subject by injecting fluorochromes with different emission wavelengths at various times.

For higher magnification histology, paraffin and frozen sections range from 4-6um in
thickness and allow for single-cell visualization. Paraffin sections must typically be decalcified.
Decalcification can affect the immunohistochemical characteristics and integrity of the tissue, thus
careful selection of decalcification agents is essential.?1 Additionally, the decalcification process
can take multiple weeks to complete. In contrast to decalcified paraffin-embedded sections, frozen
sections are flash frozen in liquid nitrogen and allow for rapid embedding and sectioning. However
frozen sections present challenges in that samples cannot exceed the mold sizes for freezing and
bone can be challenging to section, frequently damaging the blade. More recently, cryosectioning
protocols have been developed to preserve the morphology of mineralized tissue.?'! These sections
not only allow for the staining protocols mentioned previously, but also immunohistochemistry
(IHC) and immunofluorescent analysis allowing for a better understanding of cellular behavior
within scaffolds and bone substitutes.

Histomorphometry allows for quantitative evaluation of new bone formation and bone
parameters.?*2213 Histomorphometry is performed by measuring the amount of fibrous, cartilage,

and total osseous tissue within a region of interest in histological samples. Typically, stains such
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as von Kossa, Stevenel’s blue, and Safranin O where various tissue types can be clearly identified
through the color of the stain are used for histomorphometry. Histomorphometry can be used to
evaluate the progression of bone healing over several time points and can be used to determine the
rate of healing or the efficacy of a bone substitute.?!? Values can be reported as either total or
percentages of fibrous, cartilage, and total osseous tissue. Measurements of void areas or cellular
infiltration can also be reported. Bone is, however, highly heterogenous and presents challenges
in histomorphometric analysis. Thus, transverse sections provide the optimal conditions for long
bone analysis. Additionally, histomorphometry measures areas within 2D sections and does not
provide a 3D analysis of tissue within the entirety of a bone or defect site.

2.6.2 uCT. Micro-computed tomography (LCT) allows for high resolution quantitative 2D
and 3D evaluation of bone ex vivo. Bone specimens and samples are isolated, fixed in formalin,
organic alcohols, or acetone, and scanned using UCT with voxel sizes at the micron-level.?* 3D
images are obtained and reconstructed utilizing ScancoMedical software.?# After reconstruction,
the 3D image can be analyzed to calculate parameters including bone volume/total volume
(BVITV ), trabecular spacing (Th. S.), trabecular thickness (Th. Th.), and trabecular number (Th.
N.) over the entire bone or within a specific area of interest.?*> Careful use of thresholding must
be applied in order to distinguish calcium phosphate ceramic particles from bone. In vivo uCT
enables the evaluation of structural changes over time in the same animal to evaluate treatment
efficacy. However, high radiation doses associated with in vivo pCT limits its use to preclinical

studies.
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CHAPTER 3: COMPRESSION-RESISTANT POLYMER/CERAMIC COMPOSITE
SCAFFOLDS AUGMENTED WITH rhBMP-2 PROMOTE NEW BONE FORMATION IN A
NON-HUMAN PRIMATE MANDIBULAR RIDGE AUGMENTATION MODEL
Adapted with permission from The International Journal of Oral Maxillofacial Implants:
Boller LA, Jones AA, Cochran DL, Guelcher SA. Compression-Resistant Polymer/Ceramic
Composite Scaffolds Augmented with rhBMP-2 Promote New Bone Formation in a Nonhuman
Primate Mandibular Ridge Augmentation Model. Int J Oral Maxillofac Implants. 2020;35(3):616-
624.
3.1  Abstract

This study was designed to test the hypothesis that compression-resistant (CR) scaffolds
augmented with recombinant human bone morphogenetic protein-2 (rhBMP-2) at clinically
relevant doses in a non-human primate lateral ridge augmentation model enhances bone formation
in a dose-responsive manner without additional protective membranes. Defects (15 mm long x 8
mm wide X 5 mm deep) were created bilaterally in the mandible of 9 hamadryas baboons. The
defect sites were implanted with poly (ester urethane) (PEUR)/ceramic CR scaffolds with
0.75mg/ml rhBMP-2 (CR-L), 1.5mg/ml rhBMP-2 (CR-H), or control CR scaffolds without
rhBMP-2 (CR). The primary outcome of ridge width and secondary outcomes of new bone
formation, cellular infiltration, and integration with host bone were evaluated using histology,
histomorphometry, and uCT at 16 weeks following implantation. New bone formation in the
mandible was observed in a dose-responsive manner. CR-H promoted significantly greater new
bone formation compared with the CR group. In all groups, ridge width was maintained without
an additional protective membrane. CR scaffolds augmented with a clinically relevant dose of
rhBMP-2 (1.5mg/ml) promoted significant new bone formation. These results suggest that a

compression-resistant PEUR/ceramic composite scaffold without a protective membrane may be

a potential new rhBMP-2 carrier for clinical use.
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3.2 Introduction

Dental implants are frequently used to restore dentition. However, mandibular
reconstruction is often necessary to enhance bone volume prior to dental implants. A number of
materials have been utilized for ridge augmentation, but autograft remains the gold standard.
However, complications associated with autograft including donor site morbidity, limited quantity,
poor vascularization, and potential failure to integrate with host bone preclude its use.>? These
limitations have led to the development of scaffolds augmented with growth factors for ridge
reconstruction.3#

Bone morphogenetic proteins (BMPs) were first discovered as osteoinductive growth
factors by Urist.> Of the many known BMPs, BMP-2 plays a critical role in bone formation.®
Processes have been developed for the manufacture of recombinant human BMP-2 (rhBMP-2)
and its subsequent clinical use.” Absorbable collagen sponge (ACS) rhBMP-2 carriers are an FDA-
approved treatment (INFUSE® bone graft, Medtronic) for posterior-lateral spinal fusion, tibial
fractures, sinus lift procedures, and extraction socket defects.2 However, the ACS carrier is unable
to withstand compressive forces and requires the use of either resorbable (collagen, polylactic acid,
polyglycolic acid) or non-resorbable membranes (e-PTFE, titanium mesh). Both resorbable and
non-resorbable membranes have limitations including wound dehiscence and healing
complications.® Additionally, resorbable membranes cause swelling and inflammation concerns
while non-resorbable membranes must be subsequently removed.*°

The successful use of rhBMP-2 in ridge augmentation is dependent on both the properties
of the carrier and protein concentration.** The ideal carrier is resorbable and optimizes predictable
bone formation through controlled release of rhBMP-2 and space maintenance. Resorbable lysine-

derived poly(ester urethane) (PEUR) scaffolds are promising carriers that have been frequently
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utilized for bone grafting applications.*>'? The addition of ceramic particles to PEUR scaffolds
has shown improved mechanical properties and osteoconductivity.** Compression-resistant (CR)
PEUR/ceramic composite scaffolds have previously been shown to enhance bone formation in
femoral condyle plug defects in sheep.®

In both a canine mandibular saddle defect!® and lateral ridge defect!” model, rhBMP-2-
augmented CR PEUR/ceramic composite scaffolds promoted new bone formation without the use
of a membrane. However, the demonstration of bone formation utilizing CR composite carriers
augmented with clinically relevant rhBMP-2 doses in primates is essential prior to its use in
humans.*® The purpose of this study was to test the hypothesis that CR composites without
membranes maintain ridge width and promote new bone formation in a dose-responsive manner
in a non-human primate model. CR scaffolds incorporating clinically relevant doses (0, 0.75, or
1.5 mg/ml) of rhBMP-2 were evaluated in a non-human primate lateral ridge augmentation model.
The primary outcome of ridge width and secondary outcomes of new bone formation, cellular
infiltration, and integration with host bone were evaluated with histology, histomorphometry, and
uCT at 16 weeks post-operatively.

3.3 Materials and Methods

Materials. Lysine triisocyanate (LTI)-poly (ethylene glycol) (PEG) prepolymer was
acquired from Ricerca Biosciences LLC. Glycerol, g-caprolactone, stannous octoate, APTES
triethylene diamine, and dipropylene glycol were purchased from Sigma-Aldrich (St. Louis, MO)
and utilized for polyester triol synthesis. Glycolide and DL-lactide were also used in the polyester
triol synthesis and were purchased from Polysciences (Warrington, PA). Medtronic Spinal
(Memphis, TN) supplied rhBMP-2 and ceramic (CM) (15% hydroxyapatite, 85% beta tricalcium

phosphate) granules. CM granules ranged from 100-500 um for improved handling properties.
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Polyester triol synthesis. The polyester triol was synthesized following a previously
published method.1%2° A 10% (w/w) solution was made using triethylene diamine and dipropylene
glycol. Briefly, glycerol, e-caprolactone, glycolide, and DL-lactide monomers were mixed for 40h
under argon at 140°C to yield a viscous fluid. The resulting fluid was hexane-rinsed (3X) and dried
under vacuum at 80°C for 48 h. The synthesized polyester had a molecular weight of 450 g mol-,
and the backbone consisted of 70% e-caprolactone, 20% glycolide, and 10% DL-lactide.

Compression-resistant (CR) scaffold fabrication. The CR scaffolds were fabricated as
described previously.'’ Prior to the study, CR scaffold materials were gamma-irradiated using a
dose of 25 kGY. Immediately prior to scaffold implantation within the defect, CM particles (45
wt%), lyophilized rhBMP-2, polyester triol, triethylene diamine (1.1 pphp), and LTI-PEG were
mixed for 60s by hand in a 5-mL mixing cup. The NCO:OH index was set at 115 (15% excess
NCO). An index of 115 produces a sufficiently cured foam and was selected to account for
additional OH groups arising from the presence of blood and water within the defect space upon
injection of the reactive scaffold.?!

Animals. Utilizing the ridge width outcomes from our previous canine study'’, a power
analysis for this non-human primate study was performed with an assumed effect size of >0.78, a
power of 80%, and alpha of 0.05 to determine the sample size of 6 per group. Therefore, 9 papio
hamadryas baboons (two implants per animal) were used to test the hypothesis that CR-H promotes
the highest ridge width. This number of animals is consistent with previous ridge augmentation
studies evaluating rhBMP-2 in non-human primates.?>?* Skeletally mature males and females (5
males, ~23 kg, and 4 females, ~15 kg) of average weight were selected. The Institutional Animal
Care and Use Committee of the Mannheimer Foundation and the ACURO of the US Army

approved this study. Surgical and care procedures were performed in compliance with the Animal
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Welfare Act, Animal Welfare Regulations, and the Guide for the Care and Use of Laboratory
Animals.

Pre- and postoperative care. Prior to and following surgical procedures, the animals were
kept in separate cages. All surgical procedures were performed under general anesthesia in a sterile
operating room. Animals were given antibiotic ampicillin (5 mg/kg) and sustained release opioid
buprenorphine (0.2 mg/kg) prior to surgery. An intravenous injection of ketamine (10 mg/kg) and
glycopyrrolate (0.004 mg/kg) were used to induce general anesthesia, and an endotracheal tube
was placed to maintain general anesthesia with isoflurane (approximately 0.5-4%) in oxygen to
effect. Postoperatively, antibiotic enrofloxacin (5mg/kg) and meloxicam (0.1 mg/kg) for pain
control were administered via intramuscular injection and subcutaneously, respectively, for 7 days.
Additionally, extraction sites were inspected and flushed with Nolvadent. Following the
procedures, the animals received soft food twice daily and had ad libitum access to water.

Surgery 1 (Extraction and Defect Creation). To prepare the alveolar ridge defect, incisions
were made by full mucoperiosteal flap reflection. A separating disk was used to ease root
extraction of all two-rooted teeth prior to removal. The buccal bone plate was removed to create a
defect measuring approximately (length 15 mm, height 8 mm, depth 5 mm), and the defect margins
were outlined utilizing a small round burr. Sterile saline irrigation was performed with all drilling.
Flaps were closed with sutures. Each animal obtained bilateral defects.

Surgery 2 (Ridge Augmentation). The extraction sites were accessed and debrided after a
3-month healing period. All granulation tissue was removed from the defect site, and defect
margins were redefined to ensure that the defects measured approximately 15-16 mm
mesiodistally, 8-9 mm apico-coronally, and 5-6 mm bucco-lingually (Figure 3.1A). Lyopholized

rhBMP-2 at no (0.0 mg/mL), Low (0.75 mg/mL), or High (1.5 mg/mL) dose was mixed with the

41



CHAPTER Il

individual components of the CR scaffolds (n=6 per group) and injected into the defect site (Figure
3.1B). Prior to suturing, the CR grafts cured within the defect space for roughly 10 min (Figure
3.1C-D). The primates received randomized animal I1Ds to randomize treatment groups such that

each  animal  received a  different  treatment group in  each  defect.

Figure 3.1. Surgical images. (A) Surgery to create lateral ridge defect. (B) CR immediately following injection into
defect site. (C) Cured CR graft 10 minutes after injection. (D) Wound closure following graft placement.

Sacrifice. All animals were euthanized 16 weeks after the second surgery with an
intravenous injection of pentobarbital Sodium (Fatal Plus®) (100 mg/kg body weight). The
mandibles were extracted and fixed in formalin (10%) for two weeks.

UCT Analysis. After extraction, the fixed mandibles were analyzed using a pCTS0
(SCANO Medical, Basserdorf Switzerland). Scans were performed at 70 kVp energy, 200 uA
source current, 1000 projections per rotation, 800 ms integration time, and an isotropic voxel size
of 17.2 pm. 3D reconstructions of the defect were generated from Scanco evaluation software in

which a 100-slice region within the middle of the defect was contoured to quantitatively assess
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bone formation. The total volume of new bone within the defect region was measured to calculate
bone volume fraction (BV/TV).

Histology. Bone regeneration was assessed via non-decalcified histology.?> After formalin
fixation, samples were dehydrated with gradients of ethanol. Samples were then embedded in poly
(methyl methacrylate) and allowed to polymerize for 7 days. Sections were cut from the center of
each defect (bucco-lingually) with an Exakt band saw. Polished ground sections (<100um) were
stained with Sanderson’s rapid bone stain to qualitatively assess cellular infiltration and bone
regeneration.

Histomorphometry. Metamorph software (Version 7.0.1, Waltham, MA) was used to
quantitatively analyze ridge width and new bone formation in the histological sections. Ridge
width was measured as a function of height at the mid-section of the defect. The ridge was
measured from the back wall of the defect in 2-mm increments from the coronal base of the defect
and subsequently normalized to the width of the coronal base of the defect. The area of interest
(AOI) for new bone formation was defined as a rectangle measuring 8 x 5 mm, corresponding with
the initial defect size, where the AOI aligned with the sagittal wall and coronal base of the defect.
New bone (red) and infiltrating cells (blue) were quantified within the AOI of each section utilizing
Metamorph. Host bone integration, characterized by the amount of new bone formation along the
host bone interface at the sagittal wall of the defect, was evaluated by measuring the amount of
new bone extending into the defect space over a 1-mm distance along the sagittal wall of the defect.

Statistical Analysis. Summary statistics including mean and median values were calculated
for each defect. The uCT and histomorphometric parameters were plotted as mean + standard

deviation and analyzed using a non-parametric Kruskal-Wallis test with Dunn’s tests for pairwise
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comparisons by GraphPad Prism 8.0 software (GraphPad Software). The p-values are reported for
significant (p < 0.05) differences between groups.
34  Results

Surgical outcomes. The surgical procedures were uneventful. However, certain limitations
exist when using non-human primates.?® Despite pain care and monitoring, three grafts were
removed by the primates between days 6-9 following the second surgery. These samples were
excluded from analysis. Between days 9-14 post-op, some of the primates began to pick at their
sutures, resulting in exposure of the implants. The presence or absence of the implants could not
be confirmed from radiographs taken between days 14-21, and thus the possibility that the implants
were either partially or fully removed by the animals cannot be excluded. However, all wounds
fully healed, and no subsequent infections arose. One animal presented an abnormal defect in the
right side of its mandible discovered upon the first surgical procedure. This sample was not
included in the analysis. Ultimately, 14/18 samples were used for analysis.

UCT Analysis. pCT images obtained after 16 weeks show differences in healing between
the treatment groups (Figure 3.2A). Representative images of the coronal planes revealed new
bone present in all three groups. A significant difference in BV/TV (Figure 3.2B), calculated from
3D reconstructions of the mandible after 16 weeks, was observed between the CR-H group (83.83

+ 0.07 %) when compared with the CR group (59.31 £ 0.10 %) (Table 3.1).
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Figure 3.2. uCT analysis of new bone formation. Bone volume/ total volume (BV/TV) after 16 weeks for each of
the treatment groups.

Table 3.1. Volumetric measurements of BV/TV by OCT at 16 weeks. *Significantly different compared with CR
group using Dunn’s test (p<0.05).

Treatment Group BV/TV
CR Mean £ SD 0.59+£0.10
Median 0.58
CR-L Mean £ SD 0.67 £0.14
Median 0.68
D >0.999
CR-H Mean £ SD 0.84 £ 0.07*
Median 0.84
p 0.0264

Histological analysis. Samples stained with Sanderson’s rapid show new bone (red), cells
(blue), and residual CM (black). The mandibles of the animals varied in overall volume due to the
inclusion of both males and females in this study; however, the defect size and AOI were
standardized in all animals regardless of sex. No evidence of inflammation was present within the
defect space. New bone formation was seen in all groups, especially along the outer ridge (Figure
3.3A), but samples from the CR-H group exhibited the most uniform healing within the defect.
High-magnification images (Figure 3.3B) showed new woven bone and new lamellar bone
indicated by concentric lamellae. The CR group displayed more woven bone versus lamellar bone

seen in the CR-L and CR-H groups.
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Figure 3.3. Representative images of histoloéical seétiohs. (A) Low- images (4X, 2mm scale bar) énd (B) high-
magnification (10X, 500um scale bar) images display new bone (red), infiltrating cells (blue), and ceramic
particles (black). Woven and lamellar bone is indicated by blue and yellow arrows, respectively.

Histomorphometry. The amount of new bone formation within the defects treated with CR,
CR-L, and CR-H implants is listed in Table 3.2. Similar to the uCT results, histomorphometric
analysis showed significant new bone in the CR-H group (68.3%) compared with the control group
(43.9%) (Figure 3.4A). Comparatively, less new bone was seen in both the CR-L and CR groups.
Cellular infiltration trended higher in both the CR-L and CR groups compared with the CR-H
group, but the differences were not significant (Figure 3.4B). Integration of host bone with the
implant was assessed by measuring the area% new bone near the periphery of the implant (1 mm

distance from the sagittal wall of the defect). The area% new bone near the periphery was 55 -
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82% (Figure 3.4C), which indicates that new bone grew into the implant resulting in its integration
with the host bone. Ridge width as a function of ridge height was measured at 0, 2, 4, and 6 mm
above the baseline of the defect (Table 3.3) for each sample. Ridge width was maintained in all of
the groups (Figure 3.4D).

Table 3.2. Area% (bone) and Area% (infiltrating cells) at 16 weeks measured histomorphometrically. *Significantly
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different compared with CR group using Dunn’s test (p<0.05).

0.0

0 2

Area% Bone Area% Cells
CR Mean + SD 43.94 +5.45 13.31+4.12
Median 53.38 13.18
CR-L Mean + SD 56.88 +12.3 17.31+£9.98
Median 59.18 14.62
p 0.3256 >0.999
CR-H Mean + SD 68.27 £ 8.19* 7.83+4.01
Median 66.99 7.94
p 0.0337 0.6147
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Figure 3.4. Histomorphometric analysis. (A) Normalized ridge width within the area of interest at 0, 2, 4, and 6
mm from the baseline of the defect. (B) Histomorphometric analysis of integration of host bone with the implants.
The area% new bone near the periphery of the implant (1 mm distance from the sagittal wall of the defect) was
measured. (C) Histomorphometric analysis of new bone (red) and (D) infiltrating cells (blue) within the area of

interest.
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Table 3.3. Ridge width measured at 16 weeks at 0, 2, 4, and 6, mm above the base of the defect. Ridge width was

normalized to the baseline.
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0 2 4 6
CR Mean + SD 1.00 0.99+0.10 0.90+0.19 0.75+0.19
Median 1.00 0.92 0.74
CR-L Mean + SD 1.00 1.03+0.07 1.00 £0.06 0.85+0.08
Median 1.04 0.99 0.84
CR-H Mean + SD 1.00 1.07£0.09 0.99+0.15 0.82+0.16
Median 1.09 1.05 0.89

3.5 Discussion

This study evaluated bone regeneration in CR scaffolds augmented with rhBMP-2 in a pre-
clinical non-human primate lateral ridge augmentation model. Three concentrations of rhBMP-2
(0, 0.75, and 1.5 mg/ml) were used to assess ridge width and new bone formation in response to
the rhBMP-2 dose.?” We hypothesized that the CR-H (1.5 mg/ml) carrier would enhance ridge
width, which was the primary outcome in the study, compared with the CR-L (0.75 mg/ml) or
control (0 mg/ml) groups. Although there was not a significant increase in ridge width with the
CR-H carrier augmented with the same concentration of rhBMP-2 as the FDA-approved INFUSE®
bone graft, significantly higher BV/TV (Figure 3.2) and area% bone (Figure 3.4) in the lateral
ridge defects were observed compared with CR samples. A post-hoc BV/TV effect size of 1.922
was calculated utilizing a Kruskal-Wallis H test based on the experimental data and actual number
of replicates included in each group, which provided a power of >99%.

rhBMP-2 has previously been used to promote mandibular reconstruction in non-human
primate preclinical models.*82829 In this study, the non-human primate was chosen because of its
anatomic and biological similarity to humans. Additionally, non-human primates experience the
same dose-limiting toxicity of humans®®, and non-human primate studies are required by

regulatory agencies to demonstrate the safety and efficacy of potential new therapies.3* These
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characteristics render the non-human primate lateral ridge augmentation model valuable for
evaluation of potential new periodontal regenerative therapies.

Membranes are frequently used in ridge augmentation to provide a barrier that prevents
soft tissue ingrowth while maintaining space within the defect to allow for new bone formation.3?
They must remain covered for the entirety of the healing period as early membrane exposure has
been shown to lead to overall negative clinical outcomes.®*=° Despite the frequent use of
membranes, some studies have suggested no difference or increased new bone formation in grafts
without membranes compared to those with membranes.®®3” The ceramic granules impart
compression-resistant mechanical properties to the PUR/ceramic scaffolds.628 At the same dose
of rhBMP-2 delivered to lateral ridge defects in hounds, ridge width and new bone formation at
16 weeks in CR carriers with no membrane was comparable to that in the collagen carrier with a
membrane.” Consequently, in an effort to reduce the number of animals, we did not include a
collagen with membrane group in the non-human primate study.

The carrier for rhBMP-2 is crucial in the induction of new bone. CR composites contained
45 wt% CM particles. The ceramic particles were added due to their osteoconductive and CR
properties as reported previously in porcine 28, sheep®, and canine!®!’ models. Residual CM
particles were observed in some sections but could not be reliably quantified due to their low
concentration. Resorption of CM particles was also observed in previous studies evaluating CR
carriers for rhBMP-2 in canine ridge augmentation models.'®%” These observations are consistent
with a previous study reporting that CM granules implanted in extraction sockets in human patients
were infiltrated and resorbed by osteoclasts.®® Histomorphometric analysis showed preserved
anatomic contour of the ridge in all groups, which contrasts with our previous study reporting that

space maintenance in CR carriers increased with rhBMP-2 concentration in a canine-model of
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ridge augmentation.” These findings suggest that CR carriers provide space maintenance and
prevent tissue collapse into the defect site.

Considering that rhBMP-2 increases recruitment of osteoprogenitor cells®, we assessed
cellular infiltration into the implants by histomorphometry. The area% infiltrating cells and
granulation tissue within the defect space at 16 weeks trended higher in the CR and CR-L groups
compared with the CR-H group. However, differences in cellular infiltration between groups were
not significant. This finding suggests that although overall cellular infiltration is comparable
between groups, a larger percentage of cells in the CR-H group are osteoprogenitor cells that
promote new bone formation.

This study evaluated clinically relevant doses of rhBMP-2 comparable to those used in
human patients. While we cannot exclude the possibility that some of the implants were partially
or completely removed at 9-14 days due to graft exposure, we have previously reported that the
CR carriers deliver a 25% burst release of rhBMP-2 within the first 3 days and ~70% release after
14 days. In contrast to the adsorption-controlled release reported for the collagen carrier®, the
release of rhBMP-2 from CR carriers is diffusion-controlled.t” Thus, most of the rhBMP-2 was
released from the CR grafts at the time of exposure. Consistent with a previous non-human primate
study utilizing rhBMP-2 coated titanium implants?, a dose-responsive increase in new bone
formation was observed amongst groups. CR-H specimens demonstrated increased new bone
formation compared with the CR group. Although ridge width was maintained in all groups, CR
and CR-L showed less new bone formation near the periphery of the implant compared with the
CR-H group. These observations suggest that CR carriers for rhBMP-2 promote new bone
formation within the lateral ridge when administered at the same dose as the FDA-approved

INFUSE® bone graft.
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To minimize the number of animals needed to maintain statistical power, the study did not
include multiple time points or an empty defect as a negative control, and thus the extent of self-
healing of the defects could not be assessed. Despite the fact that the defect was critical-size!84142,
new bone formation in the control group without rhBMP-2 was observed. The observed new bone
formation in the CR group is consistent with previous studies reporting modest new bone
formation utilizing a compression-resistant carrier without rhBMP-2 in a non-human primate ridge
models.?®28 However, in both of these previous studies, the groups with rhBMP-2 showed
increased new bone formation compared with CR carriers without rhBMP-2, suggesting that the
addition of rhBMP-2 enhances the reproducibility of bone regeneration in non-human primate
models. Another study utilizing a non-compression-resistant polylactic-co-glycolic acid foam
carrier without rhBMP-2 in a non-human primate model showed negligible new bone formation
in an empty defect.!® While these findings suggest that space maintenance provided by
compression-resistant scaffolds without rhBMP-2 may be sufficient to stimulate new bone
formation, the addition of rhBMP-2 is anticipated to promote more predictable bone healing.

This study showed that local delivery of 1.5 mg/ml rhBMP-2, which is the concentration
used clinically with a non-compression-resistant collagen carrier, increased new bone formation
but not ridge width at 16 weeks. A limitation of the study is that rhBMP-2 may have accelerated
ridge augmentation, which would require assessment of outcomes at earlier (e.g., 8 weeks) time
points. Enhanced new bone formation at 16 weeks is not necessarily an indicator of the ability of
the newly formed bone to support functional loading of dental implants, which is the primary
clinical endpoint for lateral ridge augmentation procedures. Future studies will assess the ability

of CR carriers to regenerate sufficient new bone to support restored dentition.
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3.6  Conclusion

In a clinically relevant non-human primate model, we tested the hypothesis that CR
PEUR/ceramic carriers for rhBMP-2 promote new bone formation in a dose-responsive manner.
CR scaffolds maintained comparable ridge width in all groups and promoted new bone formation
in the expected dose-responsive manner. Based on the results of this study, CR PEUR/ceramic
bone grafts may be effective new carriers for rhBMP-2 for clinical use in lateral ridge

augmentation procedures.
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CHAPTER 4: POLY (ESTER URETHANE) AND POLY (THIOKETAL URETHANE)
AUTOGRAFT EXTENDERS PROMOTE NEW BONE FORMATION AND REMODEL IN A
RABBIT RADIUS MODEL

Adapted from:
Boller LA, McGough MAP, Shiels SM, Wenke JC, Guelcher SA. Poly (ester urethane) and Poly
(thioketal urethane) Autograft Extenders Promote New Bone Formation and Remodel in a Rabbit
Radius Model.
4.1  Abstract

Autograft (AG) is the gold standard for bone grafts, but limited quantities and patient
morbidity are associated with its use. Alternatives to AG such as allograft and calcium phosphate-
based materials have been studied extensively, but no current materials possess the osteoinductive,
osteoconductive, and osteogenic properties of AG. AG extenders have been proposed to minimize
the volume of AG while maintaining the osteoinductive properties of AG. In this study, poly (ester
urethane) and poly (thioketal urethane) AG extenders were implanted in a 20-mm rabbit radius
model to evaluate bone and graft remodeling. Outcomes were measured at 12 weeks and compared
to an AG (no polymer) control. AG control examples exhibited some extent of bridging along the
lateral side of the defect, but inconsistent healing was observed. Implanted AG extenders
maintained implanted AG throughout the study. Bone growth from the defect interfaces was
observed in both AG extenders, but residual polymer inhibited early cellular infiltration and
subsequent bone formation within the center of the defect. PEUR-AG extenders degraded more
rapidly than PTKUR-AG extenders, but no difference in bone formation was observed between
the groups. These observations demonstrated that polymer composition does not affect overall

bone formation and that early cellular infiltration is necessary for harnessing the osteoinductive

capabilities of AG.
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4.2 Introduction

Autograft (AG) bone is considered the gold standard in bone grafting. It is osteoinductive,
osteoconductive, and osteogenic and does not pose a risk for disease transmission. > AG comes
in various forms including both cancellous and cortical. ® Cancellous AG is most often harvested
from the iliac crest (IC); however, other donor sites such as the posterior superior iliac spine,
femur, proximal tibia, and distal radius are utilized. " Cancellous AG contains mesenchymal stem
cells (MSCs), osteoblasts, and growth factors including bone morphogenetic proteins (BMPs)
which contribute to its osteoinductivity. >8 The trabeculae present within cancellous AG allow for
enhanced cellular infiltration and vascularization in comparison to cortical AG. 8 Cortical AG is
ideal for defects that require structural support as it offers superior mechanical properties in
comparison with cancellous AG. However, cortical AG is less osteoinductive than cancellous AG
and its density results in slower revascularization and inhibits cellular infiltration. &°. Despite its
osteogenic properties, AG has multiple drawbacks including high donor site morbidity which
occurs in 10 — 39 % of patients and limited availability.

The use of allograft from donors is an alternative to AG. Allograft is more readily available
than AG and provides structural support, but it does not possess the same osteoinductive capacity
as AG due to its processing. 2 Furthermore, allograft faces potential immune rejection and slow
osseointegration with host bone. 1 Synthetic materials such as calcium phosphate (CaP) based
composites and the use of growth factors such as BMPs have evolved as substitutes for AG, 113
but none of the options have been shown to match all of the benefits provided by AG. Residual
ceramics in CaP composites can take months or years to completely resorb, 4% and the use of the
FDA-approved rhBMP-2 treatment (INFUSE® bone graft, Medtronic) is limited to a few clinical

indications. 16-18
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To overcome the limitations in AG availability, various approaches to increase the overall
volume of AG while maintaining its osteogenic and osteoinductive properties have been employed.
Additional material blended with AG is known as an ‘extender’. An early study demonstrated the
utility of demineralized bone matrix as an AG extender. *®* More recently, tissue engineered
approaches to incorporate synthetic bone substitutes with AG have been investigated. CaPs such
as B-tricalcium phosphate (B-TCP) and hydroxyapatite were evaluated as AG extenders for spinal
applications. 2022 Similarly, poly (propylene fumarate)- and poly(lactide-co-glycolide) (PLGA)-
based polymer AG extenders have also been evaluated for spinal applications 2427, while AG
extenders utilizing bioactive glass particles have been investigated in the femur. 28

Lysine-based poly (ester urethanes) (PEURS) and poly (thioketal urethanes) (PTKURS)
have been previously investigated in bone regeneration applications. 2°32 The mechanical
properties of these materials can be easily altered, and the addition of ceramic particles, AG, and
allograft supports new bone formation at various anatomic sites. 3326 Previous work has
demonstrated selective, cell-mediated, first-order degradation of PTKUR in vivo. ¥ Furthermore,
low-porosity PTKURSs utilized in rabbit intertransverse processes 2 and femoral plugs ? exhibited
new bone formation, but minimal PTKUR degradation was observed. Slow degradation is
advantageous in applications in which mechanical stability is required, however, in applications
utilizing biologics, quicker graft resorption is necessary to harness the osteoinductivity. In a
previous study, PEUR has been used to deliver rhBMP-2 and has demonstrated balanced polymer
resorption and new bone formation 362°, Therefore, we utilized faster resorbing PEUR 4%4! and
compared with PTKUR 27 in an autograft extender to test the hypothesis that PEUR would degrade

faster and allowing for increased cellular infiltration and bone formation in a rabbit radius model.
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Herein, settable and resorbable PTKUR-AG and PEUR-AG extenders were implanted in
20-mm segmental defects in the rabbit radius to investigate new bone and graft remodeling
capabilities. In this study, PTKUR or PEUR was blended with fresh IC AG. The resulting material
was subsequently molded to size and implanted into the defect. In vivo outcomes assessed post-
operatively with x-ray, uCT, histology, and histomorphometry were compared to an AG control.

4.3 Materials and Methods

Materials. All chemicals were purchased from Sigma-Aldrich with the exception of
anhydrous diethyl ether purchased from Fisher Scientific. Lysine triisocyanate-polyethylene
glycol (LTI-PEG) prepolymer (NCO=21.7%) was obtained from Ricerca Biosciences LLC.

Polyester triol and thioketal diol synthesis. The polyester triol (molecular weight 450 g
molt) was synthesized utilizing a previously published method. #? Briefly, glycerol, 70% e-
caprolactone, 20% glycolide, and 10% DL-lactide monomers were mixed for 40 hours under argon
at 140°C. The resulting fluid was vacuum dried at 80°C for 48 hours.

Thioketal (TK) diol was synthesized utilizing a previously published method. 3! Briefly,
2,2-dimethoxypropane and thioglycolic acid were reacted in the presence of bismuth (I11) chloride
at room temperature for 24 hours. The resulting solution was filtered, dissolved in tetrahydrofuran,
and added dropwise to LiAlH4 under anhydrous conditions. The reaction was refluxed at 52°C for
18 hours, and the product was filtered and vacuum dried for 48 hours.

AG extender fabrication. PTKUR- and PEUR-AG extenders were fabricated by adapted
two-component reactive-liqguid molding methods as previously described. 3  Briefly,
polyisocyanate comprised of either TK diol or polyester triol, 10 pphp FeAA catalyst in e-

caprolactone 0.5% (w/w), and LTI-PEG prepolymer were mixed together. Morselized AG (70
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wt%) was added to the mixture and stirred by hand until homogeneous. The targeted index
(NCO:0OH) was 200.

AG extenders in rabbit radius defect. All surgical and care procedures were approved by
the Institutional Animal Care and Use Committee of the US Army Institute of Surgical Research,
Fort Sam Houston, TX. Procedures were performed in compliance with the Animal Welfare Act,
Animal Welfare Regulations, and the Guide for the Care and Use of Laboratory Animals.

Adult New Zealand White rabbits were used in this study (n =12). Animals were randomly
assigned to PEUR-AG, PTKUR-AG, or AG control treatment groups (n=4 per group). Animals
were premedicated with slow-release Buprenorphine (0.1 mg kg') an anesthetized with isoflurane
(1-3%). For all groups, the animal’s left hindlimb and right forelimb were shaved and prepared
for sterile surgery using alternating washes of alcohol and povidone-iodine. The left IC was
exposed, and AG (0.6-0.7 g) was obtained using an oscillating saw. Excess soft tissue was
removed, and a bone mill (R. Quétin) was used to morselize the harvested bone. The IC harvest
site was closed, and the right radius was exposed. An oscillating saw was used to create a 20 mm
segmental defect in the radius. AG extenders were prepared as explained in section 2.3 and were
shaped to size (5 mm x 20 mm). AG control (morselized AG without PTKUR or PEUR) was
molded to shape and carefully placed within the defect. A surgical elevator was used to place the
AG extenders inn the defects to ensure correct placement. AG extenders were allowed to cure in
situ (Figure 4.1) after which the radial site was closed. Post-operative x-ray images (Faxitron X20)
were taken throughout recovery and Calcein green and Xylenol orange fluorochromes were
injected at 4 and 8 weeks post-operatively, respectively, to evaluate bone remodeling temporally.
Animals were anesthetized and euthanized at 12 weeks. The radii were harvested and placed into

formalin for further analysis.
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AG CONTROL PTKUR-AG PEUR-AG

Figure 0.1. Surgical images. AG control, PTKUR-AG extender, and PEUR-AG extender in the 20 mm defect prior
to closure.

HUCT Analysis. uCT analysis was performed using a uCT50 (SCANCO). Radii were
scanned at 70 kVp energy, 200 pA source current, 1000 projections per rotation, 800 ms integration
time, and 17.2 um voxel size. In order to spatially evaluate bone growth throughout the defect,
bone area was calculated for each axial section (17.2 um) totaling 20 mm. The area of interest
(AOI) included the proximal onset of the defect and extended the length of the defect. It is not
possible to distinguish AG from old or new bone utilizing uCT, thus the ulna was included in
analysis due to bone formation observed within the interosseous syndesmosis interfacing the ulna
in some of the samples. Bone area was plotted as a function of defect length where 0 mm and 20
mm represented the proximal and distal ends of the defect, respectively. Additionally, the total
volume of new bone within the AOI was measured to calculate bone volume fraction (BV/TV).

In vivo histological evaluation. Non-decalcified histology was utilized to evaluate bone
formation and remodeling. 3°3° After formalin fixation, radii were dehydrated and embedded in
poly (methyl methacrylate). Serial coronal sections were cut from the center of each defect with

an Exakt band saw. Sections were polished and stained with Sanderson’s Rapid Bone Stain to
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assess osteogenesis and remodeling. An unstained section was utilized to analyze fluorochrome
binding. High magnification histological images were obtained via bright-field microscopy
(Olympus BX41).

For quantitative histomorphometry, images were taken at 4X via-bright field and
fluorescent microscopy (Biotek Cytation). The AOI was defined as a 20 x 5 mm rectangular region
that encompassed the entirety of the graft and defect. The ulna was excluded from the AOI. The
same AOI was used for both Sanderson’s Rapid stained and fluorescent sections. Quantification
of new bone, infiltrating cells and tissue, and residual polymer was performed using Metamorph
(Version 7.0.1). Bone was thresholded either as red (Sanderson’s rapid) or green/orange
(fluorochromes). Residual material was thresholded as black stain and infiltrating cells were
thresholded as blue/teal. Thresholded area was reported as an area percentage of the total AOI.

Statistical Analysis. Data were analyzed utilizing GraphPad Prism (Version 8.4.1) and
reported as mean =+ standard deviation. Treatment group outcomes at 12 weeks were evaluated
using an ANOVA with a Tukey’s multiple comparison test. Treatment group outcomes compared
at 4 and 8 weeks were evaluated using a two-way ANOV A with Tukey’s multiple comparison test.
Statistical significance was set at p<0.05.

4.4  Results

Surgical outcomes. The surgical procedures and subsequent healing were uneventful. No
fractures of the radii occurred. X-rays displayed healing progression from 0 to 12 weeks in all of
the groups (Figure 4.2). AG control presented challenges in implantation and shape maintenance
during the surgical procedures due to the lack of a binding agent. However, AG control remained
in place throughout the study and displayed complete bridging of the defect along the lateral side

of the defect (Figure 4.2A). Bridging along the lateral side of the defect was observed within 3 of
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the AG samples. Both AG extenders were coherent throughout surgical placement and remained
stable throughout the entirety of the study (Figure 4.2B-C). The AG extenders displayed new bone
growth at the host bone/graft interfaces and graft remodeling was observed in both AG extenders,
specifically at the proximal and distal ends of the defect where new bone and decreasing residual
graft was observed. Both AG extenders exhibited increasing opacity within the grafts over the 12-
week time course, and no differences in new bone formation within the graft were qualitatively

observed between PTKUR- and PEUR- AG groups.

Upon Implantation 4 weeks 8 weeks 12 weeks
l

AG CONTROL

PTKUR-AG

PEUR-AG

Figure 0.2. Representative X-ray images of (A) AG control, (B) PTKUR-AG, and (C) PEUR-AG acquired after the
surgical procedures and after 4, 8, and 12 weeks of healing. Areas of bone remodeling and formation are noted by
yellow arrows.

63



CHAPTER IV

In vivo bone formation with PTKUR- and PEUR-AG extenders. Representative pCT
images revealed no significant difference in bone formation between groups at 12 weeks (Figure
4.3A). These observations were confirmed with quantitative uCT analysis (Figure 4.3B-C). All
groups displayed similar trends of increased bone area at the proximal and distal ends of the defect
with a gradual decrease in bone area as the center of the defect was approached (Figure 4.3B).
PEUR-AG extenders showed slightly increased BV/TV compared with PTKUR-AG and AG

control, but the differences were not significant (Figure 4.3C).
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Figure 0.3. uCT analysis of bone remodeling. Representative images of (A) AG control, PTKUR-AG, and PEUR-
AG 12 weeks post-operatively. (B) Bone area at 12 weeks measured as a function of defect length by uCT from the
proximal to distal interfaces of the defect. Corresponding dotted lines representative standard deviation. (C) Bone
volume/ total volume (BV/TV) at 12 weeks for each treatment group
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Similarly, bone formation via histological analysis was observed within all groups (Figure
4.4A, Figure 4.5). Quantitative histomorphometric analysis at 12 weeks showed no significant
difference in new bone formation between PTKUR- and PEUR-AG extenders (Figure 4.4B). AG
control, however, exhibited significantly increased new bone formation when compared to both
AG extenders (Figure 4.4B). Although the AG control displayed greater new bone formation,
healing within the samples appeared to be inconsistent (Figure 4.4C). Though, AG extenders

displayed less overall new bone formation, bone appeared to form evenly throughout the defect

(Figure 4.4C).
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Figure 0.4. New bone formation in AG extenders. (A) Representative images of Sanderson’s Rapid stained AG,
PTKUR-AG, and PEUR-AG histological sections. The AOI (20 mm x 5 mm) used for analysis is indicated by the
yellow box. (B) Histomorphometric analysis of area % new bone (red) at 12 weeks within the defect. (C) Heatmaps
demonstrate new bone formation as a function of location. The AOI used for analysis is indicated by the yellow grid
(each square = 1 mm2). Plotted data are average values within each group. Statistical significance determined using
One-way ANOVA, **p<0.01.
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AG CONTROL

PTKUR-AG

PEUR-AG

g
e

Figure 0.5. Fluorescent and Sanderson’s Rapid stained histological sections of AG control, PTKUR-AG, and PEUR-
AG extenders.

66



CHAPTER IV

Representative histological sections show the ingrowth of new bone at the graft interface
indicating osseointegration in all groups. (Figure 4.6A) Furthermore, osteoblasts were observed

around the perimeter of bone ingrowth, suggesting active ongoing remodeling (Figure 4.6B).

Figure 0.6. Osseointegration of AG extenders. (A) Histological images demonstrate osseointegration of the AG
extenders at the host bone/material interface. H represents new bone, S represents scaffold, and * represents new
bone growth. (Scale bar, 1 mm) (B) New bone growth occurring within the graft. Yellow arrows point to
osteoblasts. (Scale bar, 100um).

PTKUR and PEUR graft remodeling. Histological analysis revealed residual polymer
(black) in AG extenders (Figure 4.4A, Figure 4.5). These findings were confirmed via
histomorphometric analysis (AOI represented in Figure 4.4A) in which PTKUR-AG exhibited
significantly more residual polymer compared with the PEUR-AG group (Figure 4.7A). High-
magnification images further showed that PTKUR-AG underwent slower resorption as evidenced
by the higher amount of dense residual polymer (black) in the PTKUR-AG sections compared
with the extensive resorption gaps evident in the PEUR-AG sections (Figure 4.7B-C). All groups

supported cellular and tissue infiltration (teal/blue), but significantly greater cellular and tissue
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infiltration was observed in the PEUR-AG group compared with PTKUR-AG and AG control
(Figure 4.7A-C). Osteoclast degradation was observed near bone and residual graft within the AG

extender (Figure 4.7D).

Figure 0.7. AG extender graft remodeling. (A) Histomorphometric analysis of area % infiltrating cells and tissue
and residual polymer within the defect after 12 weeks post implantation. Representative images of residual polymer
in (B) PEUR-AG extenders and (C) PTKUR-AG extenders. P denotes residual polymer and * denotes implanted
AG. (Scale bar, Imm) (D) Osteoclast degradation of AG extender. Yellow arrows indicate multi-nucleated
osteoclast. (Scale bar, 100um). Statistical significance determined using Two-way ANOVA, *p<0.05, ***p<0.001,
****n<0.0001.

Bone remodeling throughout the healing process was observed in all groups, especially at
the proximal and distal host bone/graft interfaces (Figure 4.5). Remodeling was observed within
the PTKUR- and PEUR-AG grafts around the periphery of implanted AG at 4 and 8 weeks,
indicating mineralization nucleating from implanted AG particles within the extenders (Figure
4.8A). PTKUR-and PEUR- AG extenders exhibited increased bone remodeling at 4 weeks (green)
when compared with 8 weeks (orange), however, these differences were not significant (Figure
4.8B). Additionally, increased bone remodeling was observed at the graft/host bone interface
indicating osseointegration of both AG extenders (Figure 4.8C-D). The AG control demonstrated
significantly greater bone remodeling compared to the AG extenders at both 4 and 8 weeks (Figure
4.8B). Inconsistent healing was observed as only two of the four control exhibited complete

bridging along the lateral edge of the defect (Figure 4.5).
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Figure 0.8. Dynamic histomorphometric analysis at 4- and 8-weeks. (A) Representative fluorescent images of AG,
PTKUR-AG, and PEUR-AG groups. The AOQI is indicated by the yellow box. (B) Histomorphometric analysis of
area % active bone remodeling at 4 (green) and 8 8 (orange) weeks within the defect. Representative images of bone
remodeling at the host bone graft interface demonstrating osseointegration in (C) PEUR-AG extenders and (D)
PTKUR-AG extenders. Statistical significance determined using Two-way ANOVA, *p<0.05, ****p<0.0001.

4.5 Discussion

In this work, we implanted PTKUR-AG and PEUR-AG extenders in a 20-mm rabbit radial
defect to evaluate the effects of polymer composition on both bone formation and graft remodeling
in vivo. Both PTKUR- and PEUR-AG extenders supported bone formation and comparable to that
of AG control. Furthermore, AG extenders degraded and simultaneously maintained AG within

the defect for 12 weeks. PEUR-AG extenders degraded more rapidly compared with PTKUR-AG
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extenders. However, new bone formation in both AG extenders was delayed compared with the
AG control.

To understand the effect of polymer composition on bone formation and graft remodeling,
AG extenders were implanted in a 20-mm rabbit radial defect. This model was selected as no
external fixation was required 2 and a non-critical sized defect was chosen to maintain the capacity
to heal. ¥4 No graft failure was observed within any of the groups throughout the 12 weeks,
suggesting that AG extenders exhibited sufficient compression resistant properties. Previous
studies in the spine and mandible demonstrated that an elastic modulus >1 MPa provided
compression resistant properties. 4> We previously reported PTKUR-AG and PEUR-allograft
moduli of 6.08 MPa and 4.38 - 9.47 MPa, respectively. 3847

Previous studies performed in the rabbit radius have reported bone growth from the
proximal end of the defect, distal end of the defect, and the interosseus membrane. 4348-50
Similarly, we observed bone formation in these directions. Due to observed ossification within the
interosseous membrane and the inability for uCT to distinguish between new and old bone, the
ulna was included in pCT analysis. Despite inclusion of the ulna, no significant differences in
BV/TV were observed between groups. Furthermore, uCT bone area quantification indicated
increased bone at the proximal and distal end of the defect, indicating bone growth from the
interfaces. Consistent with previous studies utilizing AG 5153, new bone via creeping substitution
at the host bone/graft interface was observed (Figure 4.6C).

Histomorphometric analysis was performed to evaluate remodeling specifically in the 5
mm x 20 mm defect space, thus bone present in the interosseus membrane was excluded from
analysis. Transverse sections were obtained from the center of the defect to evaluate bone

formation at its most stringent point. Ultimately, no significant difference in bone between
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PTKUR- and PEUR-AG extender was observed via histomorphometric analysis. The AG control
demonstrated significantly increased new bone within the defect compared with AG extenders at
12 weeks via histomorphometric analysis, but new bone formation appeared to be variable
throughout the defect. These differences were not observed in overall BV/TV between groups,
suggesting that PTKUR- and PEUR-AG promoted bone formation, particularly in the interosseus
membrane surrounding the defect while AG control promoted significantly greater bone formation
within the defect site itself.

In agreement with an earlier PTKUR-AG study in a biologically stringent intertransverse
process defect %, residual polymer was observed in PTKUR-AG extenders at 12 weeks. PEUR
degradation occurred more rapidly than PTKUR degradation as evidenced by significantly less
residual polymer within the defect at 12 weeks. PTKUR degrades in response to specific cell types
including osteoclasts, macrophages, and other ROS secreting cells 27 while PEUR degrades via
hydrolytic and autocatalytic degradation. > Furthermore, AG control exhibited the least amount
of cellular infiltration at 12 weeks demonstrating that cells recruited to the AG were
osteoprogenitor cells that underwent direct differentiation. PTKUR-AG extenders exhibited less
cellular infiltration than PEUR-AG extenders demonstrating that cells were able to more readily
infiltrate into the graft as the polymer degraded. Upon cancellous AG implantation, early
vascularization begins at 2 days and is quickly followed by the influx of MSCs from the
osteoinductive signals of AG. Since the osteoinductive signals from AG occur in the first weeks
after implementation %5, these findings suggest that residual polymer inhibited the osteoinductive
effects of AG.

Dynamic bone histomorphometry is a widely utilized method for evaluating bone

remodeling. 5557 As mentioned above, ossification within the interosseus membrane was excluded
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from dynamic histomorphometric analysis. In agreement with our static histomorphometric
findings, bone remodeling at 4 and 8 weeks was greater in AG control compared with PTKUR-
and PEUR-AG extenders within the defect. It is likely that the lack of polymer in AG control
allowed for more extensive cellular infiltration and new bone formation. Despite a smaller 10 mm
defect size, a previous study utilizing highly porous cell-seeded hydroxyapatite scaffolds did not
observe fluorochrome binding within the scaffold until six weeks post-implantation 4°. Herein,
fluorescent staining beginning at 4 weeks was apparent within the grafts in the AG extender groups
suggesting that embedded AG maintained bioactivity. Additionally, abundant osseointegration at
the host bone/graft interface in both AG extenders was observed further confirming bioactivity.
AG is replaced by the formation of new bone on old bone %°. Full degradation of synthetic
polymers can take anywhere from 4 to 24 months in vivo %8, thus residual polymer likely inhibited
bone remodeling within the center of the AG grafts. Future work should focus on optimizing a
fast-degrading polymer.
4.6 Conclusion

In this work, PTKUR- and PEUR-AG extenders were evaluated against AG control in a
rabbit radius model. PTKUR- and PEUR-AG extenders both maintained AG in the defect
throughout the study and demonstrated bone formation along the host bone/graft interface
comparable to AG control. Polymer resorption and subsequent cellular infiltration was observed
within the defect space in both AG extenders but did not have an effect on overall bone formation.
These results suggest that early cellular infiltration is necessary for harnessing and maximizing the

osteoinductive capabilities of AG.
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CHAPTER 5: MECHANISM BY WHICH POLYMERIC DISPERSED NANOCRYSTALLINE
HYDROXYAPATITE PROMOTES OSTEOGENESIS IN VITRO

Adapted from:
Boller LA, Shiels SM, Florian DC, Peck S, Schoenecker JG, Duvall C, Wenke JC, Guelcher SA.
Effects of Nanocrystalline Hydroxyapatite Concentration and Skeletal Site on Bone and
Cartilage Formation in Rats. In review.
5.1  Abstract

Many biomaterials-based bone regeneration strategies rely on the use of calcium
phosphates such as nano-crystalline hydroxyapatite (nHA) to create bone-like scaffolds. In this
study, nHA was dispersed in reactive polymers to form composite scaffolds that were evaluated
in vitro. Matrix assays demonstrated that nHA influenced mineralization and subsequent
osteogenesis in a dose-dependent manner in vitro. nHA dispersed in polymeric composites
promoted osteogenesis via the PiT1 and Erk1/2 signaling pathway, a similar mechanism as
particulated nHA.
5.2  Introduction

Hydroxyapatite is a naturally occurring component of bone (50 - 70 wt%).! Due to the
inherent brittleness of ceramics, they are frequently combined with polymers to prepare composite
scaffolds with improved toughness.? Thus, many studies have utilized nanocrystalline
hydroxyapatite (nHA) composites to recapitulate the bone microenvironment in order to promote
bone regeneration. 3%  Although it is widely accepted that nHA promotes osteogenic
differentiation of osteoprogenitor cells "2, some studies have shown small amounts of nHA
stimulate chondrogenic differentiation in vitro. >4 However, the mechanism by which cells
interact with nHA dispersed in polymeric composites to determine a chondrogenic or osteogenic

fate is not well understood.
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Sodium phosphate (NaPi) cotransporters mediate the movement of Pi into cells. There are
currently three identified NaPi transporter families, however, PiT1 and PiT2 are the only NaPi
transporters expressed in bone and are thought to play a critical role in NaPi transport in
osteoblasts.’>*® Pi is a well-known factor in maintaining homeostasis in bone.*® A recent study
suggested PiT activation leading to osteogenesis in the presence of freely available nHA.?° It has
been suggested that PiT activation stimulates the extracellular signal regulated kinases (Erk1/2) as
Pi has been shown to stimulate the Erk1/2 pathway. In the present study, we investigated the nHA
dose response in slow-resorbing poly (e-caprolactone urethane) (PCLUR) composites in vitro to
determine how the differentiation of human mesenchymal stem cells (hMSCs) was influenced by
nHA loading.

5.3 Materials and Methods

Materials. Crude lysine triisocyanate (LTI) was acquired from Jinan Haohua Industry
Co., Ltd. (Jinan, China) and was refluxed with activated carbon prior to use. 2* nHA particles (<
200 nm) were purchased from Engi-Mat (previously nGimat, Lexington, KY).

nHA-PCLUR 2D disk fabrication. nHA particles were mixed with LTI for 10 min with a
speed-mixer (FlackTek, Inc, Landrum, SC) to prepare a nHA-LTI prepolymer. The nHA-LTI
prepolymer (0-60 wt% nHA) mixture was cured at 50°C for 3 h. nHA-LTI prepolymer was mixed
with PCL300 and FeAA catalyst solution with a speed mixer for 30 s, resulting in a nHA-PCLUR
crosslinked network. The nHA-PCLUR was cast into 14-mm diameter tubes, cured, and sliced
into 0.5 mm films. Slowly degrading PCLUR was used as the polymeric component for in vitro
cell culture experiments to minimize the effects of degradation of poly (thioketal urethane)

(PTKUR) composites on cellular outcomes (Figure 5.1).
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Figure 5.1. Degradation of nHA-PTKUR scaffolds in vitro. Mass of the samples measured at Day 0 and Day 3 after
immersion in degradation medium.

NHA-PTKUR in vitro degradation. nHA-PTKUR scaffolds were submerged in a
degradation medium composed of 20 wt% hydrogen peroxide and 0.1 M cobalt chloride dissolved
in DI water. This media generated hydroxyl radicals (OH*), a reactive oxygen species produced
by inflammatory cells near the defect site. 22> Scaffolds were immersed in media at 37°C for 3
days, dried under vacuum for 48 h, and weighed to determine the degradation rate.

Cell Culture. hMSCs (PromoCell) were cultured in Mesenchymal Stem Cell Growth
Medium 2 (PromoCell) supplemented with 10% fetal bovine serum (FBS, Gibco) 1% antibiotic-
antimycotic (Anti-anti, Gibco) at 37°C and 5% CO2. Medium was changed every 3 days. Cells
were detached at confluency of 80% with 0.05% Trypsin EDTA (Gibco). All subsequent in vitro
cell culture experiments were carried out using Mesenchymal Stem Cell Growth Medium 2.

In vitro matrix staining and analysis. Prior to cell seeding, nHA-PCLUR films were
gamma-irradiated using a dose of 25 kGY and pre-soaked overnight in medium. hMSCs were
seeded at (50 x 108 cells mL1) onto nHA-PCLUR films. For the Alizarin Red S assay, cell-laden
films were washed at their respective time points with phosphate-buffered saline (PBS), fixed in

10% formalin, and stained with Alizarin Red S (20 x 103 M). Films were washed with DI water
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and remaining bound Alizarin Red S dye was extracted with Sodium Dodecyl Sulfate (5%).
Absorbance of the extracted dye was read at optical density 540 nm, and dye extracted from cell-
free nHA-PCLUR films served as blank controls. For the von Kossa assay, cell-laden films were
washed at their respective timepoints with PBS and placed in a silver nitrate solution (5%) for 10
min in the dark. Films were then immersed in a sodium carbonate/formaldehyde solution, rinsed
with water, immersed in Farmer’s reducer, and subsequently counter stained with Toluene Blue
(2%). Area% mineralization (black nodule staining) was quantified using NIH ImageJ. For the
Alcian Blue Assay, cell laden films were washed at their respective timepoints with PBS and
stained using Alcian Blue 8GX (1%). Films were then washed with DI water and remaining bound
Alcian Blue dye was extracted with 4M guanidine HCI. Absorbance of the extracted Alcian Blue
dye was read at optical density 615 nm and dye extracted from cell-free nHA-PCLUR films served
as blank controls. Images for all matrix stains were taken with a reflected-light microscope (Zeiss
AXxioscope 5).

Fluorescent imaging and Fourier Resonance Energy Transfer (FRET) analysis. hMSCs
seeded on nHA-PCLUR films were stained for PiT1 (ab237527, Abcam), PiT2 (sc-377326, Santa
Cruz Biotechnology), and FGFR2 (ab58201, Abcam). Primary antibodies were applied at 1:100
dilution overnight at 4°C. Detection via confocal microscopy (Carl Zeiss 710) was performed
using secondary antibodies labeled with Alexa Flour 488 and Alexa Flour 568 at 1:200 dilution.
Immunofluorescent intensity analysis was performed with FIJI Image J (NIH) and measured as
corrected total cell fluorescence. Photobleaching FRET experiments with PiT1(Alexa Flour 488)
and FGFR2 (Alexa Flour 568) were performed by exciting the fluor with the 561 nm laser 300

times with 100% laser power. The fluorescence intensity of the donor fluor was measured before
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and after photobleaching of the acceptor, and energy transfer efficiency was calculated using these
values.

Western Blot analysis. hMSCs were scraped from nHA-PCLUR films and homogenized
in RIPA buffer supplemented with protease and phosphatase inhibitors (Thermo Scientific).
Proteins were separated with (12%) gel, transferred to a nitrocellulose membrane, and stained with
primary antibodies for phospho-p44/42 MAPK (ERK1/2) (9101, Cell Signaling Technology) and
p44/42 MAPK (9102, Cell Signaling Technology) overnight at 4°C. Signal detection was
performed with Western ECL Substrate (Bio-rad). Bands were analyzed using densitometry via
Image J (NIH). Mouse B-tubulin (2146, Cell Signaling Technology) was used as a loading control.

Statistical analysis. All Immunofluorescence images were acquired with the same
parameters. Data were analyzed utilizing GraphPad Prism (Version 8.4.1) and reported as mean
+ standard deviation. Treatment groups compared over time (% nHA vs. time) were compared
using a two-way ANOVA with Tukey’s multiple comparison test. Statistical significance was set
at p<0.05.

54  Results

nHA dose influences osteogenesis in vitro. To better understand the effects of nHA on
mineralization, Alizarin Red S and von Kossa staining assays (Figure 5.2A) were performed on
hMSC-laden nHA-PCLUR films.  Alizarin Red S-stained films were measured with
spectrophotometer at 540 nm wavelength. By Day 3, a significant difference in mineralization
was observed in >45nHA groups compared with <I5SnHA groups. A continued significant
difference in mineralization was observed in >45nHA groups throughout the duration of the time
course. During days 1- 14, an increase in intensity of Alizarin Red staining was seen in all groups

with peak intensity at Day 14 for all groups except the PCLUR control (Figure 5.2B).
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Additionally, von Kossa staining was also performed to assess the formation of mineralized
nodules. Similar to Alizarin Red data, the area% nodules indicated that nHA increased
osteogenesis of the hMSCs in a dose-dependent manner. At Day 21, a significant increase in
nodules was observed between the PCLUR group and >45nHA groups (Figure 5.2C). To evaluate
chondrogenesis in hMSCs seeded on nHA-PCLUR films, glycosaminoglycan (GAG) content was
evaluated by Alcian blue staining. The cells did not phenotypically resemble chondrocytes (Figure
5.2A), and no significant differences were seen between groups at the respective timepoints

(Figure 5.2D).
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Figure 5.2. Effect of nHA on osteogenic and chondrogenic differentiation of hMSCs. (A) Representative images of
Alizarin Red S stained hMSCs at D14 (4X), von Kossa and Toluene Blue stained hMSCs at D14 (yellow arrows
indicate von Kossa nodules) (20X), and Alcian Blue stained hMSCs at D14 (4X). (B) Absorbance of extracted Alizarin
Red S dye read at 540nm. (C) Quantification of von Kossa nodules. (D) Absorbance of extracted Alcian Blue dye
read at 605nm. Statistical significance of mineralization at various time points tested using Two Way ANOVA,
*p<0.05, **p<0.01, ***p<0.001, **** p<0.0001.
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Expression of PiT and FGFR2 change in response to nHA in vitro. Immunofluorescent
staining was performed on Sodium-dependent Phosphate Transporter 1 (SLC20al/PiT1), Sodium-
dependent Phosphate Transporter 2 (SLC20a2/PiT2), and Fibroblast Growth Factor Receptor-2
(FGFR2) to better understand the mechanism by which nHA stimulates differentiation.
Immunofluorescence intensity of PiT1 in hMSCs seeded on nHA-PTKUR films increased in all
nHA containing groups by 72 h compared with PCLUR (Figure 5.3A). Similarly, FGFR-2
intensity in hMSCs seeded on nHA-PTKUR films increased in all nHA containing groups by 72 h
compared with PCLUR (Figure 5.3B). No positive detection of PiT2 staining was observed within
any of the groups. FRET experiments to characterize the interaction of PiT1 and FGFR2 revealed

no colocalization of PiT1 and FGFR2 (Figure 5.3C).
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Figure 5.3. Effect of nHA on PiT1, PiT2, and FGFR activation and colocalization in vitro. (A) Representative
images of immunofluorescent staining for PiT1 (green) and (B) FGFR-2 (red) performed on hMSCs seeded on
nHA-PCLUR films for 12 h (40X). Immunofluorescence intensity measured as corrected total cell fluorescence
of (A) PiT1 and (B) FGFR-2 in hMSCs seeded on nHA-PCLUR films for 12, 24, and 72 h. (C) FRET measured
by acceptor photobleaching in hMSCs seeded on nHA-PCLUR films for, 12, 24, and 72 h. FRET efficiency was
determined by acceptor photobleaching method and was measured only in the bleached area. Statistical
significance of immunofluorescent materials dependent on nHA evaluated using Two-way ANOVA, *p<0.05,
**n<0.01.

nHA stimulates downstream Erk1/2 signaling. Western blots were performed to determine
if polymer-bound nHA stimulated Erk1/2 signaling at 12, 24, and 72 h (Figure 5.4A).
Phosphorylation of p44/42 MAPK (Erk1/2) was measured over time. An increase in
phosphorylation of Erk1/2 between the nHA groups at 12 h was observed. Interestingly, at 24 h a
slight decrease in phosphorylation occurred and there were no significant differences between
groups; however, at 72 h there was a significant increase in Erk1/2 phosphorylation in all nHA

groups (Figure 5.4B).
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Figure 5.4. Effect of nHA on Erk1/2 signaling. (A) Representative western blots of Erk1/2 phosphorylation in
hMSCs seeded on nHA-PCLUR films at 12, 24, and 72h timepoints. (B) Quantification of and relative fold change
of phospho p44/42 MAPK/ total p44/42 MAPK band densities at respective time points. Bands normalized to
PCLUR. B-Tubulin used as a loading control for all analysis. Statistical significance of fold change dependent on
nHA evaluated using Two-way ANOVA, *p<0.05, **p<0.01.

5.5 Discussion

In this study, we investigated the mechanism by which nHA induces osteoblast
differentiation in vitro and assessed cartilage and bone formation in nHA-PTKUR composites in
response to nHA loading and implantation site in rats. nHA dispersed in polymeric composites at
loadings >22 wt% induced osteoblast differentiation in vitro via the PiT1 and Erk1/2 signaling
pathways, similar to a previous study using aqueous dispersions of nHA powders. 2°

hMSCs have the ability to differentiate into mesoderm-type cells including osteoblasts,
chondrocytes, and adipocytes. 22 Multiple investigations have suggested that calcium (Ca) and
phosphate (Pi) precipitated from nHA and other calcium phosphates are involved in upregulation

of osteogenic gene expression. 222° In this study, hMSC osteogenic differentiation increased in a
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nHA dose-dependent manner, which is in agreement with a previous study using collagen
scaffolds. 2 The early induction (day 3) of mineralization seen with Alizarin Red in the > 22nHA
groups further confirmed the osteogenic potential of nHA. In contrast with a recent study
reporting that low concentrations of nHA may contribute to chondrogenesis 3, we found that GAG
formation was independent of nHA content. Furthermore, the cells cultured on nHA-PTKUR
substrates did not phenotypically resemble chondrocytes.

Calcium-sensing receptors 2’ and a family of sodium dependent phosphate transporters
(PiTs) 28 can bind to nHA. hMSCs seeded on nHA-PCLUR films demonstrated increased
fluorescence for PiT1 as early as 12 h in vitro. By 72 h these differences were significant,
consistent with the onset of increased mineralization seen by Alizarin Red staining. In contrast,
hMSCs seeded on PCLUR exhibited significantly lower fluorescent intensity for PiT1 at 72 h.
These findings are consistent with previous studies reporting that PiT1/SLC20al plays a role in
nHA signaling. 20230 Additionally, FGFRs are activated by increased Pi 332 and are involved in
fracture healing. 23 Specifically, FGFR1 and FGFR2 are highly expressed in osteoprogenitors and
osteoblasts. 3 A previous study established that both FGFR and PiT signaling are required for
nHA-mediated osteoblast differentiation. A decrease in FGFR2 gene expression in hMSCs was
observed at 24 h in response to nHA treatment compared with untreated cells. 2° Herein, we
observed a similar trend in response to >22nHA at 24 h. Furthermore, we determined that PiT1
and FGFR2 do not colocalize suggesting that they are not located in the same subcellular structures
and are not simultaneously activated by nHA.

Pi-mediated osteogenesis is dependent on the MAPK Erk1/2 pathway %, which is essential
for osteoblast differentiation and inhibition of ectopic cartilage formation in the perichondrium. 3%

Furthermore, inhibition of Erk1/2 may promote chondrogenesis. 3 Herein, nHA loadings >8 wt%
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enhanced Erk1/2 signaling. These findings show that nHA dispersed in polymeric composites
induced osteoblast differentiation and mineralization through PiT1 and Erk1/2 signaling at low
loadings (>8 wt%).
5.6 Conclusion

This study demonstrated that nHA has a dose-dependent effect on mineralization in vitro.
Furthermore, nHA increased PiT1 signaling and downstream Erk1/2 signaling. Together, these
results provided evidence that nHA promotes osteogenic differentiation in a dose-dependent
manner. Understanding the mechanism by which embedded nHA functions in vitro can

influence future design of nHA composites for in vivo studies.
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CHAPTER 6: EFFECTS OF NANOCRYSTALLINE HYDROXYAPATITE
CONCENTRATION AND SKELETAL SITE ON BONE AND CARTIALGE IN RATS

Adapted from:
Boller LA, Shiels SM, Florian DC, Peck S, Schoenecker JG, Duvall C, Wenke JC, Guelcher SA.
Effects of Nanocrystalline Hydroxyapatite Concentration and Skeletal Site on Bone and
Cartilage Formation in Rats. In review..
6.1  Abstract

Most fractures heal by a combination of endochondral and intramembranous ossification
dependent upon strain and vascularity at the fracture site. In this study, nHA was dispersed in
reactive polymers to form a composite 3D tissue engineered scaffold that were evaluated in vivo.
Scaffolds were implanted into a 2-mm defect in the femoral diaphysis or metaphysis of Sprague-
Dawley rats to evaluate new bone formation at 4 and 8 weeks. Two formulations were tested: a
poly (thioketal) urethane scaffold without nHA (PTKUR) and a PTKUR scaffold augmented with
22 wt% nHA (22nHA). The scaffolds supported new bone formation in both anatomic sites. In the
metaphysis, augmentation of scaffolds with nHA promoted an intramembranous healing response.
Within the diaphysis, nHA inhibited endochondral ossification. Immunohistochemistry was
performed on cryo-sections of the bone/scaffold interface in which CD146, CD31, Endomucin,
CD68, and Myeloperoxidase were evaluated. No significant differences in the infiltrating cell
populations were observed. These findings suggest that nHA dispersed in polymeric composites
induces osteogenic differentiation of adherent endogenous cells, which has skeletal site-specific
effects on fracture healing.
6.2 Introduction

Fracture healing occurs through two processes after initial trauma. Primary healing, or
intramembranous ossification, takes place when progenitor cells undergo direct differentiation into

osteoblasts followed by subsequent ossification and Haversian remodeling. This process occurs
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when the fracture gap is minimal and the defect site is both stable and sufficiently vascularized. -2
Secondary healing, or endochondral ossification, occurs when bone forms through an intermediate
cartilaginous callus. 34 Hypertrophic chondrocytes within the callus contribute to new bone
formation either by undergoing programmed cell death allowing for resorption, vascularization,
and osteogenesis ° or by transdifferentiating directly into osteoblasts and osteocytes. ©
Endochondral ossification often takes place in fractures with significant strain and can occur with
limited initial vascularization. * Most fractures, however, heal by a combination of both
intramembranous and endochondral ossification due to the variable amounts of vascularity and
strain in the fracture microenvironment. 37

Recapitulating natural fracture healing in vivo remains a limitation in biomaterial-based
bone regeneration strategies. Current approaches to bone regeneration typically promote
intramembranous ossification through the use of osteoconductive and osteoinductive biomaterials
89 and are not designed for the specific anatomic conditions or site at which they are being used,
which can lead to unsatisfactory healing. Therefore, there has been increasing interest in
biomaterials-based strategies that promote endochondral ossification, including chondrogenic
priming of scaffolds 1%, mechanical loading 2, and aligned pore architectures. ** However, little
is understood about how material composition influences the mechanisms by which new bone is
formed.

Poly (thioketal urethane) (PTKUR)-based composites have been shown to support new
bone formation in vivo 4. In a recent study evaluating nHA-PTKUR cements in a metaphyseal
femoral defect in rabbits, intramembranous ossification on the periphery of the cement and
endochondral ossification in the hypoxic interior was observed. * PTKURs degrade in response

to reactive oxygen species (ROS) secreted by infiltrating cells. %17 Thus, a hypoxic environment
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along with macrophages and osteoclasts present in bone are anticipated to promote endochondral
ossification; however, it is not understood how nHA affects PTKUR degradation or how
degradation varies at different anatomic sites within the bone.

Matrix staining and the effects of nHA on membrane bound receptors and subsequent
signaling pathways were evaluated in vitro. Subsequently, we implanted 3D nHA-PTKUR
scaffolds in both femoral diaphyseal and metaphyseal models of bone regeneration to evaluate
new bone formation and the mechanism by which it formed at both 4 and 8 weeks. In vivo
outcomes were assessed by UCT, histology, and histomorphometry. Additionally, the population
of host cells infiltrating the nHA-PTKUR scaffolds were characterized by immunohistochemistry
(IHC) in frozen sections 1819,

6.3 Materials and Methods

Materials. Crude lysine triisocyanate (LTI) was acquired from Jinan Haohua Industry
Co., Ltd. (Jinan, China) and was refluxed with activated carbon prior to use 6. Materials for
thioketal diol (TK) synthesis, poly(e-caprolactone) triol (PCL, 300 g mol), and iron (1)
acetylacetonate (FeAA) catalyst were purchased from Sigma-Aldrich. A catalyst solution was
prepared from FeAA (5 wt%) dissolved in vacuum-dried € -caprolactone. nHA particles (< 200
nm) were purchased from Engi-Mat (previously nGimat, Lexington, KY).

TK diol synthesis. TK diol (MW = 196 g molt) was synthesized following a previously
published method 4. Briefly, thioglycolic acid and 2,2-dimethoxypropane were reacted with
bismuth (I11) chloride for 24 h at room temperature and dried for 24 h under vacuum. The
intermediate was dissolved in tetrahydrofuran and added to lithium aluminum hydride (LiAIHa4) in
diethyl ether at 0°C. The reaction was refluxed at 52°C overnight. LiAlH4 was quenched and the

final product was filtered using aqueous NaOH and diethyl ether. The aqueous layer was removed
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using a separation funnel and sodium sulfate. After filtering, solvent was removed from the
product using rotary evaporation, and the product was dried under vacuum for 24 h.

Fabrication of 3D nHA-PTKUR scaffolds. 3D-printed scaffolds were fabricated following
a previously published method. 2° 4 mm x 3 mm wax molds with trabecular structure mimicking
that of the trabeculae of the femoral head were 3D printed. nHA-LTI pre-polymer, TK diol, and
FeAA catalyst were mixed to yield a reactive nHA-PTKUR composite that was injected into the
mold. The material-filled wax molds were cured at 50°C for 12 h. After curing, the wax molds
were leached from the nHA-PTKUR scaffolds with acetone. The resulting cylindrical scaffolds
were 3 mm @ x 2 mm.

nHA-PTKUR scaffold characterization. nHA-PTKUR scaffolds (n=3) were tested in
uniaxial compression mode (Instron DynaMight 8800 Servohydraulic Test System). The
displacement rate was kept at a constant 1.3 mm min~!, and compression was continued until
failure. Force-displacement curves were obtained and converted to stress-strain curves to
determine elastic modulus, maximum strength, and yield strain and strength for each construct.
For imaging, scaffolds were gold sputter-coated and imaged using scanning electron microscopy
(Carl Zeiss Inc.) equipped with Everhart-Thornley detector for topographical imaging.

In vivo implantation of nHA-PTKUR scaffolds in rats. All surgical and care procedures
were approved by the Institutional Animal Care and Use Committee of the US Army Institute of
Surgical Research, Fort Sam Houston, TX. Procedures were performed in compliance with the
Animal Welfare Act, Animal Welfare Regulations, and the Guide for the Care and Use of
Laboratory Animals. Male mature Sprague-Dawley rats were used in this study (n=80, 368+2¢).
Animals were premedicated with slow-release Buprenorphine (0.1 mg kg) an anesthetized using

gaseous isoflurane (1-3%). Animals were randomly assigned to one of two different anatomic site
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models: femoral diaphysis or femoral metaphysis. For both groups, the animal’s hindlimbs were
shaved and prepared for sterile surgery using alternating washes of alcohol and povidone-iodine.
The diaphyseal defect model and fixation method were followed as previously described
23 Briefly, the femoral shaft was exposed and a polyacetyl plate placed on the anterolateral surface
of the femur. The plate was attached with a threaded Kirschner wire and a 2-mm mid-diaphyseal
full-thickness defect made with a small oscillating saw under continuous irrigation with saline.
Animals were randomly assigned a treatment group (Table 6.1) and received a scaffold (3 mm @
x 2 mm) within the defect. For the metaphyseal defect, a medial skin incision was made over the
right femur, the vastus medialis and gracillis muscles separated, and the distal end of the femur
exposed. A 1-mm pilot hole was made through the medial epicondyle. A 3 mm @ x 2 mm defect
was created and flushed with saline, and either a PTKUR or 22nHA scaffold was placed into the
defect. The procedure was repeated on the left leg, and the opposite scaffold composition was

inserted (Figure 6.1). Animals recovered for 4 or 8 weeks.

Table 6.1. Treatment groups evaluated in rat diaphyseal and femoral metaphyseal defects.

Component wt% # of replicates
Group | nHA (prepolymer) nHA (total 4 wks- 8 wks- 4 wks- 8 wks-
scaffold) diaphyseal diaphyseal metaphyseal | metaphyseal
PTKUR 0 0 8 8 8 8
8nHA 15 8.4 4 4 0 0
22nHA 35 22.2 8 8 8 8
30nHA 45 30.5 4 4 0 0
Total: 80

Animals were anesthetized and euthanized at their designated time-point with an overdose
of pentobarbital. The femora were harvested and flash frozen in liquid nitrogen. After flash

freezing, all K-wire pins were removed from the femora.
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Figure 6.1. Surgical images. (A) Representative image of nHA-PTKUR scaffold in diaphyseal surgical site. (B)
Representative X-ray image of diaphysis, yellow arrows indicate defect. Light opacity observed in the defect space
from nHA in nHA-PTKUR scaffolds. (C) A schematic representation of the regions of interest (ROI) utilized for
histomorphometric and spatial analysis within the diaphysis. D) Representative image of nHA-PTKUR scaffold in
metaphyseal surgical site. (E) Representative X-ray image of metaphysis. Yellow arrows indicate defect. Light
opacity observed in the defect space from nHA in nHA-PTKUR scaffolds. (F) A schematic representation of the
regions of interest (ROI) utilized for histomorphometric and spatial analysis within the metaphysis. Scale bars, 2mm.

In vivo histological and immunohistochemical (IHC) staining and analysis. Samples used
for all histological analysis were embedded in SCEM compound (SECTION-LAB Co. Ltd.) and
cut longitudinally into 5-pm sections with a cryostat (Leica CM1850). Hematoxylin and Eosin
(H&E) staining was performed for visualization of cellular and tissue structure (SECTION-LAB
Co. Ltd.). Von Kossa staining was performed for analysis of new bone within the defect. Safranin
O was performed to visualize regions of cartilage within the sample with Fast Green used as a
counter stain for bone. Sections were imaged via bright-field microscopy (Olympus BX41).

IHC staining for CD68 (Ab31630, Abcam), CD146 (Ab75769, Abcam), Endomucin

(Orb100879, Biorbyt), CD31 (ab24590, Abcam), and Myeloperoxidase (Ab9535, Abcam) was
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performed at 1:100 dilution. All primary antibodies were diluted in and incubated overnight at
4°C. Appropriate secondary antibodies were applied for 1 h at room temperature and DAB
substrate kit (Thermo Scientific) was used for detection via bright-field microscopy (Olympus
BX41). Hematoxylin counterstaining was used for all IHC samples. 20X magnification images
were acquired and positively stained cells were counted using FIJI ImageJ. IHC+ cells were
reported as a percentage of the total number of cells present within the image.

For quantitative histomorphometry, images were taken at 4X via bright-field microscopy
(Olympus BX41). The area of interest (AOI) was defined as a 2 mm x 3 mm rectangular region
that encompassed the full scaffold and defect space. Quantification was performed using
Metamorph (Version 7.0.1). Bone was thresholded as black stain in the von Kossa sections and
cartilage was thresholded as orange in the Safranin O sections. Bone and cartilage within the defect
were reported as an area percentage of the total AOI (Figure 6.1).

UCT analysis. Femora that were utilized for uCT were placed into formalin and were
scanned at 70 kVp energy, 200 pA source current, 1000 projections per rotation, 800 ms integration
time, and 17.2 pum voxel size using a uCT50 (SCANCO). The defect region was contoured to
quantitatively assess the morphometric parameters, bone volume density (BV/TV), trabecular
thickening (Th.Th.), trabecular spacing (Th.Sp.), and trabecular number (Th. N.).

Statistical Analysis. Data were analyzed utilizing GraphPad Prism (Version 8.4.1) and
reported as mean =+ standard deviation. Treatment groups at singular time points or singular
anatomic sites (% nHA) were evaluated using an ANOVA with a Tukey’s multiple comparison
test. Treatment groups compared over time and between anatomic site (% nHA vs. time or %
nHA vs. anatomic site) were compared using a two-way ANOVA with Tukey’s multiple

comparison test. Statistical significance was set at p<0.05.
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6.4  Results

nHA-PTKUR scaffold characterization. To maintain handling and mechanical properties
of the material®® for in vivo applications, we varied the concentration of nHA in the prepolymer
between 0-45% nHA. 3D nHA-PTKUR scaffolds mimicked porous trabecular bone (Figure
6.2A), and SEM images displayed porosity throughout the scaffold (Figure 6.2B). The moduli
(5-16 MPa) and yield strength (0.23- 0.5MPa) of the nHA-PTKUR scaffolds increased in a nHA
dose-dependent manner. The groups containing nHA displayed a higher ultimate strength and
yield strength compared with PTKUR. No significant differences in yield strain were observed

among groups (Figure 6.2C).
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Figure 6.2. Porous structure and mechanical properties of 3D nHA-PTKUR scaffolds. (A) Representative .stl image
of a 3D nHA-PTKUR scaffold. (B) Representative SEM images of the nHA-PTKUR scaffold internal porous structure.
(C) Material properties of n(HA-PTKUR porous scaffolds measured under compressive loading. Statistical significance
of material properties dependent on nHA evaluated using One-way ANOVA, **p<0.01.

nHA does not promote bone formation in a dose dependent manner in rat diaphyseal
defects. In an initial pilot study varying the wt% of nHA in a diaphyseal model, no difference was
seen in the amount of new bone between groups at 4 weeks. At 8 weeks, the largest amount of

new bone formation was observed in the PTKUR and 22nHA groups (Figure 6.3A). Increased

98



CHAPTER VI

cartilage was seen in PTKUR samples at 4 weeks compared with the nHA treatment groups. By
8 weeks, cartilage in the PTKUR treatment decreased as the amount of new bone in the PTKUR
group increased (Figure 6.3A). To conserve the number of animals used, all subsequent studies
and analysis evaluated only PTKUR and 22nHA groups.

At 4 weeks, 3D UCT reconstructions revealed no significant differences in BV/TV between
groups. At 8 weeks, the PTKUR group exhibited greater new bone formation compared with the
22nHA group although the difference was not significant. Both groups showed greater new bone
formation compared with the groups at 4 weeks. A significant increase in trabecular thickening
was observed in the PTKUR and 22nHA groups at 8 weeks compared with groups at 4 weeks. No

significant differences in trabecular spacing or trabecular number were observed (Figure 6.3B)
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Figure 6.3. New bone formation analysis of nHA-PTKUR pilot study. Histomorphometric analysis of (A) area %
bone and area % cartilage at 4 and 8 weeks. (B) Bone morphometric parameters (Bone volume/ total volume
(BVITV), trabecular thickening (Th.Th.), trabecular spacing (Th.Sp.) and trabecular number (Tbh.N.)) from uCT
analysis of new bone formation in rat diaphyseal model after 4 and 8 weeks. Statistical significance of
histomorphometric outcomes and bone morphometric parameters at respective time points tested using Two-way

ANOVA, *p<0.05, **p<0.01, ***p<0.001.
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The effects of nHA on new bone formation in vivo differ in diaphyseal and metaphyseal
models. No difference was seen in the amount of new bone between PTKUR and 22nHA at 4
weeks in the diaphyseal model (Figure 6.4A). However, an increase in new bone was seen in
PTKUR at 8 weeks compared with 22nHA (Figure 6.4B). PTKUR at 4 weeks showed a
significant increase in cartilage formation within the scaffold compared with 22nHA at 4 weeks.
As bone increased over time within PTKUR scaffolds, the area% cartilage significantly decreased
from 4 weeks to 8 weeks (Figure 6.4C). Histological evidence of a large cartilage callus ossifying
into bone was present in PTKUR samples (Figure 6.5A-C), while only small amounts of cartilage
ossifying into bone were observed in 22nHA (Figure 6.5D-F).

In contrast with the diaphyseal model, histomorphometry of von Kossa stained PTKUR
scaffolds in the metaphyseal model showed significantly less new bone compared with 22nHA
scaffolds at both 4 and 8 weeks (Figure 6.4D-E). Minimal (<1.0%) cartilage was seen in the
metaphyseal model in both groups, and no significant difference in the amount of cartilage between

PTKUR and 22nHA in the metaphyseal model was observed (Figure 6.4F).
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Figure 6.4. Histomorphometric analysis of new bone and cartilage formation in nHA-PTKUR scaffolds in rat
diaphyseal and metaphyseal models. (A) Representative images of diaphyseal von Kossa and Safranin O - stained
sections (4X). Histomorphometric analysis of (B) area % bone and (C) area % cartilage in nHA-PTKUR scaffolds at
4 and 8 weeks within the diaphysis. (D) Representative images of metaphyseal von Kossa- and Safranin O-stained
sections (4X). Histomorphometric analysis of (E) area % bone and (F) area % cartilage in nHA-PTKUR scaffolds at
4 and 8 weeks within the metaphysis. Statistical significance determined using Two-way ANOVA, *p<0.05,

***p<0.001.
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Figure 6.5. High magnification histology of new bone and cartilage formation in nHA-PTKUR scaffolds within the
diaphyseal model. Representative von Kossa images (Top row, 4X and bottom row, 20X) depicting new bone
formation in (A) PTKUR scaffolds where new bone (red stars) is seen throughout the middle of the defect and into
the scaffold and (D) 35nHA where new bone is only seen on the periphery of the defect. Representative Safranin O
(Top row, 4X and bottom row, 20X) images depicting cartilage (orange) in (B) PTKUR scaffolds where cartilage is
seen infiltrating and ossifying into bone within the defect and scaffold and (E) 35nHA scaffolds where only small
amounts of cartilage are seen at the periphery of the defect. (C, F) Superimposed von Kossa and Safranin O images
depict where cartilage is actively ossifying into bone.

Infiltrating cell populations within nHA-PTKUR scaffolds do not differ significantly
between anatomic sites. To assess the whether the population of host cells within the scaffolds

contributed to the observed differences in bone formation at different anatomic sites, IHC was
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performed for CD146, Endomucin (Emcn), and CD31 (Figure 6.6A). No significant differences
in CD146" staining, a marker that differentiates between marrow-derived multipotent stromal cells
and terminally differentiated cells 2%, were observed between groups or anatomic sites at both 4
weeks and 8 weeks (Figure 6.6B). Emcn* cells were present within both anatomic sites, and no
differences were seen between groups or anatomic sites at 4 and 8 weeks (Figure 6.6C). Some
CD31" staining was observed in the diaphysis, but no significant differences between groups were
seen. However, in the metaphysis significantly more CD31* staining was observed in 22nHA
compared with PTKUR (Figure 6.6D). CD31* staining was observed predominantly around the
perimeter of the scaffolds and of bone (Figure 6.6A). The spatial distribution of CD31* staining

throughout the defect appeared to be co-localized with new bone (Figure 6.6E).
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Figure 6.6. Infiltrating cell populations in nHA-PTKUR scaffolds at 4 and 8 weeks. (A) Representative diaphyseal
and metaphyseal sections stained with CD146, Endomucin, and CD31 at 4 and 8 weeks (20X). Yellow arrows
indicate positive staining, S indicates scaffold, red asterisks indicate bone. Quantification of (B) CD146+, (C)
Endomucin+, and (D) CD31+ staining. (E) Spatial distribution of CD31+ staining and new bone within each defect.
Statistical significance determined using Two-way ANOVA, **p<0.01, ****p<0.0001.
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PTKUR degradation in vivo. For a better understanding of macrophage-medicated
degradation of PTKUR in vivo, IHC for myeloperoxidase (MPO) and CD68 was performed.
Histological sections showed visible differences in MPO, a marker of ROS and oxidative stress,
between treatment groups (Figure 6.7A). Positive MPO staining was observed around the
periphery of the PTKUR scaffolds at both anatomic sites. Quantification of IHC confirmed these
observations, and a significant increase in MPO™ cells was seen in PTKUR groups at both 4 and 8
weeks in the diaphyseal model and at 8 weeks in the metaphyseal model (Figure 6.7B). No
significant differences in CD68* macrophages were observed qualitatively or quantitatively

(Figure 6.7C) between groups or anatomic sites at both 4 and 8 weeks.
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Figure 6.7. nHA-PTKUR degradation in vivo. (A) Representative diaphyseal and metaphyseal sections stained with
Myeloperoxidase and CD68 at 4 and 8 weeks (20X). Yellow arrows indicate positive staining. S indicates scaffold.
Quantification of (B) MPO+ and (C) CD68+ staining. Statistical significance determined using Two-way ANOVA,
**p<0.001, ***p<0.001, ****p<0.0001.
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6.5  Discussion

While nHA, a naturally occurring form of calcium apatite, has been widely studied as a
synthetic bone graft due to its mechanical and osteogenic properties 2, its effects on ossification
at specific anatomic sites have not been directly investigated. Additionally, we implanted nHA-
PTKUR scaffolds in two anatomic sites in rats, the femoral diaphysis and femoral metaphysis, to
gain a comprehensive understanding of nHA and its effect on ossification in vivo. New cartilage
was observed in the absence of nHA at diaphyseal but not metaphyseal sites. In contrast, new
bone formation increased with nHA loading at metaphyseal but not diaphyseal sites. Thus, nHA
composite scaffolds induce osteogenic differentiation of adherent endogenous progenitor cells,
which can either promote or inhibit fracture healing depending on the skeletal site.

To understand the effects of nHA loading and anatomic site on ossification in vivo, we
implanted NHA-PTKUR scaffolds into diaphyseal and metaphyseal bone defects in rats and
assessed outcomes at 4 and 8 weeks. Scaffolds were implanted in non-critical-size (2 mm) defects
in order to maintain the capacity to heal.?6 Histological and immunohistochemical analysis of new
bone and cartilage formation as well as infiltrating cell populations was performed using cryo-
sectioning techniques. The anatomic site and nHA loading affected the mechanism by which new
bone formed within the scaffolds in vivo. PTKUR scaffolds showed evidence of endochondral
ossification through callus formation at 4 weeks followed by ongoing callus ossification at 8
weeks. New bone was seen throughout the scaffolds and the defect space. These findings are
consistent with a previous study in which endochondral ossification was observed at 3 and 6 weeks
in a porous collagen scaffold. 13 In contrast, the 22nHA group displayed only small amounts of
cartilage undergoing ossification near the periphery of the defect. New bone formation was limited

to the endosteum and periphery of the defect and did not extensively infiltrate the scaffolds. These
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findings suggest that the presence of nHA in diaphyseal defects impairs endochondral ossification,
which is the predominant healing mechanism at this anatomic site 2/, resulting in less bone
formation at 8 weeks.

In metaphyseal defects, minimal cartilage (<0.2%) was observed in either of the groups,
and significantly more new bone formation was observed in 22nHA compared with PTKUR. In
a previous study, low-porosity (<5%) nHA-PTKUR cements implanted in metaphyseal defects in
rat femora osseointegrated by intramembranous ossification near the periphery coupled with
infiltration of chondrocytes and endochondral ossification in the hypoxic interior. > In contrast,
the nHA-PTKUR scaffolds used in this study were 80% porous ?° and endochondral ossification
in the metaphysis was not observed. Consistent with our in vitro findings and previous studies 2,
the addition of nHA within metaphyseal defects promoted intramembranous ossification by
directly inducing osteoblast differentiation. Thus, the effects of nHA on the predominant
mechanisms of ossification depended on the anatomic site where the scaffolds were implanted.

Vascularity at the fracture site is imperative for successful bone regeneration. 2° Previous
studies have shown both CD31 and Endomucin to be markers of angiogenesis.3*3! Bone contains
specific subtypes of capillaries, Type H (CD31"/Emcn™) and Type L (CD31'%/Emcn'®) vessels 2°,
typically found in the metaphysis and diaphysis, respectively. Previous studies have established a
relationship between Type H vessels and Osterix* cells which can differentiate into osteoblasts
and osteocytes. 3032 While significant differences in Endomucin staining were not detected
between anatomic sites in the present study, increased CD31" staining was observed in the 22nHA
group in the metaphysis. Furthermore, we observed CD31* staining predominantly where new

bone formation was also observed via spatial analysis.
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Recent studies have suggested CD146 as a marker to discriminate between bone marrow-
derived multipotent stromal cells and terminally differentiated cells.'32433 Furthermore, CD146*
cells have the capacity to differentiate into bone-like tissue and cartilage in vitro. 3 No differences
in CD146" cells between defect sites or treatment groups were observed. To determine if there
was a difference in macrophage and inflammatory responses between groups, IHC for CD68 was
performed. No differences in CD68* cells were observed between groups, indicating a normal host
response to the implanted scaffolds. Together, these data demonstrate that nHA did not have an
effect on the infiltrating cell populations. While the addition of growth factors such as bone
morphogenetic proteins act by recruiting and inducing differentiation of endogenous MSCs at the
defect site 2, the results from this study demonstrate that the effects of embedded nHA do not
display such osteoinductive behavior and are limited to cellular interactions with the surface of the
scaffold.

At 8 weeks, residual scaffold remained in the defect sites. PTKUR breaks down rapidly in
response to ROS secreted by macrophages and other adherent inflammatory cells "%, while nHA
degrades slowly by osteoclast-mediated resorption in vivo. 3 Slow degradation of low-porosity
nHA-PTKUR cements was observed in a previous study. '® In the present study, the
interconnected pores of the scaffolds allowed for increased cellular infiltration. PTKUR in both
anatomic sites displayed enhanced MPO™ staining compared with the minimal MPO* staining
observed in the 22nHA material. A previous study in a porcine model showed enhanced
macrophage activity localized at scaffold/tissue interface in PTKUR scaffolds %. The reduced
MPO* staining observed in 22nHA suggests that the presence of nHA results in fewer adherent
macrophages on the surface of the scaffold, and thus nHA-PTKUR scaffolds degrade at a slower

rate compared with PTKUR.
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6.6  Conclusion

nNHA-PTKUR scaffolds implanted in rats promoted both intramembranous and
endochondral ossification dependent on material formulation and anatomic sites, indicating the
importance of these factors as key regulators in assessing overall outcomes and efficacy of novel
biomaterials for bone regeneration. Moving forward, more tailored approaches for bone
regeneration based on natural healing response for specific anatomic sites and applications must

be adopted.
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CHAPTER 7: SUMMARY AND CONCLUSIONS

In this work, osteoinductive polyurethane composites were evaluated in vitro and in vivo
to evaluate the mechanisms of bone formation and remodeling. The work described in this
dissertation was motivated by the findings in Chapter 3 in which compression-resistant poly (ester
urethane) (PEUR) carriers for recombinant human bone morphogenetic protein- 2 (rhBMP-2) were
found to promote new bone formation in a dose-responsive manner in a clinically relevant non-
human primate model. However, the costs associated of gaining FDA approval for a new carrier
for a biologic growth factor demonstrated the need to develop osteoinductive bone substitutes
without the use of rhBMP-2. Previous success in the lab utilizing autograft (AG) and the lack of
FDA approval needed for its use prompted further investigation of AG extenders. We sought to
determine the optimal AG extender composition to promote enhanced bone formation and graft
remodeling in vivo. Although poly (thioketal urethane) (PTKUR) composites were slower to
degrade than PEUR composites, comparable bone formation was observed with both polymers.
However, reduced osteoinductivity of polymer-embedded AG was observed thus prompting the
transition to an alternative osteoinductive component. Nanocrystalline hydroxyapatite (nHA) was
selected due to its ability to be homogenously dispersed within polymer and extensive research
demonstrating its osteoinductivity. The results from our in vitro studies demonstrated that polymer
dispersed nHA promotes mineralization and subsequent osteoblast differentiation in a dose-
dependent manner through phosphate transporter-1 (PiT1) and Erk1/2 signaling. In vivo results
showed that nHA-PTKUR scaffolds promote both intramembranous and endochondral
ossification dependent on material formulation and anatomic sites. The results of these studies

detailed herein demonstrate how material formulation can alter cellular behavior, subsequent
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osteogenesis, and remodeling. Moving forward, more tailored approaches for bone regeneration
based on natural healing response for specific skeletal sites and applications must be adopted.

AG is the gold standard of bone grafting but is limited in its availability, thus, AG extenders
have been developed to increase the overall volume of AG while maintaining its osteogenic and
osteoinductive properties. Previous work in the lab utilizing AG demonstrated new bone formation
but demonstrated slow polymer degradation. These findings led to the hypothesis that PEUR
composites would degrade at a rate more ideal for the formation of new bone. Thus, in Chapter 4,
AG was mixed with PTKUR or PEUR to determine the optimal AG composition to enhance bone
and graft remodeling in vivo. PTKUR- and PEUR-AG extenders were developed and implanted in
a rabbit radius model. In this model, both PTKUR- and PEUR- AG extenders maintained AG
within the defect throughout the study. Histomorphometry demonstrated that both AG extenders
degraded, however, PEUR-AG extenders degraded more rapidly when compared to PTKUR-AG
extenders. The differences in degradation did not have an effect on overall bone formation between
the AG extenders. However, compared with AG control, polymer embedded AG within the
extenders demonstrated reduced osteoinductivity. These results highlighted the need for more
porous scaffolds that allowed for earlier cellular infiltration and the need for utilization of a surface
bound osteoinductive component that would not remain encapsulated in polymer.

nHA is osteoinductive and has been extensively utilized in composite bone substitutes,
however, the mechanism by which polymer-bound nHA promotes osteogenesis in vitro and in vivo
was poorly understood. In Chapter 5, polymer-bound nHA was evaluated in vitro. Human
mesenchymal stem cells (hMSCs) were seeded on nHA composite substrates. Matrix staining
demonstrated that nHA promoted osteogenic differentiation of hMSCs in a nHA dose-dependent

manner. Immunofluorescent staining demonstrated that nHA played a role in both phosphate
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transporter 1 (PiT1/SLC20al) and fibroblast growth factor 2 (FGFR2) signaling. Western blot
analysis further confirmed that nHA dispersed in polymeric composites induced osteoblast
differentiation and mineralization through Erk1/2 signaling at low loadings. Furthermore, we
determined through FRET analysis that PiT1 and FGFR2 do not colocalize suggesting that they
are not located in the same subcellular structures and are not simultaneously activated by nHA.
These findings underscored the ability of nHA to lead to direct differentiation of hMSCs into
osteoblasts.

Given the mechanism by which polymer bound-nHA promoted osteogenesis in vitro, 3D
nHA- PTKUR scaffolds were implanted in the femoral diaphysis and femoral metaphysis in rats
to evaluate the effect of nHA on osteogenesis and the mechanism of bone formation in vivo in
Chapter 6. Methods previously developed in our lab were utilized to synthesize a nHA-PTKUR
3D tissue engineered composite. Histomorphometric analysis revealed that the presence of nHA
in diaphyseal defects impaired endochondral ossification, resulting in less overall bone formation
while the addition of nHA within metaphyseal defects promoted intramembranous ossification by
directly inducing osteoblast differentiation. Thus, the effects of nHA on the predominant
mechanisms of ossification was dependent on the anatomic site where the scaffolds were
implanted. Immunohistochemistry (IHC) further demonstrated that nHA did not have an effect on
the infiltrating cell populations and that its effects were limited to cellular interactions with the
surface of the scaffold. Additionally, IHC revealed that the addition of nHA to PTKUR scaffolds
led to slower degradation in vivo. These results further highlighted the need to develop tailored
materials for bone regeneration that are based on the natural healing response for specific anatomic

sites.
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This work demonstrates a better understanding of how osteoinductive composites promote
bone formation and how these effects can change based upon skeletal site. Furthermore, anatomic
site must not be the only consideration; application must also be considered. For weight bearing
applications, slowly degrading PKTKUR may be advantageous while PEUR may be better for
rapidly degrading bone void fillers. Collectively, this work suggests that a universal bone substitute
is not the solution, but rather materials must consider the anatomic site and application for which

they are intended for in the substitute or graft development process.
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CHAPTER 8: FUTURE DIRECTIONS

Future work will build off of the conclusions found from this work. This chapter will
focus on future directions to optimize osteoinductive grafts for bone remodeling to better suit
specific skeletal sites and applications.

8.1  AG Extenders

In chapter 4, PTKUR-AG and PEUR-AG extenders maintained AG within the defect site.
Both AG extenders promoted bone formation, however, bone formation was most evident at the
host bone/graft interface rather than within the defect.

Implanted AG-extenders were not highly porous and residual polymer was observed in the
defect at 12 weeks. Minimal initial porosity likely inhibited early cellular infiltration, thus less new
bone and AG resorption was seen within the AG extenders in vivo while the AG control
demonstrated full resorption and increased bone formation. Taken together, this suggests that
porosity inhibited initial cellular infiltration while AG remained embedded within residual
polymer. Although AG within the extenders maintained some level of osteoinductivity, it was
reduced with that of the AG control. Future studies will determine the optimal porosity of AG
extenders to promote early osteoinductive effects. Increased initial porosity in an rhBMP-2 carrier
allowed for ample bone formation via direct osteogenic differentiation of infiltrating cells?, thus it
is anticipated that increasing porosity in AG extenders would allow for early cellular infiltration
and osteoinductive factors released from the AG would better promote osteogenic differentiation.
However, the rate of porosity will need to be balanced such that graft resorption does not occur
too quickly. Additionally, AG volume must be optimized to both maintain porosity and promote
enhanced bone formation.

Decreased cellular infiltration was observed within the PTKUR-AG extenders. Despite the
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use of a hydrophilic lysine-triisocyanate poly (ethylene glycol) (LTI-PEG) prepolymer in the
formulation of PTKUR-AG extenders, poly (thioketal) (PTK) is inherently hydrophobic.?
Therefore, we hypothesize that using a more hydrophilic PTK to formulate the PTKUR-AG
extender may lead to increased graft remodeling and cellular infiltration. Thus, future work will
focus on the formulation of more hydrophilic PTKUR-AG extenders. Lead candidates will then
be tested in vivo although, cellular activity varies by animal and model.®

8.2 nHA composites in vitro

As demonstrated in Chapter 5, nanocrystalline hydroxyapatite (nHA) dispersed in
polymeric composites promoted osteogenesis via PiT1 and downstream Erk1/2 signaling and did
not have an effect on chondrogenesis. However, fractures typically heal through a combination of
both intramembranous ossification and endochondral ossification.®” Therefore, future work will
aim to incorporate polyphosphate nanoparticles to promote cartilage formation. Polyphosphates
are biopolymers composed of phosphate groups (n=10-300 Pi units) linked by phosphoanhydride
bonds.? Polyphosphate nanoparticles (nPPi, 50-100 nm)degrade via enzymatic hydrolysis in the
presence of alkaline phosphatase (ALP) 819 and the bioactivity of nPPi depends on the cation used
for salt formation.8 Mesenchymal stem cells (MSCs) cultured on Ca-nPPi and Mg-nPPi
expressed both osteogenic and chondrogenic markers,'**> thus we hypothesize that structural
nPPi- PTKUR grafts will potentially increase osseointegration by inducing chondrogenic
differentiation of endogenous MSCs and subsequent endochondral ossification.

Preliminary studies in which human MSCs (hMSCs) were cultured on fabricated Ca-nPPi-
PTKUR composites were performed. Minimal Alizarin red staining, a marker of mineralization,
was observed on nPPi-PTKUR until day 21 (Figure 8.1A) while Ca-nPPi induced chondrocyte

differentiation in the early timepoints (Figure 8.1B). These data suggest bone formation through
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a chondrogenic pathway occurs in hMSCs seeded on nPPi composites. Furthermore, no positive
phosphate transporter-1 (PiT1) staining was observed in hMSCs cultured on nPPi-PTKUR. Thus,
while nHA induces osteoblast differentiation through PiT1, Ca-nPPi does not, instead potentially

proceeding through a cartilage intermediate.
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Figure 8.1. Differentiation of hMSCs cultured on nPPi- PTKUR polymers. Representative images of (A) Alizarin
red-and (B) Alcian blue stained cells cultured on nPPi-PTKUR at day 21. Quantification of (C) Alizarin red and (D)
Alcian Blue staining on nPPi composites. Statistical significance determined via one-way ANOVA ** p<0.01; ***
p<0.001.

Future in vitro work will aim to confirm the chondrogenic potential of nPPi-PTKUR hybrid
polymers using a Dimethyl methylene Blue (DMMB) assay and to identify membrane receptors
that mediate intracellular signal transduction important in chondrocyte differentiation in response
to nPPi utilizing a cell surface biotinylation assay. Additionally, optimal nPPi concentrations will
be determined.

Furthermore, nHA-nPPi hybrid composites have the potential to lead to an osteogenic-
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chondrogenic combinatorial response, thus resulting in a more anatomically representative bone
substitute. Once the chondrogenic potential of nPPi-PTKUR composites is confirmed, we aim to
identify the optimal nHA-nPPi formulation to elicit both an osteogenic and chondrogenic response
in vitro utilizing von Kossa and Alizarin Red assays, DMMB analysis, and PCR.

8.3 nHA composites in vivo

In Chapter 6, the effects of nHA on the predominant mechanisms of ossification depended
on the anatomic site where the scaffolds were implanted. In the metaphysis, augmentation of
PTKUR scaffolds with nHA promoted an intramembranous healing response. Within the
diaphysis, nHA impaired endochondral ossification. Utilizing the outcomes from the work
described in section 8.1 and similar methods described in Chapter 6, we aim to investigate the
effects of nPPi composites endochondral ossification in vivo. nPPi- and nHA-PTKUR scaffolds
were successfully implanted in the muscle adjacent to the femur of skeletally mice (Figure 8.2).
3D uCT reconstructions (Figure 8.2A, D) and 2D axial (Figure 8.2B, E) and sagittal (Figure
8.2C, F) cross sections demonstrated osseointegration of Ca-nPPi-PTKUR (yellow arrows) but

not nHA-PTKUR.
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nPPi-PTKUR

nHA-PTKUR

mm

R
Figure 8.2. nPPi-PTKUR scaffolds osseointegrate in unfavorable biological environments. (A) 3D and (B-C) 2D uCT
reconstructions of scaffolds implanted in femoral musculature show osseointegration of nPPi-PTKUR but not nHA-

PTKUR in (D) 3D uCT reconstruction and 2D 2D (E) axial and (F) sagittal cross sections at 6 weeks. Images used
with permission from Satoru ‘Eggy’ Egawa.

Together with the preliminary in vitro results, we hypothesize that nPPi-PTKUR scaffolds will
facilitate endochondral ossification. Future work will evaluate nPPi-PTKUR composites in a
mouse posterolateral fusion (PLF) model to confirm endochondral ossification. AcanCre*-/Aigf/f
mice will be used to evaluate osseointegration of the scaffolds and cartilage formation via
fluorescently labeled ACAN expression. Endpoint outcomes will be assessed with nCT, histology,

and immunohistochemistry.

Additionally, nHA-nPPi-PTKUR scaffolds will also be evaluated in vivo to determine if there
IS a synergistic effect between the two nanoparticles and bone formation Development of these

grafts could potentially lead to solutions for cartilage-bone interface applications.
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Guelcher Lab
Cryosectioning Bones + Bones with Scaffolds

CRYOSECTIONING BONES + BONES WITH SCAFFOLDS

Reagents:

Liquid Nitrogen
SCEM (Section Lab)

Materials:

Styrofoam/Foam container (for liquid nitrogen)
Tweezers

Pliers (depends on sample type)

Section Lab kit (liquid nitrogen mold and holder, wooden mallet and stand, wooden
smoothing piece)

50mL conical tubes (1 per sample)

Aluminum foil

Paint brush

Disposable blades for the Cryotome

Sectioning Tape (Section Lab)

Slides

Biohazard bag

You must be trained on the cryotome prior to cryosectioning. See Joshua Johnson for
appropriate training.

Procedure:

Prep samples

1. Retrieve samples from the -80C freezer.

2. If needed, remove any K-wire pins from the bones using the pliers. This will take a
significant amount of time. Wire pins will need to be twisted out like a screw. You will
need to do one sample at a time to prevent them from thawing out.

3. Orient samples within the appropriately sized mold and holder. Use care here to consider
what plane you will want your sections in and make sure that you orient them
appropriately.

4. Fill ¥2 of the mold with SCEM and then place your sample into the mold. Cover the
remainder of your sample with SCEM and place into liquid nitrogen. Wait until the
sample is completely opaque.

5. Remove the mold from liquid nitrogen and use mallet to hit the mold on the stand. This

will release the frozen sample from the mold. Wrap the sample in foil, place into conical
tube, and label the conical with the sample number. Place conical into -80C for long term
storage.
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Cryosectioning Bones + Bones with Scaffolds

Cutting Cryosections

1.

10.

11.

12.

13.

Clean-

1.

Remove samples from the -80C (only take a few at a time to prevent the SCEM from
thawing and having to re-embed your samples).
Place samples into cryotome to keep frozen while you prepare to cryosection.

Check the blade and replace with new blade if needed. If there knicks all over, you will
need a new blade.

Remove a sample from the conical and aluminum foil. Use SCEM to mount onto frozen
metal studs. Make sure to mount the sample using the flat side as this will allow better
adherence. Wait for the SCEM on the stud to freeze and turn opaque.

Orient the stud properly within the cryotome and ensure cryotome is in its starting
position. Set the section size to ~20 - 40pum.

Use the electronic controls to bring the blade close to, but not touching the sample. This
will help to make sure you don’t max out the directional capabilities of the cryotome. Use
the handlebar on the side to manually move the section closer to the blade until you start
shaving off the top layer of SCEM.

Continue to shave the SCEM using the dry paint brush to brush off any shavings until
you reach the area of interest.

Decrease the section size to ~10um. Cut through your sample until you are at the spot
you want to obtain a section of for histology. Once there, change section size to 5um. Cut
one or two 5um sections to make sure the sample is smooth.

Take your appropriately sized tape and remove the backing.

Place the sticky side of the tape onto the section and use wooden smoothing piece to
ensure there are no bubbles.

Using the tweezers to hold the bottom of the tape, rotate the handlebar while
simultaneously pulling up on the sample to obtain section.

Ensure that section is smooth and does not have any knicks and place the tape sticky side
up onto a slide. Label the slide and store in slide box that is safe for -80C freezer. Once
finished with sectioning, place slide box into the -80C.

Discard of all sample and SCEM shavings into a biohazard bag.

up
Discard of all sample and SCEM shavings into a biohazard bag.
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IHC FOR FROZEN SECTIONS

Reagents:

Acetone

PBS

H202, Hydrogen Peroxide

DAB substrate

Goat serum (or other animal-based serum dependent on antibodies)
Appropriate primary and secondary antibodies

SCMM (Section Lab)

PBS (1X)

Hemotoxylin

Materials:

Tweezers

Slides

Scotch tape

Hydrophobic Pen

Slide holders and slide containers
Humidifying chamber

Procedure:
Preparation

el NS s

Put acetone into slide container and allow to sit in the -20C until cold.

Get serum from the -20C, PBS, H20z, tape, and the hydrophobic pen.

Take frozen sections out of the -80C freezer and let thaw.

Once samples are thawed and dry, tape the section tape to the slide to keep it in place
during washes.

Immunostaining

1.

wn

o

Fix the tissues by placing slides into the slide holder and immerse into the cold acetone
for 10 minutes.

Remove the slide holder from the acetone and allow the slides to dry at room temp.
Wash slides in PBS (1X) for 5 min, 2X.

Incubate the slides in 0.3%H202 solution in PBS at RT for 10 min to block endogenous
peroxidase activity.

Wash slides in PBS (1X) for 5 min, 2X

With hydrophobic pen, outline the samples to minimize the amount of solution needed
for the following steps.

Block the samples by using 10%serum in PBS for 1 hr at RT. Use enough solution to
completely cover the sample within the lines of the hydrophobic pen. This will vary
based on tissue size and amount.

125



Guelcher Lab
IHC for Frozen Sections

8. During this waiting time, prepare the primary antibody solution (Primary antibody in a
0.5%serum in PBS solution) You will need to calculate how much solution you will need
for each sample. This will be based off the total area within the hydrophobic pen. You
want to minimize the amount of antibody needed. I typically will just use water to
determine the volume needed for each sample.

9. Drain off the blocking buffer from slides.

10. Take the slides and a humidifying chamber into the cold room. Then pipette the primary
antibody solution to the samples and leave in the cold room or at 4°C overnight.

11. Wash slides in PBS (1X) for 5 min, 2X.

12. Apply secondary antibody solution for 1 hr at RT in humidifying chamber (Secondary
antibody in a 0.5%serum in PBS solution).

13. Wash slides in PBS(1X) for 5 min, 2X.

14. Apply DAB substrate solution (1:10 DAB: Peroxidase solution) .

15. Wash slides in PBS(1X) for 5 min, 2X.

16. Counterstain slides in Hematoxylin for 30 seconds.

17. Rinse slides in DI water.

18. Let samples dry, remove tape, and then mount to clean slides using SCMM. Use filter
paper to remove any residual SCMM. Imaging will be most optimal if you take images
shortly after drying.

19. Store slides in 4C for long term storage. Samples will be good for a few months but will
dry out with time. Make sure to acquire ample images early on at different
magnifications. Once the samples have dried out, they are no longer salvageable.

Clean Up
1. Dispose of liquid waste in appropriate waste containers.
2. Dispose of any tissue contaminated supplies in a biohazard waste container.
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IF FOR FROZEN SECTIONS

Reagents:
e Formalin
e PBS (1X)
e Permeabilization Buffer: 0.3%Triton-X 100 in PBS
e PBST: 0.05% Triton X-100 in PBS
e Blocking Buffer: 10% serum in PBST
e SCMM (Section Lab)
e Appropriate primary and secondary antibodies

Materials and Equipment:

Tweezers

Slides

Scotch tape

Hydrophobic Pen

Slide holders and slide containers
Humidifying chamber

Procedure:
Preparation

1.
2.
3.

Get serum from the -20°C, tape, and the hydrophobic pen.

Take frozen sections out of the -80C freezer and let thaw.

Once samples are thawed and dry, tape the section tape to the slide to keep it in place
during washes.

Immunofluorescent Staining

1.

2.

3.

o

~

9.

Fix the tissues by placing slides into the slide holder and immerse into formalin for 30
minutes at RT.

Remove the slide holder from formalin and wash slides with PBS (1X) on a shaker (use a
slow and gentle speed when staining) for 5 min, 2X.

Permeabilize sections in 0.3%Triton X-100 in PBS for 15 minutes at RT on a shaker.
**This step is only necessary if you are staining for something located inside of the cell
membrane.

With hydrophobic pen, outline the samples to minimize the amount of solution needed
for the following steps.

Blocks samples using Blocking Buffer for 1 hour at RT on a shaker.

Add primary antibodies (vortex and spin them down) at desired concentration ina 1:1
Blocking Buffer: PBST. Incubate for 1hr at RT or overnight at 4°C on a shaker.

Wash slides with 1% serum in PBST on a shaker for 5min, 2X.

Add secondary antibodies at desired concentration (1:200 typically) in 1:1 Blocking
Buffer: PBST. Incubate for 1 hour at RT. Make sure to cover plate or dish with foil to
minimize exposure to light.

Wash slides with 1% serum in PBST on a shaker for 5min, 2X.

10. Wash slides in PBS on a shaker for 5 minutes, 2X.
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11. Add DAPI in PBS (1:10,000) for 10 min at RT.

12. Wash slides in PBS on a shaker for 5min, 1X to remove DAPI.

13. Let samples dry, remove tape, and then mount to clean slides using SCMM. Use filter
paper to remove any residual SCMM. Imaging will be most optimal if you take images
shortly after drying.

14. Store slides in 4C for long term storage. Samples will be good for a few months but will
dry out with time. Make sure to acquire ample images early on at different
magnifications. Once the samples have dried out, they are no longer salvageable.

Clean Up
3. Dispose of liquid waste in appropriate waste containers.
4. Dispose of any tissue contaminated supplies in a biohazard waste container.
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ACCESSING pCT REMOTELY USING A MAC OS

Materials and equipment:
o Computer with Pulse Secure, Xquartz, and Fetch Softworks
o Xquartz is needed to open and view evaluation and local session Windows User
=  Putty will not function without XQuartz running
o Pulse Secure (VPN) for Windows or Mac is also needed to access CT server
» Pulse pairs with Duo Mobile on your phone (see video)
* The secondary password is “push”. This will trigger a notification on your
phone for you to accept.
o Fetch softworks program for downloading files off of the CT server
o Terminal (this should already be on your Mac), search your applications and
utilities to find it
e Good Wi-Fi or an ethernet cable connected to your router

Procedure
Setting Up
1. Open Xquartz.
e It will appear in your taskbar, but a window will not open up
2. Open Terminal.
e Write in/ copy & paste: ssh -oKexAlgorithms=+diffie-hellman-groupl-shal -
oHostKeyAlgorithms=+ssh-dss ~Y
e Ensure proper spacing or else you will get an error
3. When it prompts for “password:”, input “madelin2ch”.
e The text will not appear in the window when you type, but the software will
register it

Evaluating bone morphometric properties
1. Type “vue” into Terminal.
2. Type “uct_evaluation” into Terminal.
3. Find your sample’s .ISQ file (raw scan data) by typing the sample name or number in the
filter field. Click on the .ISQ and press OK.
e [fthe sample folder/directory isn’t listed, the scan has likely been backed up on
tape.
4. Contour the sample using the drawing tool
e Counterclockwise to include the region enclosed within the drawn shape
e Contour slices at various intervals within your region of interest to better utilize
built-in segmentation tools (e.g. iterate forward, etc.)
Select the Contour (C...) tab to morph, iterate forward, etc.
6. Select the Threshold (T...) tab to apply thresholds and execute the evaluation script
e The BV/Density only Bone Eval. script (Script 6) will provide BV, TV, and
BV/TV. The Bone Trab. Morphometry script (Script 5) will provide everything.
e Click on the “Default VOI” button to make sure the white box encompasses all of
the green contours

o
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e Select a lower threshold used previously (e.g. the entire trabecular bone region is
visible) and toggle between Preview and Grayscale to confirm

Evaluating 2D Histogram
1. Follow steps 1-4 above
2. Click on ‘tasks’ and then on ‘2D evaluation’
3. Make sure the ROI is correct and includes all of the slices you have contoured.
4. Set Gauss sigma to 0.5, Gauss support to 1, and threshold to appropriate value
5. Set No. of result sheet copies to 0 and then click on ‘print list’. Then click on ‘Start
Evaluation’.

Viewing files in 3D Viewer (to view .I1SQ or .AIM files)
1. Input “uct 3d” into DECterm
2. Click on your file name to open your file. You can slide the options to orient about
certain planes or points in your file.
e To create a 2D cut-planes in 3D Viewer, use the ‘Subdim’ menu

Downloading Evaluation Data:
1. Log onto Fetch Softworks
e The ‘hostname’ is 10.140.12.232 or 10.140.12.228, the ‘username’ is microCT
(for uct40) or microCT50 (for uct50), and the password “madelin2ch”.
e You will need to click on the arrow showing additional information to get into the
right folder where the actual data is stored. In the
1. DKO:[MICROCT50.DATA]
2. Or DISK1:[MICROCT50.RESULTS.2D]
2. Click on the file and click on the title of the file name to save it directly to your computer.
e If the title is a .dat file then save it as a .txt file so your MAC can read it
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IMAGING WHOLE SLIDES WITH CYTATION

Materials:

Slides with samples ready to be imaged
External Hard Drive with ample storage space
Biotek Cytation (located in the VA or Jim Cassat’s lab)

Procedure:
Preparation

1.
2.
3.

4.
5

Turn on the Cytation if it is off.

Once running, press the circular button on the side to eject the slide holder.

Place slides (sample facing down) into the slide holder. Make sure they click into place
and lay completely flat before proceeding.

Place the slide holder into the slot and press the circular button.

Open Gen5 305 Imager software. A pop up will ask you to confirm vessel type. Click on
BioTek:4 slide holder and press ‘OK’.

Imaging

1.

N

ok~

~

10.

In the top left corner, specify the magnification you would like to use and specify if you
will be imaging a fluorescently stained slide (choose appropriate wavelength) or a bright
field slide.

Select the appropriate well (Al =slide 1, A2 = slide 2, etc.).

Use the coarse and fine focus to bring the slide into focus. Once the slide is mostly in
focus, you can use the ‘Autofocus’ button to obtain the best focus.

Edit the Exposure features if necessary.

Click on ‘Imaging Mode’ and click on ‘Montage’. Then set your boundaries for the
region of your slide you would like to image. The larger the area, the longer it will take to
image. Use the directional arrows located underneath the ‘Histogram’ to move your slide
and find your boundaries. Once you are at the right spot, click on either ‘Set Top’, ‘Set
left’, etc.

After setting boundaries, click on ‘Edit Imaging Step’. This page will show you the
number of images that will be acquired in terms of rows and columns. Click on the
‘options’ button and switch from ‘Autofocus’ to ‘Fixed focal height’. Press ‘OK’.

Once your settings are correct, click on the camera icon in the bottom left corner.

The software will now acquire images for you. Once it is finished, click on ‘Image
stitching’.

The ‘Downsize stitched image’ will automatically be turned on. Click on it to turn it off.
If you are taking a bright field image, you will need to specify the Registration Channel.
Use either Red, Green, or Blue depending on which colors are most present in your
image. If H&E staining, it will likely be best to use Red. Click ‘OK’ and the software will
stitch your image. Click ‘“YES’ when it asks if you are okay with a large file size.

Once the image is stitched, click on ‘Save Image’. Then click ‘Save Picture for
Presentation’. You will then click on ‘Save current display’ and save a .png file. Click on
‘Save Image’ again and repeat the steps above, except click on ‘Save Entire Image (1
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pixel resolution)’ and save as a .png. Repeat one more time and click on ‘Save Entire
Image (1 pixel resolution)’ again except save as a .jpg.
11. Repeat above steps for each slide.

Clean Up
1. Make sure to remove your slides from the slide holder and shut down all software
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