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ABSTRACT

Body Heat-Activated Polymer-Mineral Composites for Vertebral Body Fractures

Polymer and polymer/ceramic composites known as bone cements are commonly used in mus-

culoskeletal reconstructive surgeries where bone tissue fixation, reinforcement, or void filling may

be needed1. Polymethylmethacrylate, PMMA, was the initial (and currently only) FDA-approved

bone cement for bone-void filling applications yet faces many inherent material-based challenges

that impacts its use and success as a viable material in biomedical applications2,3. This work

presents an alternate bone cement design for bone-void filling applications composed of citrate-

based biomaterials (CBBs), ceramic, and a thermoresponsive initiator to address the shortcomings

of clinically used bone cements.

Vertebral compression fractures due to osteoporosis require materials that are easy to handle,

quickly fill and set within a bone cavity, provide similar mechanics to the surrounding bone, and

effectively integrate within the bone structure, though these materials are currently based on the

non-degradagle, mechanically stiff PMMA which relies on peroxide-initiated polymerization to

quickly set the cement at the cost of high exothermic temperatures. Recently, there has been in-

terest in developing degradable, bone mechanic-matching alternatives that pursue physiologically

induced polymerization to both augment the handling of the material before application and to re-

duce high localized temperatures that may lead to tissue damage. Thermoresponsive polymers such

as CBBs have shown potential use in orthopedic applications as pre-molded biomaterials4. How-

ever, their ability to mimic the quick-setting ability of bone cements has not been explored. The

objective of this research was to investigate whether CBBs could be functionalized to mimic bone

cement polymerization mechanics via methacrylation of poly(1,8-octanediol co-citrate) (mPOC)

and introduction of an azo-based radical initiator. We show that the addition of a ceramic com-
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ponent (hydroxyapatite, HA) and a thermoresponsive component (2,2’-Azobis(4-methoxy-2,4-

dimethylvaleronitrile, V70) produces a quick-setting, tunable polymer composite suitable for bone

void filling applications. mPOC-60HA was the most viable composite in vitro and in vivo, produc-

ing results on par with clinically used PMMA. The HA provided a modular platform that tailors

to specific bone mechanics. The results support the use of the thermoresponsive mPOC for bone

cement applications over clinically used PMMA.
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after 7 days of cell attachment. Cells (light green) and nuclei (dark green) are
seen spreading across the composite surface (dark blue) and across pores. Salt
deposits (pink) are from residual media. It is hypothesized that cell proliferation
(orange) is occurring along stretched cells. Scale bar (white) in lower right-hand
corner corresponds to 10 µm. (C) Colour SEM image of mPOC-20HA surface
after 7 days of cell attachment. Cells (light green) and nuclei (dark green) are seen
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stretch across surfaces and assist in cell movement. Scale bar (white) in lower
right-hand corner corresponds to 1 µm. . . . . . . . . . . . . . . . . . . . . . . . . 69

5.1 Representative Masson’s Trichrome (MT) images from in vivo subcutaneous in-
jection study of the sample-tissue interface. mPOC-xHA injections show colla-
gen infiltration (green) at both 1 day and 4 weeks, whereas mPOC samples show
thin tissue around the injection site at 1 day and a large immune response (dark
red/purple) at 4 weeks. PMMA samples show a thin subcutaneous tissue region
around samples at day 1, due in part to difficulty during sectioning. PMMA at 4
weeks shows a distinct collagenous capsule around the implant, indicative of the
fibrous encapsulation seen as part of the body’s foreign body response. Alterna-
tively, mPOC-xHA shows integration of collagen into the material itself and has
broken off parts of the material as seen in mPOC-60HA. Initial images are scaled
at 100 µm (white) and inset images at 20 µm (black) whereas the sample position
is indicated by yellow arrow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79



20

5.2 Immunohistochemistry staining for CD68 (A) and α-SMA-CD31 co-stain (B). (A)
CD68 (stained red) has an apparent higher density of positively stained cells at
the interface between the tissue and material (material position noted by green ar-
rows). Some staining of the material occurred in mPOC-xHA containing polymers,
but otherwise the presence of CD68 positive cells visibly decreased at the 4-week
time point for mPOC-xHA polymers and PMMA. mPOC at 4 weeks shows a large
increase in CD68 expression. (B) Vessels (stained red/brown) can be clearly seen
within the tissue-material connective tissue interface of mPOC and mPOC-xHA
composite polymers (black arrows) whereas minimal vessel presence can be seen
in the thin interface of PMMA samples. Analysis for (C) CD68 and (D) α-SMA-
CD31 immunohistochemistry staining where ∗p < 0.05 and ∗∗p < 0.01. (C) CD68
positive staining was analyzed within the subcutaneous tissue region where the
polymers were injected. The percent of CD68 expressed is normalized to the total
amount of cells present within the subcutaneous region. mPOC-xHA and PMMA
composites show significantly decreased expression of CD68 by the 4-week time
point, with mPOC-60HA and PMMA presenting similar data. (D) Number of ves-
sels per mm2 was analyzed within the connective tissue region of the material-
tissue interface. mPOC-60HA has significantly increased vessel density compared
to mPOC-40HA, potentially due to the increased presence of HA. . . . . . . . . . 80
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g/cc) density solid foam cancellous- polyurethane core (product #3429-3-2). Di-
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A.1 1H NMR spectra of mPOC synthesized with imidazole. Imidazole (inset struc-
ture) is not completely removed from the mPOC after synthesis and purification as
seen by the highlighted (blue) peaks present at 7.73 and 7.16 ppm. These aromatic
groups are unnecessary within the purified mPOC structure, thus further purifi-
cation steps and a reworking of the mPOC synthesis were pursued to obtain an
optimized mPOC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
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A.2 1H NMR spectra of POC washed in THF or ethanol. During the original synthesis
of POC, the polymer is dissolved in ethanol before distilling the polymer in DI
water. While the use of ethanol in this step does not impact the use of POC for fur-
ther applications, it can affect further synthesis steps for mPOC. As such, ethanol
was replaced by THF as THF is the primary solvent used during mPOC synthesis,
resulting in distinct peaks at 3.59 and 1.75 ppm for the POC-THF workup. Ethanol
peaks can be seen at 3.44 and 1.05 ppm. . . . . . . . . . . . . . . . . . . . . . . . 114
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A.4 1H NMR spectra of mPOC with DMAP used as the ring-opening catalyst during
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between 72 and 168 hours are nearly identical. . . . . . . . . . . . . . . . . . . . . 116

A.5 ESI data for mPOC synthesized with (A) imidazole for 6 hours, (B) DMAP for
6 hours, (C) DMAP for 24 hours, and (D) DMAP for 72 hours. Trace amounts
of imidazole and DMAP can be seen in the 6-hour syntheses (A-B), noted by the
molecular weights of 353.2 Daltons and 265.1 Daltons. Synthesis over 24 hours
eliminates these trace compounds and greatly increases the size, occurrence, and
variety of mPOC macromolecules (C). Synthesis over 72 hours (D) shows that
one distinct structure of mPOC is likely to occur over other structures, namely a
tri-1,8-octanediol – tri-citric acid – tri-glycidyl methacrylate (E). Moving forward
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all subsequent polymer syntheses. . . . . . . . . . . . . . . . . . . . . . . . . . . 117
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A.6 1H NMR spectra of mPOC using non-distilled THF and distilled THF as a polymer
solvent. It was noted that BHT, a trace component of THF, was found in the 1H
NMR spectra of mPOC. In an effort to purify mPOC as much as possible, THF was
distilled and used as an alternative solvent during mPOC synthesis. Using distilled
THF showed a reduction of BHT within the 1H NMR spectra (blue highlight) noted
at 1.36 ppm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

A.7 ESI data for mPOC ran through chromatography with non-distilled THF (A) and
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ratio between 1,8-octanediol and citric acid are 1:1. This figure instead shows
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1,8-octanediol compared to citric acid did increase the likelihood of POC macro-
molecules containing more units of 1,8-octanediol, but this was not seen in mPOC
structures. Adjusting the ratio may have more precedent in POC applications over
mPOC applications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
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A.9 (A) In vitro cell cytotoxicity study comparing mPOC composites cured with no
solvent, ethyl acetate as the solvent, or ethanol as the solvent. L929 murine fibrob-
lasts (passage 7) were seeded onto 96-well plates at 10,000 cells/well and allowed
to attach and grow for 24 hours. Cells were exposed to various extract concentra-
tions and allowed to incubate over 24 hours, then an MTT assay was performed to
determine viability. Viability decreases for all groups as the extract concentration
increases, though ethanol samples performed the best. Ethanol was chosen as the
solvent utilized in mPOC polymerization moving forward. (B) In vitro cell cyto-
toxicity study comparing mPOC composites cured at various time points. L929
murine fibroblasts (passage 7) were seeded onto 96-well plates at 10,000 cells/well
and allowed to attach and grow for 24 hours. Cells were exposed to various extract
concentrations and allowed to incubate over 24 hours, then an MTT assay was per-
formed to determine viability. Viability remains above minimum viability levels
(above 80%) for all extract concentrations and cure times. . . . . . . . . . . . . . . 121

A.10 (A) Molecular structures for simvastatin, lovastatin, and pravastatin. (B) In vitro
cell cytotoxicity study comparing statins at various concentrations. L929 murine
fibroblasts (passage 7) were seeded onto 96-well plates at 10,000 cells/well and
allowed to attach and grow for 24 hours. Cells were exposed to various statin
concentrations and allowed to incubate over 24 hours, then an MTT assay was
performed to determine viability. Cytotoxicity is noted in both simvastatin and
lovastatin at 10 µM. This concentration was not further pursued. . . . . . . . . . . 125

A.11 In vitro cell cytotoxicity study comparing statins at various concentrations and with
various cell types. (A) HUVECs (passage 4) were seeded onto 96-well plates at
3,000 cells/well and allowed to attach and grow for 24 hours. Cells were exposed to
various statin concentrations and allowed to incubate over 24 hours and 72 hours,
then an MTT assay was performed to determine viability where ∗p < 0.05. Pravas-
tatin presented a significant decrease in cell viability at day 3, so concentrations
between 0 and 0.1 µM were chosen for an additional cell viability study in HU-
VECs. (B) hMSCs (passage 1) were seeded onto 96-well plates at 5,000 cells/well
and allowed to attach and grow for 24 hours. Cells were exposed to various statin
concentrations and allowed to incubate over 24 hours and 72 hours, then an MTT
assay was performed to determine viability where ∗p < 0.05. (C) Comparison of
statins at concentrations between 0 and 0.1 µM. HUVECs (passage 4) were seeded
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A.12 (A) Alkaline Phosphatase (ALP) expression at 5 and 10 days for control groups
and statin experimental groups. Statistical significance between 5 and 10 days for
each group are represented where ∗p < 0.05 and ∗∗p < 0.01. Statins groups show
statistically equivalent ALP expression at 10 days compared to negative controls,
indicating that the statins do not promote early osteogenic expression. (B) ALP
standard curve to determine ALP activity where y=4,375,468.57x-72,316.14 and
R2=0.98 for the fit linear regression. (C) Alizarin red staining of hMSCs after 21
days exposure to either simvastatin, lovastatin, or pravastatin of various concentra-
tions. No calcium deposits are seen in any experimental group, whereas positive
cells that were cultured in osteogenic media contain calcium deposits (red). Cell
density remains consistent between groups. Scale bar inset is 100 µm. . . . . . . . 128

A.13 In vitro cell cytotoxicity study for various concentrations of chemical components
and free radical polymerization initiators. L929 murine fibroblasts (passage 7)
were seeded onto 96-well plates at 6000 cells/well and allowed to attach and grow
for 24 hours. Each chemical component was mixed into media at concentrations
of 0.1, 0.5, 1, 5, and 10 µM, filtered, and applied to cells for a 24-hour period
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A.14 (A) Immunohistochemistry staining for osteopontin (OPN) and (B) quantitative
analysis. (A) OPN (red) was qualitatively noted at a higher occurrence in mPOC-
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in mPOC-60HA is statistically significant compared to other experimental groups.
Additional, extended in vivo models should be carried out in a bone defect model to
verify the expression of bone marker cells in response to mPOC-xHA composites
over controls. Scale bars are set at 100 µm and ∗∗p < 0.01. . . . . . . . . . . . . . 131



25

LIST OF TABLES

2.1 Management options for vertebral compression fractures including the type of
medical intervention, its treatments, and its disadvantages. . . . . . . . . . . . . . 33

2.2 Chemical Components of PMMA . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.3 Kyphon Activos 10 Chemical Composition . . . . . . . . . . . . . . . . . . . . . . 37

3.1 Summary of Formulation Compositions . . . . . . . . . . . . . . . . . . . . . . . 46

3.2 Doughing Time, Maximum Termperature, and Setting Time . . . . . . . . . . . . . 53

3.3 Comparative statistical significance (∗p < 0.05 and ∗∗p < 0.01 against mPOC) for
rheological characterization (Figure 3.5) . . . . . . . . . . . . . . . . . . . . . . . 56

3.4 Summary of mechanical, swelling, and mass loss characteristics of mPOC, mPOC-
xHA, and PMMA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.5 Comparative statistical significance (∗p < 0.05 and ∗∗p < 0.01) for compressive
strength data (Table 3.4). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.1 pH of extracts over 72 hours for cell cytotoxicity study (Figure 4.1) . . . . . . . . . 67

4.2 Comparative statistical significance (∗p < 0.05 and ∗∗p < 0.01) for cell cytotoxic-
ity data (Figure 4.1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.3 Comparative statistical significance (∗p < 0.05 and ∗∗p < 0.01) for cell prolifera-
tion data. No statistical significance was observed for mPOC or mPOC-40HA in
subtable (b) and are thus not reported. . . . . . . . . . . . . . . . . . . . . . . . . 68



26

5.1 Comparative statistical analysis of CD68 expression in positively stained cells us-
ing student’s t-test to compare pairs of means where ∗p < 0.05 and ∗∗p < 0.01. No
statistical significance was observed between groups at the 1-day time point in (a)
and is thus not reported. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.2 Comparative statistical analysis of vessel data using student’s t-test to compare
pairs of means. Statistical comparison of number of vessels per mm2 between
different material composites where ∗p < 0.05. . . . . . . . . . . . . . . . . . . . 82

6.1 RIPA Solution Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.2 Quote from Innoved Institute, LLC for Osteoporotic Vertebrae . . . . . . . . . . . 96

A.1 Summary of mechanical characteristics of various synthesis conditions for mPOC.
Statistical significance is not calculated for this table given that the n number differs
between groups. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

A.2 Comparative statistical analysis of in vitro cell cytotoxicity for different solvents
used in mPOC polymerization using student’s t-test to compare pairs of means
where ∗p < 0.05 and ∗∗p < 0.01. . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

A.3 Comparative statistical analysis of in vitro cell cytotoxicity for cure times for mPOC
polymerization using student’s t-test to compare pairs of means where ∗p < 0.05
and ∗∗p < 0.01. 12.5% and 48-Hr tables showed no significance between groups
and are thus not reported. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

A.4 Comparative statistical analysis of in vitro cell cytotoxicity for statins (Figure SA.10B)
at different concentrations using student’s t-test to compare pairs of means where
∗p < 0.05 and ∗∗p < 0.01. Pravastatin did not have any statistical significance
between groups and is thus not reported here. . . . . . . . . . . . . . . . . . . . . 126

A.5 Comparative statistical analysis of in vitro cell cytotoxicity for various concen-
trations of chemical components and free radical polymerization initiators using
student’s t-test to compare pairs of means where ∗p < 0.05 and ∗∗p < 0.01. No sta-
tistical significance was seen for (a) 0.1 and 0.5 µM or (b) V70, GMA, and EDAB
so are not reported here. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130



27

CHAPTER 1

OVERVIEW

1.1 Motivation

Reconstructive surgery at the musculoskeletal level is, and will always, pose a prevalent need.

Whether this need arises from simple injury, more complex prognoses, or standard aging modali-

ties, biomaterials that effectively treat and stabilize said injuries are necessary. The goal of most

approved biomaterials for musculoskeletal applications aim to treat injuries by offering a perma-

nent implant that replaces damaged sections or fixes them together, allowing the body to naturally

heal the injury with a stable support. Throughout the field of biomaterials, new disciplines have

emerged in the forms of tissue engineering and regenerative engineering, which revolves around

designing functional biomaterials that replaces, regenerates, and restores tissue function5,6.

The concept and eventual goal of this thesis came about from a trip to the Museum of Science

and Industry (MSI). I had started my second year and had been posed with the task of figuring out

how the polymer that is addressed in my work could be effectively used as an alternative method

to sutures in rotator cuff surgeries. I was less than thrilled about this, mostly because I believed

the mechanics of the polymer would not be effective under tensile stress. But the MSI has this

amazing section on the human body, and within it a section on the field of biomaterials. There I

saw the use of bone cement to treat a fractured vertebra, and it clicked that I could use my polymer

in this compressive system.

Injuries involving the vertebrae can be treated a number of ways, none of which are incredi-

bly ideal. The ones involving surgical intervention leave patients with permanent implants. The
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driving force of my work was to develop an alternative bone cement that would mimic one of the

standard treatments for vertebral body fractures but offer the benefits of regeneration. Therefore,

a bone cement that offers stability, minimizes inflammation, and slowly degrades and promotes

regeneration was developed.

1.2 Thesis Outline

Chapter 2 provides an overview of bone remodeling, what happens when remodeling goes awry,

and the medical interventions used to treat fractures that occur in the vertebrae. The history of

bone cements and the clinical use of PMMA is presented leading into the precedent of using

POC as a base for developing an alternative bone cement. Chapter 3 explores the chemistry and

characterization of mPOC and its composites. We show successful methacrylation of POC into

a thermoresponsive polymer compatible with the setting times and mechanical needs of standard

bone cements. Chapter 4 utilizes the lessons learned from Chapter 3 and tests the materials in a

murine bone cell line. The use of HA at higher percentages in the polymer network show better cell

cytotoxicity, proliferation, and attachment responses, so composites containing 40 and 60% HA

were chosen as the best variants to pursue. In Chapter 5 we perform an in vivo experiment to show

that HA improves the foreign body response to levels comparable to the clinical standard, PMMA.

Chapter 6 discusses the significance of this work as well as future experiments and directions. The

Appendices address the large amount of tinkering required to make this project as successful as

possible. This work provides an exciting polymer system with a novel polymerization reaction

that mimics standard PMMA reaction mechanics, but with good handling characteristics, tunable

mechanics, and equivalent biocompatibility for use as an alternative bone cement for orthopedic

applications.
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Figure 1.1: Schematic of the thesis outline.

1.3 Specific Aims

Aim 1. To engineer an injectable, heat responsive CBB. a) Investigate three HA concentrations of

mPOC on their heat evolution, setting times, rheology, mechanics, swelling, and degradation. (b)

confirm all mPOC composites maintain cell viability, proliferation, and attachment compared to

the clinical control PMMA.

Aim 2. Evaluate mPOC-composite capacity to reduce inflammation in a rat model. Select the

optimum variants from Aim 1 and conduct a pilot experiment to assess the inflammatory response

in a rat model, following by histological and immunohistochemical staining.
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CHAPTER 2

BACKGROUND

2.1 Bone

2.1.1 Bone Remodeling

Bone is a highly vascularized and innervated organ that is largely made up of proteins and minerals.

The organic matrix is composed of around 90% Type I collagen and 5% citrate, providing tensile

strength and elasticity to the structure. The inorganic component of bone is primarily made up

of hydroxyapatite (HA), Ca5(PO4)3(OH) or Ca10(PO4)6(OH)2, the mineral form of calcium apatite

resulting in up to 50% by volume and 70% by weight of bone in the body7. Additionally, many cell

types, blood vessels, small molecules, and cytokines make up, maintain, and regenerate each type

of bone tissue, classified as either cortical or trabecular bone. Cortical bone is dense, highly min-

eralized tissue found on the periphery of bone that is necessary for the structural integrity of bone.

Trabecular bone conversely is highly porous and found on the interior of bone, providing elasticity

and a plethora of other cells and parts needed for bone functions such as acid/base regulation and

calcium homeostasis8. Importantly, there are 4 cell types that help mediate bone remodeling: struc-

tural bone lining cells and osteocytes, bone-forming osteoblasts, and bone-resorbing osteoclasts.

The balance between osteoblasts and osteoclasts determines the overturn of old bone into new and

is an important factor in various bone-related diseases.

Bone remodeling as a whole happens in three stages: resorption, reversal, and formation. Sup-

porting these stages are the osteocytes and bone lining cells. Osteocytes are differentiated cells

derived from osteoblasts that have become encased in the mineral matrix of bone. Bone lining
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cells communicate with the osteocytes to promote the differentiation of hematopoietic stem cells

into osteoclasts, which initiates the first stage of bone remodeling9. During resorption, which takes

place over 10 days, osteoclasts dissolve the mineralized portion of bone by secreting hydrochloric

acid and then degrade the protein portion of the bony matrix by secreting proteolytic enzymes10.

Following resorption, the reversal phase oversees macrophage-like cells preparing the surface for

new osteoblasts. During formation, osteoblast precursors are recruited from mesenchymal stem

cells (MSCs) to proliferate and differentiate into osteoblasts which actively secrete nonmineralized

osteoid at the location of newly formed bone. This osteoid matrix is made up of type 1 collagen,

which will mineralize as osteoblasts, convert to osteocytes, or go through apoptosis8,11,12.

Figure 2.1: The three stages of bone remodeling: resorption, reversal, and formation. During
resorption, osteoclasts dissolve the bone matrix by secreting hydrochloric acid. Reversal oversees
mononuclear cells preparing the exposed surface for new osteoblasts. Lastly, osteoblast precursors
are recruited and differentiated into osteoblasts to form new bone during formation.

Typically, bone remodeling is an equivalent exchange between osteoclasts and osteoblasts.
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Where one dissolves bone, the other lays down new bone so that the structure maintains the same

near constant size, volume, and strength. One of the most common bone diseases, osteoporosis,

results from an imbalance between this resorption and formation. Due to excessive bone resorption,

which can be caused by a number of physiological occurrences such as lack of estrogen, calcium

deficiency, and changing biochemical pathways, the bone matrix becomes weakened resulting in

an increased risk of bone fractures. This loss of bone mineral density occurs throughout the body,

though this thesis is framed around the bone that makes up the vertebral column.

2.1.2 Fractures and Medical Interventions

Osteoporosis is the most common condition associated with vertebral compression fractures (VCFs),

with 30-50% of individuals over 50 affected resulting in an annual occurrence of 1.5 million VCFs

and an annual cost of 750 million dollars13–15. These VCFs are typically compression fractures

or wedge fractures that are characterized by the collapse of a vertebral body segment. Up to 75%

of these fractures are found in the thoracolumbar junction with an additional 30% present in the

L2-L5 region16. Presence of a VCF is commonly associated with an increased risk of future frac-

tures, especially in adjoining vertebral segments17. These fractures additionally can cause sudden

back pain and loss of function, and if left unmanaged could result in chronic pain, chronic spinal

deformity leading to kyphosis, loss of mobility, pulmonary and gastrointestinal complications, and

depression18–20. Management options for VCFs include nonsurgical management, spinal fusion,

vertebroplasty (VP), and kyphoplasty (KP). Nonsurgical management involves pain medication,

bracing, and physical therapy, with issues arising in the forms of cardiac complications, deep vein

thrombosis, and urinary tract infections. Spinal fusion involves bone grafting of either autografts

(a patient’s own bone), allografts (donor bone), or synthetic options with additional plates, screws,

and rods to fuse vertebrae together. This requires an open surgery in the area around the spinal
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cord which can result in complications of infection, nerve damage, and pseudarthrosis. VP and

KP are similar procedures that involve injecting bone cement into a fractured vertebrae to stabi-

lize it. Complications from this can include infection, additional fractures over time, and cement

leakage21. While all options are available and up to a patient’s decision, VP showed a statisti-

cally significant reduction of both morbidity and mortality compared to nonsurgical management.

The current use of the nondegradable bone cement poly (methyl methacrylate) (PMMA) in VP/KP

presents an exciting opportunity to address the development of alternative, degradable bone ce-

ments for ideal VCF treatment22.

Table 2.1: Management options for vertebral compression fractures including the type of medical
intervention, its treatments, and its disadvantages.

Medical Intervention Treatment Disadvantages
Nonsurgical Management Pain medication, bracing,

physical therapy
Cardiac complications, deep
vein thrombosis, urinary tract
infections

Spinal Fusion Bone grafting (autograft,
allograft, or synthetic) to fuse
vertebrae with plate, screw,
and rod fixation

Infection, nerve damage,
pseudarthrosis, decreased
mobility

Vertebroplasty/Kypoplasty Injection of bone cement into
vertebrae

Infection, additional
fractures, cement leakage

2.1.3 Bone Cement

PMMA is one of the earliest bone cements and was produced in 1936 by happy occurrence upon

noting that mixing PMMA powder with its monomer methyl methacrylate (MMA) created a dough

that was moldable and easily manipulated23. Since then, many bone cements have been developed

and tested both in vitro and in vivo to pursue various properties necessary for different bone tissue

engineering applications. For VCFs requiring VP/KP, bone cements ideally have good handling
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Figure 2.2: Schematic for vertebroplasty (VP) and kyphoplasty (KP). VP involves directly inject-
ing bone cement into a fractured vertebral segment to stabilize the fracture. KP begins by introduc-
ing a balloon catheter into the fractured vertebrae, expanding the balloon to the vertebrae’s original
height, and then filling the created cavity with bone cement.

characteristics, are easily injectable, have low curing temperatures, have high radiopacity, have

mechanical properties similar to native bone upon setting, are nontoxic, and present excellent

biocompatibility, osteoconductivity, osteoinductivity, and bioactivity24. Bone cements loosely fall

into two categories, acrylic-based cements and biodegradable cements, which will be expanded

upon here and in the following section addressing PMMA (an acrylic-based cement).

Biodegradable cements are commonly based around bioactive ceramics and bioactive glasses

due to their similarity in composition to the mineral phase of bone. Calcium phosphate was initially

studied during the 1980s regarding its solubility but was found to produce HA as a product and

was capable of self-setting25. This led to approval by the FDA during the following decade for

use in craniofacial defects and bone fractures26,27. Calcium phosphate cements (CPCs) can be

composed of a variety of calcium-based components with popular options being HA, tricalcium

phosphate (TCP, Ca3(PO4)2), and dicalcium phosphate dihydrate (DCPD, CaHPO4-2H2O), and

are distinguished by their end hydration products: apatite or brushite28. Commercially available
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options include Norian SRS (a brushite CPC) and BoneSource (an apatite CPC) which are used for

craniofacial applications. Unfortunately, CPCs have inferior injectability, short setting times, low

mechanical strengths, and run the risk of forming biofilms, limiting their use as bone cements for

VP/KP29. In the case of Norian XR, a radiopaque, injectable bone cement intended for VP/KP that

has since been discontinued, escape of this CPC cement into the surrounding blood stream caused

immediate clotting in the lungs and heart leading to death30.

Therefore, polymeric materials have been more recently popularized when designing biodegrad-

able cements. The skeletal system has differing mechanical necessities depending on whether the

bones are under compressive, tensile, or rotational forces, so polymeric materials with syntheti-

cally tunable structures can specifically be created for each individual system. For example, as

demonstrated in this work, the synthesis and introduction of composite materials can be modified

to address mechanical requirements, as well as the other many requirements needed for ideal bone

cements. Research has primarily expanded upon utilizing PMMA given its FDA approval, with

clinically available cements for VP/KP including KyphX HV-R, Kyphon Activos 10, and Sym-

phony VR Radiopaque24. While these products have been approved for use, PMMA as a base

component poses many potential issues as discussed next.

2.2 PMMA

PMMA is an acrylic-based cement that was initially used during the 1950s in dentistry as a cement

or grout to enhance implant fixation. Later it was utilized in total hip replacement to secure the

acetabular and femoral components of an implant to bone and distribute the mechanical forces

accordingly throughout the implant interface31. Use of PMMA was approved by the FDA in the

1970s for use in hip and knee prosthetic fixation. Clinically used PMMA is formed by mixing

a powdered MMA styrene co-polymer and a liquid MMA monomer together, which allows the
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liquid monomer to polymerize around the pre-polymerized powder to form the hardened PMMA.

Other chemical components found in PMMA commercially are listed in Table 2.2. Mixing the

liquid and powder monomer components of PMMA together will initiate a physical change re-

sulting in a tacky paste. The addition of benzoyl peroxide and subsequent accelerators allows the

PMMA to form at room temperature via peroxide-based free radical polymerization, a polymeriza-

tion method by which the polymer forms by a successive addition of free radical building blocks

via cleavage of carbon double-bonds to single bonds32,33.

Table 2.2: Chemical Components of PMMA

Component Role
Powder Components
PMMA Polymer Frame
Zirconium dioxide/Barium sulphate Radiopacifiers
Gentamycin Antibiotic
Liquid Components
MMA Monomer
N,N-dimethyl-p-toluidine (DMPT) Accelerator
Benzoyl Peroxide Initiator
Hydroquinone Stabilizer/Inhibitor

Adapted from Webb et. al.3

PMMA polymerization is a highly exothermic reaction, producing heat in vivo up to 56°C and

in some cases up to 90°C34. This high temperature output is one of the inherent disadvantages

of PMMA. Not only does the onset of tissue necrosis initiate at sustained temperatures above

50°C, but the extreme temperature cases could also potentially volatilize unreacted monomers,

creating pockets of unreacted MMA monomers within the polymer network that could lead to

mechanical failure32. Additionally PMMA lacks direct adhesion to and degradation within the bone

cavity, eliminating any regeneration of the surrounding bone or removal of the material overtime
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Table 2.3: Kyphon Activos 10 Chemical Composition

Component Amount
Powder Components
PMMA 64.4%
Barium sulphate 25%
Hydroxyapatite 10%
Benzoyl Peroxide 0.6%
Liquid Components
MMA 97.6%
N,N-dimethyl-p-toluidine (DMPT) 2.4%
Hydroquinone 20 ppm

Adapted from Kyphon Activos 10 (Medtronic) User Manual

and creating a weak tissue/material interface that could result in fracture35. Cement leakage after

application can infiltrate the adjacent tissue or enter into the circulatory system (similar to the case

of Norian XR) causing systemic toxicity or potentially fatal pulmonary or cardiac embolisms2,36–38.

PMMA also has a higher compressive strength compared to native bone, resulting in non-uniform

load distributions between surfaces that in part has resulted in the failure of KP procedures and

fractures of both the cement/bone interface and adjacent vertebrae within a minimum of 3 months

when utilizing PMMA39–41. Given that PMMA is the only clinically available bone cement for

orthopedic applications and its many inherent issues, there is a need for alternative bone cements

with improved handling, biocompatibility, and mechanical characteristics.

Recently, additive materials have been incorporated into PMMA to lower this high exother-

mic potential, while additionally addressing its disadvantageous bioactivity and mechanical mis-

match. Nanocomposite materials containig chitosan and graphene oxide have been found to lower

the polymerization temperature of PMMA by 10°C, gelatin modified PMMA has shown reduced

compressive mechanical properites, and HA modified PMMA has shown modular mechanics while

decreasing exothermic temperatures42–45. While incorporating additives into PMMA may adjust
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its polymerization reaction, ultimate compressive characteristics, and biological integration, the

redesign of bone cements as a whole to more closely match physiological bone may be more ad-

vantageous.

2.3 Citrate-Based Biomaterials

Citrate-based biomaterials (CBBs) have shown promise for bone tissue engineering applications

due to its incorporation of citric acid and HA within its polymer network4,46. The chemical deriva-

tive of citric acid, citrate, comprises about 5% of the organic material of bone but was also revealed

to play a key role in bone remodeling. Through nuclear magnetic resonance (NMR) spectroscopy,

it was revealed that strongly bound citrate molecules stabilize the thickness of apatite nanocrys-

tals towards ideal resorption rates and mechanical properties7,47. Citrate also was found to elevate

metabolic activity of cellular energy to increase alkaline phosphatase production in early-stage os-

teogenic differentiation of human MSCs via citrate-specific membrane transporters48. The chem-

ical structure of citric acid alone offers available pendant carboxyl and hydroxyl moieties that are

ideal for integrating functionality into the polymer network. Incorporating HA, a large compo-

nent of the mineral phase of bone, into the polymer matrix offers additional osteogenic attributes

including biocompatibility, bioactivity, osteoconduction, osteointegration, and osteoinduction7,49.

The Ameer group has previously reported on the synthesis and characterization of poly(1,8-

octanediol-co-citrate) (POC), a CBB that has been shown to have anti-inflammatory and antimi-

crobial characteristics50. POC created a framework for creating many composite materials used

in tissue engineering applications such as cardiovascular, bone, muscle, cartilage, skin, nerve, and

spinal cord applications46,51–55. Fortunately, POC has extensive research into its orthopedic ap-

plications, with POC being combined with HA, TCP, silica, and gallium bioglass46,56,57. These

examples showcase POC’s ability to be modified for a variety of needs, offering great precedent to
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use it for a bone cement application.

POC is prepared via a polycondensation reaction in which equimolar amounts of citric acid and

1,8-octanediol are combined which can later be cured into a network of degradable ester crosslinks

through thermal polycondensation58,59. The chemical structure of a monomer unit of POC is shown

in Figure 2.3. Recently, the CBB Citregen™ has been fabricated into orthopedic fixation devices

cleared for use in patients by the U. S. Food and Drug Administration (FDA) and is the first

thermoset bioresorbable polymer for clinically used implantable devices4,60. While these POC and

POC-HA composites have exciting characteristics for orthopedic tissue engineering, their previous

iterations don’t cover the requirements needed for a successful bone cement. As such, the POC

prepolymer can be functionalized with vinyl or acrylate groups to create a secondary crosslink-

ing mechanism that uses radical polymerization to form a solid59. We propose incorporating this

additional synthesis step to introduce a chemical uniquely able to carry out the free radical poly-

merization step featured in PMMA polymerization.

Figure 2.3: Chemical structure of a monomer unit of POC. Citrate moieties (black) confer antiox-
idant activity and are linked by 1,8-octanediol (blue).
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2.4 V70

V70, 2,2’-azobis(4-methoxy-2,4-dimethylvaleronitrile), is an azo-based initiator that forms nitro-

gen gas and two carbon radicals when activated61. Where PMMA free radical polymerization is

initiated through near immediate peroxide polymerization of benzoyl peroxide, producing CO2 and

oxygen radicals, V70 begins its azo polymerization upon reaching a temperature or light thresh-

old. Since the bone cement would be actively used in an area not exposed to light, the temperature

threshold to induce polymerization is key when choosing an azo compound. V70 interestingly has

a temperature threshold of 30°C, slightly below the normal body temperature of 37°C. Integration

of V70 into the polymer network of POC-HA would thus allow it to initiate polymerization once

injected into the body.

Being able to integrate V70 into the polymer network of POC requires an additional synthesis

step after the polycondensation of citric acid and 1,8-octanediol. This is due to the azo polymer-

ization being based around access to vinyl bonds. Looking back at PMMA, the methacrylate group

within its chemical network is what allows benzoyl peroxide to begin polymerization. Thus, incor-

poration of methacrylate groups into POC would add in the necessary vinyl groups. As such, we

incorporated a ring opening compound, imidazole, and glycidyl methacrylate into a second synthe-

sis step to attach methacrylate groups to POC. This resulted in a methacrylated POC, or mPOC. At

this stage, mixing V70, HA, and the accelerator ethyl-4-(dimethylamino) benzoate (EDAB) into

mPOC resulted in an injectable, thermoresponsive polymer that quickly cures at 37°C, a promising

step towards developing an alternative bone cement. This polymer is further characterized, tested,

and optimized within this thesis.
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Figure 2.4: Chemical structure of V70 and radical formation mechanisms for azo polymerization
initiators and peroxides. Azo polymerization initiators decompose with heat or light, forming
nitrogen gas and carbon radicals that can then polymerize with vinyl monomers to form a polymer.
Peroxides form R-CO2 which immediately decomposes to CO2 and an alkyl radical that forms a
polymer chain through addition reactions.

2.5 HA

HA is of additional, key importance to the development of methacrylated POC within this thesis.

HA, Ca5(PO4)3(OH) or Ca10(PO4)6(OH)2, is the mineral form of calcium apatite resulting in up to

50% by volume and 70% by weight of the inorganic component of bone in the body and provides

excellent osteointegrative and osteoconductive properties7,62. The chemical similarity of HA as

well as the structural similarity (a hexagonal crystal structure) to bone provides additional bioac-

tivity of HA when incorporated into biomaterials for orthopedic applications. HA can increase
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the concentration of local calcium ions to activate the proliferation of osteoblasts and promote the

growth and differentiation of human mesenchymal stem cells toward an osteogenic line63. Incor-

poration of HA into polymeric scaffolds have seen success by combining the osteoconductive and

osteoinductive HA into more mechanically stiff materials to promote osteoblast migration, attach-

ment, and proliferation on scaffolds. The combination of both HA and citric acid, key components

of natural bone, into the polymer developed and characterized in this thesis provided the necessary

basis for a successful bone cement for orthopedic applications. Interestingly, HA had a significant

effect on both the in vitro and in vivo response to scaffolds, as will be explored in Chapters 4 and

5.
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CHAPTER 3

POC SYNTHESIS AND CHARACTERIZATION

3.1 Objective

Here, we will introduce the synthesis of mPOC as well as its composites where mPOC-xHA rep-

resents mPOC-20HA, mPOC-40HA, and mPOC-60HA. We will detail the chemistry and formu-

lations used to prepare these materials and the characterization we used to confirm its intended

product. Finally, we will present that these materials can maintain thermoresponsive, degradative,

and consistent mechanical properties throughout all formulations.

3.2 Experimental Section

3.2.1 Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used without further

purification except when indicated otherwise. Kyphon Activos 10 bone cement (Medtronic, Mem-

phis, TN) was acquired and utilized as a PMMA clinical standard of care reference.

3.2.2 Synthesis Scheme of mPOC

POC was prepared by polycondensation as reported in Yang et. al.50. Briefly, equimolar amounts

of 1,8-octanediol and citric acid were combined in a round bottom flask and melted together under

nitrogen atmosphere at 165°C with stirring at 100rpm for 20 minutes. The temperature was then

decreased to 140°C and continued to mix for 72 minutes to obtain POC pre-polymer. Once cooled,

the pre-polymer was dissolved in 50 mL of tetrahydrofuran (THF), poured into 500 mL of actively
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vortexed Milli-Q water, and allowed to settle over one hour after vortex was removed. The super-

natant was removed, the purified POC was poured into a separate bottle container, frozen at -80°C

for 30 minutes, and then lyophilized overnight.

POC was methacrylated by dissolving 66 g of POC in 540 mL of THF. After dissolution, the

mixture was transferred to a round bottom flask where 2448 mg of imidazole was added, followed

by drop-wise addition of 53.3 mL of glycidyl methacrylate. The mixture was stirred for 24 hours

at 60°C with stirring at 500rpm. To enhance purification of mPOC, the polymer was run through

liquid chromatography to strip off any unreacted monomers or aromatic groups from the bulk

polymer structure. Briefly, silica gel was added to a funnel and covered with a filter under vacuum.

Distilled THF was run through the setup, then the mPOC polymer, then distilled THF until 800-

1000 mL of solvent was reached. The excess solvent was removed through rotary evaporation at

30°C on medium speed. The resulting mPOC was washed in a series of 10% ethanol-deionized

(DI) water solutions, leached in DI water overnight, washed in a series of DI water solutions,

frozen at -80°C for 30 minutes, lyophilized overnight, and stored at -20°C.

Cured mPOC and mPOC-xHA composites were achieved by sequentially mixing ethanol, ethyl

4-dimethylaminobenzoate (EDAB), HA nanopowder (<200nm), and V70 with a vortex mixer to

ensure even distribution. Weight percentages of components used to make the bulk material are

featured in Table 3.1. Specifically, ethanol and EDAB were vortexed together until homogenous.

Then V70 was added to mPOC and mixed, followed by addition of the ethanol/EDAB mixture,

then HA to create the bulk polymer. Composites were either injected into a steel mold and allowed

to cure at 37°C overnight or placed in a 4°C fridge until needed. Free radical polymerization was

achieved once the polymer composites reached 30°C.
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Figure 3.1: Synthetic scheme of mPOC syntheses. POC was prepared by polycondensation of
1,8-octanediol (blue) and citric acid (black) and subsequent ring opening polymerization to attach
glycidyl methacrylate groups (red). mPOC and mPOC-xHA were prepared following the formu-
lations outlined in Table 3.1 by mixing powder V70, EDAB, and HA chemical components with
ethanol into the polymer. Mixtures were injected into steel molds and allowed to cure overnight at
37°C.

3.2.3 Nuclear Magnetic Resonance (NMR)

POC and mPOC spectra were confirmed using an Au400 nuclear magnetic resonance spectrometer

(NMR, Agilent, Santa Clara, CA) at ambient temperature. 10-15 mg of each sample were first dis-

solved in 700 mL deuterated dimethyl sulfoxide (DMSO-d6) and run through NMR, then 100 µl of

deuterium oxide (D2O, heavy water) was added and re-run through NMR. D2O allows exchange-

able protons to exchange with the deuterium in D2O, which results in those protons disappearing

from the NMR structure. DMSO-d6 alone was used as a control reference.

3.2.4 Electrospray Ionization (ESI)

Potential chemical structures of POC and mPOC were verified through electrospray ionization

(ESI, amaZon SL, Bruker, Billerica, MA). POC and mPOC polymers were prepared by dissolution
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Table 3.1: Summary of Formulation Compositions

Formulation Initiator wt. %
(V70)

Accelerator wt.
% (EDAB)

Hydroxyapatite
wt. %

Ethanol wt. %

mPOC 1 2 0 5
mPOC-20HA 1 2 20 5
mPOC-40HA 2 2 40 5
mPOC-60HA 2 2 60 5

in methanol.

3.2.5 Fourier-Transform Infrared Spectroscopy (FT-IR)

HA integration into mPOC composites was confirmed using Fourier transform infrared (FT-IR,

Nicolet Nexus 870 Spectrometer, Thermo Scientific, Waltham, MA) transmission spectra, recorded

in attenuated total reflectance mode by accumulation of 32 scans with a resolution of 8 cm−1.

Samples were prepared by cutting 1 mm discs from cured 12 mm tall, 6 mm diameter polymer

composite columns.

3.2.6 Doughing and Setting Times

Doughing and setting times were recorded following ASTM F451-08. For doughing times, a

timer was started at the onset of mixing the powder and liquid components of each material. All

material doughing times (mPOC, mPOC-HA composites, and PMMA, n of 2) were recorded at

23°C with additional doughing times for mPOC and mPOC-HA composites recorded at 37°C given

the thermal initiation of V70 around 30°C. Each material was probed with the clean region of a

powder free lavender nitrile glove (Kimberly-Clark, Ref: 52818, Lot: BYO3332122) beginning

at 1.5 minutes and repeated every 15 seconds until the material separated cleanly from the glove.

Doughing times are reported to the nearest 15 seconds.

Setting times (n of 2) were determined from the continuous time versus temperature recording
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noted in the thermal reaction characterization method. Setting time is denoted by Equation (1):

Tset =
Tmax + Tamb

2
(3.1)

Where Tmax is the maximum temperature in °C and Tamb is the ambient temperature initially

recorded within 1 minute of doughing time (approximately 23 ± 1°C for PMMA and mPOC-

60HA samples and 37 ± 1°C for mPOC, mPOC-20HA, and mPOC-40HA samples). Setting times

are reported to the nearest 5 seconds.

3.2.7 Thermal Reaction

The exothermic temperature of mPOC and mPOC-xHA during free radical polymerization was

measured with a Thermocouple Data Logger (OMEGA Engineering, Stamford, CT) following

ASTM F451-08. A K-type thermocouple was inserted into each material within one minute of

its doughing time. PMMA samples were recorded at 23°C and allowed to return to its baseline

temperature whereas mPOC and mPOC-HA composites were held at and returned to 37°C. The

maximum temperatures are reported to the nearest 1°C.

3.2.8 Rheology

The gel point of mPOC and mPOC-xHA composites was measured using a Modular Compact

Rheometer 302e (Anton Paar, Ashland, VA) with a 20 mm parallel plate (#999860) and solvent trap

cover to minimize sample evaporation. The thermosetting mixtures were placed in a disposable

aluminum dish attached to the temperature-controlled plate. The parallel plate was lowed until

the measurement gap was 1 mm. The starting temperature of the materials was 20°C and the

temperature of the Peltier plate was 37°C. The oscillatory program consisting of a time sweep at

an oscillatory frequency of 10 rad/s and magnitude of 0.5% strain was used to monitor the viscosity
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as the composites cured. The gel point was characterized by an increase of storage modulus (G’)

over loss modulus (G”).

3.2.9 Swelling and Mass Loss

Swelling of mPOC and mPOC-xHA composites was assessed by incubating 12 mm tall, 6 mm

diameter column samples in phosphate buffered saline (PBS) at 37°C for 24 hours. Samples were

removed, blotted, weighed (Wwet), and lyophilized for 72 hours to remove excess solvent. Samples

were then weighed (Wdry) and the swelling ratio was calculated using Equation 2:

Swelling =
Wwet

Wdry

(3.2)

Mass loss of mPOC and mPOC-xHA composites was assessed by comparing the initial mass

(W0) with the mass measured at a given time point (Wt). Composites were incubated in PBS at

37°C for 14 days. At each time point, composites were removed, blotted, and weighed. After 14

days composites were additionally lyophilized and then weighed. Mass loss was calculated using

Equation 3:

Mass loss % =
W0 −Wt

W0

· 100 (3.3)

3.2.10 Mechanical Compression

The mechanical properties of mPOC and mPOC-xHA composites were determined using an MTS/Sintech

20/G universal testing machine (Eden Prairie, MN) with a 100 kN load cell. The compression tests

were performed in accordance with the protocols described in ASTM F451-08. Briefly, 12 mm

tall, 6 mm diameter cylindrical composites (n of 5) were compressed at a rate of 20 mm/minute.



49

The failure load was determined by the load at 2.0% offset along the deformation axis for PMMA

samples and by the point of fracture for mPOC and mPOC-xHA composites after correcting for

the compliance of the testing machine. Compressive strength was calculated as the failure load

divided by the specimen cross sectional area and is reported to the nearest 1 MPa.

3.2.11 Startistical Analysis

Statistical analysis was performed with Microsoft Excel software and GraphPad Prism 7.0 (Graph-

Pad Software Ind., La Jolla, CA). Student’s t-test was used to compare pairs of means and analysis

of variance (ANOVA) with Bonferroni post-hoc analysis was used to compare means between

multiple treatments. A p-value of 0.05 or less was considered to be statistically significant.

3.3 Results

3.3.1 Characterization of POC

Methacrylation of POC was confirmed by 1H-NMR. Peaks present for mPOC at 6.06/5.72ppm,

4.47/4.45ppm, 3.95/3.91ppm, 3.26/3.24ppm, and 1.90ppm correspond to the peaks present in gly-

cidyl methacrylate. The range of peaks in the region from 2.63-2.90ppm (peaks labeled 10 and 12)

correspond primarily to the methylene protons from citric acid and potentially glycidyl methacry-

late, which should have visible peaks at 2.81/2.86ppm. This may be due to the ring opening of

glycidyl methacrylate and subsequent attachment to the bulk chemical structure during methacry-

lation. Peaks 1 through 8 are assigned to protons from 1,8-octanediol.

Ranges of potential POC and mPOC chemical structures and masses were verified through

ESI. ESI is a technique used in mass spectrometry to produce ions using electrospray in which

a high voltage is applied to a liquid to create an aerosol. This aerosol contains ions of macro-

molecules which are recorded as a mass value. This can then be used to determine the potential



50

Figure 3.2: 1H NMR of POC (A) as compared to mPOC (B) with molecular structure inlays of both
and electrospray ionization (ESI) data for POC (C) and mPOC(D). Peaks associated with glycidyl
methacrylate are seen at 1.89, 2.67, 3.24, 3.96, 4.45, 5.68, and 6.07 ppm in the mPOC spectrum.
1H NMR spectrum of mPOC and POC were recorded using an automated Au400 spectrometer at
ambient temperature, using DMSO-d6 as a solvent. Spectra were integrated by normalizing the
citric acid region (2.78 ppm) to 4.00. For ESI, peak intensity corresponds to the relative number
of macromolecules produced during ESI whereas the peak number corresponds to the molecular
weight of the macromolecule. Structures of macromolecules verified through ESI are noted in
Figure 3.3. ESI additionally verifies that methacrylate groups attach to POC (D) as noted by the
increase in molecular weights corresponding to an attachment of methacrylate groups.
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chemical structures of the macromolecule. The signature peaks of 1,8-octanediol – citric acid, di-

1,8-octanediol – citric acid, and di-1,8-octanediol – di-citric acid were easily identifiable, confirm-

ing the successful polycondensation of POC. Peaks of glycidyl methacrylate – tri-1,8-octanediol –

di-citric acid and di-glycidyl methacrylate – tri-1,8-octanediol – di-citric acid were also identified,

confirming methacrylation of mPOC. In the spectrum, major peaks were considered to make up

most of the chemical structures present in the bulk polymers. As with any synthesis, the degree of

integration varies resulting in a range of chemical structures. As such, the majority full monomer

of mPOC appears have an exact mass of 1034.53 g/mol.

FT-IR characterization of mPOC-xHA shows successful integration of HA into the polymer

network. The presence of the peak at 1600 cm−1 in the mPOC spectrum corresponds to the

methacrylate alkene, an indication of successful methacrylation of POC. Additionally, the peaks

present at 1000-1100 cm−1 and 560-600 cm−1 represent the presence of (PO4)−3 in mPOC-xHA

composites, which are absent from the mPOC spectrum.

Doughing and setting times were variably affected by the addition of HA. Interestingly, mPOC-

60HA composites cured at both 23°C and 37°C within a short amount of time from each other.

All mPOC and mPOC-xHA formulations eventually reached the doughing phase at 23°C around

6 hours into the experiment. Conversely, mPOC, mPOC-20HA, and mPOC-40HA composites

reached the doughing phase significantly sooner when incubated at 37°C (26, 34, and 25:15 min-

utes respectively) with mPOC-20HA composites requiring longer doughing times than mPOC

alone. Conversely, mPOC-40HA and mPOC-60HA reached their doughing stages (25:15 and 14

minutes) before what was observed in mPOC (26 minutes). Compared to PMMA (12 minutes,

23°C), the increased doughing times of mPOC, mPOC-20HA, and mPOC-40HA may prove ad-

vantageous in terms of handling and preparation of the cement. Once reaching the doughing stage,

setting times quickly followed for each formulation resulting in times of 125, 100, 180, and 75
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Figure 3.3: Chemical structures and exact masses of POC and mPOC as verified in ESI data
(Figure 3.2C-D). Citric acid units are noted in black, 1,8-octanediol units in blue, and glycidyl
methacrylate units in red.
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Figure 3.4: FT-IR of POC (A) and mPOC-xHA (B) shows growth of peaks associated with hy-
drogen phosphate at 470 cm−1 indicating presence of hydroxyapatite (HA). Peaks at 1717 cm−1

represent the C=O bonds of carbonyl groups, 1164 cm−1 for C-O-R bonds of ester groups, and
1027 cm−1 for C-OH stretching.

seconds to set for mPOC, mPOC-20HA, mPOC-40HA, and mPOC-60HA.

Table 3.2: Doughing Time, Maximum Termperature, and Setting Time

Formulation Doughing Time
at 23°C
(minutes)

Doughing Time
at 37°C
(minutes)

Maximum
Temperature
(°C)

Setting Time
(seconds)

mPOC 360 26 56 ± 1 125 ± 5
mPOC-20HA 360 34± : 15 45 ± 1 100 ± 25
mPOC-40HA 360 25 : 15± : 15 39 ± 0 180 ± 25
mPOC-60HA 17 : 15± : 15 14± : 15 30 ± 0 75 ± 20
PMMA 12 N/A 55 ± 3 290 ± 5

Incorporating HA into mPOC-xHA composites significantly decreased the maximum temper-

ature during free radical polymerization as the percentage of HA went up. The clinical control

PMMA was tested along with mPOC and mPOC-xHA composites. PMMA and mPOC were sim-
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ilar, recording an average of 55°C and 56°C respectively. mPOC-xHA were recorded as 45°C,

39°C, and 30°C for 20, 40, and 60 percent formulations. mPOC-60HA remained consistently

around 30°C, within the range of thermal initiation of V70.

Figure 3.5: Heat evolution during polymerization for mPOC, mPOC-xHA, and PMMA composites
over time. Data points were acquired via a K-type thermocouple inserted into a Teflon Exothermic
Heat Mold (ASTM F451-08). PMMA and mPOC maximum temperatures fall above the tempera-
ture threshold for the onset of thermal tissue necrosis, whereas addition of HA lowers the overall
polymerization temperature. This is hypothesized to be due either to the decreased amount of
polymer used in the mPOC-xHA composites, or HA suppressing the heat generated during poly-
merization.

3.3.2 Rheology

After performing rheology, we find that each of the 4 formulations initiate free radical polymer-

ization via V70 azo-based initiation at 37°C. The results show that as the HA content increases in

each formulation, the time until gel point decreases. These gel points occur at 33.4, 24.9, 10.6, and

2.00 minutes for mPOC, mPOC-20HA, mPOC-40HA, and mPOC-60HA respectively. It is hy-

pothesized that the decrease in time as HA content increases is due to the reduced mPOC-polymer

component. Since there is less polymer present, it takes less time for the entirety of the cement to
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polymerize.

Figure 3.6: Representative rheological characterization of mPOC (A) as compared to mPOC-20HA
(B), mPOC-40HA (C), and mPOC-60 (D) confirms that all formulations maintain thermorespon-
sive behavior. Increasing HA amount in mPOC results in decreased time until gel point occurs.
Data was acquired using a Modular Compact Rheometer 302e with a 20 mm parallel plate. Tem-
perature was held at 37°C while a time sweep at an oscillatory frequency of 10 rad/s and magnitude
of 0.5% strain was applied. The gel point is characterized by an increase of storage modulus (G’)
over loss modulus (G”).

For swelling and mass loss studies we find that increasing the amount of HA results in an ap-

parent decrease in swelling and increase in mass loss. It can be observed that mPOC alone swells

but does not hydrolyze as quickly as composites containing HA. It is hypothesized that HA po-

tentially disrupts the polymer network during free radical polymerization creating a structure for

easy infiltration of solvent. The decreased swelling of mPOC-xHA may be due to HA stabilizing
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Table 3.3: Comparative statistical significance (∗p < 0.05 and ∗∗p < 0.01 against mPOC) for
rheological characterization (Figure 3.5)

Formulation Gel Point (minutes)
mPOC 33.4 ± 10.3
mPOC-20HA 24.9 ± 0.727
mPOC-40HA 10.6 ± 0.690∗

mPOC-60HA 2.00 ± 0.215∗∗

the structure overall. It is hypothesized that HA remains in a stable state and orientation whereas

mPOC takes on water and swells. The slow degradation and minimal swelling of mPOC-xHA may

allow for integration of natural bone into the composites during remodeling. These properties are

assisted by the design of mPOC-xHA, which contains both citric acid and HA that are naturally

involved in apatite formation and bone remodeling47.

Table 3.4: Summary of mechanical, swelling, and mass loss characteristics of mPOC, mPOC-xHA,
and PMMA.

Formulation Compressive
Strength (MPa)

Swelling Ratio Mass loss (%)

mPOC 18 ± 7∗∗ 1.06 ± 0.00119 1.78 ± 0.770
mPOC-20HA 19 ± 2∗∗ 1.05 ± 0.00567 2.32 ± 0.352
mPOC-40HA 35 ± 3∗∗ 1.04 ± 0.000757∗∗ 3.07 ± 0.367∗

mPOC-60HA 25 ± 4∗∗ 1.03 ± 0.00180∗∗ 4.63 ± 0.228∗∗

PMMA 48 ± 3 - -
∗∗p < 0.01 compared against PMMA clinical standard of care reference for ultimate compressive strength
data
∗p < 0.05 and ∗∗p < 0.01 compared against mPOC for swelling and mass loss data
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Table 3.5: Comparative statistical significance (∗p < 0.05 and ∗∗p < 0.01) for compressive strength
data (Table 3.4).

mPOC mPOC-20HA mPOC-40HA mPOC-60HA PMMA
mPOC - ** **
mPOC-20HA - ** * **
mPOC-40HA ** ** - ** **
mPOC-60HA * ** - **
PMMA ** ** ** ** -

3.3.3 Mechanical Compression

Mechanical compression of mPOC, mPOC-xHA, and PMMA show distinct differences given each

formulation makeup. Including HA up to 40% of the total formulation increased the compressive

strength of composites, whereas 60% composites decreased in compressive strength compared to

40% formulations. PMMA exhibited the highest compressive strength (48 MPa), significantly

exceeding that of mPOC (18 MPa) and mPOC-xHA (19 MPa, 35 MPa, and 25 MPa for 20, 40,

and 60HA). Where PMMA has a standard, controlled formulation, mPOC-xHA composites could

allow for a modular framework. Different amounts of HA could be included into the polymer to

closely match the mechanics of the necessary bone system, seamlessly integrating the bone cement

into the body and reducing the chance of additional adjacent fractures.

3.4 Discussion

These data convey that we can successfully modify POC with methacrylate groups, allowing for

further modification by way of thermoresponsive initiators. Notably, the addition of HA into the

polymer formulations enhances the temperature output, gelling kinetics, and mechanics of this

alternative bone cement providing a modular platform for specific orthopedic applications. The

temperature output is of note as PMMA and mPOC produce temperatures that surpass the temper-
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ature threshold for the onset of tissue necrosis (50°C). HA significantly decreases this temperature

well below that threshold. The decrease in temperature as the HA percentage increased is hy-

pothesized to be due to the decreasing amount of available polymerizable polymer. The reduced

amount of polymer may produce the same reaction and heat generation, but since less of it is

present it doesn’t compound on itself and generate more heat. The HA included may also act as a

protective physical mechanism to help suppress the heat generation as polymerization progresses.

Szymanowski and coworkers saw similar results when comparing PMMA-based cements with the

addition of HA micro- and nanoparticles64. They observed that an increased weight percentage of

microparticle HA of up to 21% within the polymer matrix resulted in decreased polymerization

temperatures. Notably, nanoparticle HA did not affect the polymerization temperature within their

scaffolds. They propose that this is due to the availability of monomers trapped between HA par-

ticles; the larger microparticles limited interaction of monomers during polymerization, leading

to an increased time for complete polymerization whereas nanoparticles did not limit this access

at all. Conversely, nanoparticle HA seems to have a more pronounced effect on the exothermic

characteristics of V70 mediated polymerization of mPOC, which may in part be explained by dif-

ferences in molecular structures between PMMA and mPOC but would need to be verified by

testing both micro- and nano-particle HA within this given polymer system.

mPOC-60HA was able to polymerize at both 23°C and 37°C. This is thought in part to be

due to the reduced amount of polymer present in the composite (31% of the total mass) and any

introduction of heat into the material as it is being mixed, either from heat produced from friction

between HA and the polymer or from user/environmental heat, that would initiate V70. For the

composites cured at 37°C, mPOC-20HA required a longer doughing time than mPOC alone, which

follows similar trends found when testing various weight percentages of HA (0, 5, 10, and 15%)

in PMMA44.
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The gelling characteristics are also ideal as the materials can be kept below body temperature

during handling (and ideally below 23°C given the ability of mPOC-60HA to polymerize at 23°C),

whereas PMMA will polymerize upon mixing65. Inclusion of the thermal initiator V70 has advan-

tage over similar self-setting polymeric bone cements such as PMMA due to its extended working

time below physiological temperatures. Whereas PMMA-based cements rapidly initiate curing

upon mixing resulting in working times between 10-20 minutes, our mPOC-20HA and mPOC-

40HA composites remain in the liquid-phase below 30°C due to the temperature activation range

of V7035. Self-setting materials that do not rely on benzoyl peroxide as an initiator also face similar

working time windows, with amorphous magnesium phosphate/polyvinyl alcohol scaffolds curing

within 10-15 minutes, poly propylene fumarate (PPF)-based cements curing within 5 minutes, and

calcium sulfate/hydroxypropyl methylcellulose scaffolds curing within 12-21 minutes66–68. The in-

creased working time of V70-based scaffolds allows them to be tailored to a patient’s need, stored

as a ready-to-use mixture under cold conditions, and brought up to temperature in a controlled

environment for precise application. V70 allows mPOC-HA composites to begin polymerization

at 37°C, with the time to transition into a solid matrix determined by the amount of HA introduced

into the polymer matrix. Rheological assessment indicated that increasing the amount of HA from

20 to 60% into the mPOC-HA composites translates to significantly decreased curing times with

reported average gel points being 33.4 minutes, 24.9 minutes, 10.6 minutes, and 2.00 minutes for

mPOC, mPOC-20HA, mPOC-40HA, and mPOC-60HA respectively. The polymerization of the

mPOC matrix may be facilitated due to the decreasing amount of polymer present. Additionally,

it has been proposed that fillers that interact weakly within a polymer structure may inhibit re-

active sites and reduce polymerization as seen with colloidal silica fillers in gels69–71. Since the

increased HA reduced the overall polymerization time and impacted the gelation kinetics, it is

thought that the HA interacts physically within the polymer network by way of coordinate bonds
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between the carbonyl group and calcium from HA, and acts as a filler over any potential chemical

interactions72. Being able to adequately control the viscosity and polymerization of the mPOC-HA

composites during injection into a bone-void such as a vertebral segment may lower both the risk of

cement extrusion into the spinal canal and adjacent musculature and escape of methylmethacrylate

monomers as seen in the use of PMMA73.

Mechanical compression data suggests that the dispersion of HA within the polymer network

likely describes the differences between mPOC, mPOC-20HA, and mPOC-40HA composites, as

HA integrates within the microstructure to enhance compressive characteristics. Decreased com-

pressive mechanics of mPOC-60HA could potentially be due to poor integration of the polymer

network between and around HA particles, leading to pockets of unmixed polymer or due to the

change in the pore structure formed as V70 polymerizes and releases nitrogen gas. The increase

and then decrease in compressive mechanics between mPOC-40HA and mPOC-60HA may also be

explained simply by surpassing the ideal packing level. Nanoparticles have been shown to improve

the microstructure of concretes by filling the pores within the cement to increase its packing level,

providing increased mechanics as the nanoparticle percentage increases74,75. William and cowork-

ers similarly found that compressive strength in explanted vertebral bodies treated with PMMA

and PMMA supplemented with HA decreased in groups treated with the 1g:3g (PMMA:HA) group

compared to the 1g:1g and 1g:2g groups76. While the compressive mechanics of mPOC-40HA are

promising, additional tensile testing would need to be evaluated as increasing HA concentration

has been shown to decrease tensile and bending characteristics44. In terms of VP/KP applications,

the vertebrae are primarily made up of trabecular bone which typically varies in strength from

0.1-30 MPa77. Additionally, osteoporotic vertebrae can be 20-30% weaker depending on the pro-

gression of the disease78. The mechanical compression data presented in this chapter shows that

the compressive strength of PMMA (48 MPa) exceeds 1.5 times the typical strength of trabecu-
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lar bone whereas mPOC, mPOC-20HA, and mPOC-60HA formulations fall within this range of

typical vertebral trabecular bone, with mPOC-40HA falling slightly above this range.

3.5 Conclusion

The work here sets up the studies presented in Chapters 4 and 5 which explore the biocompatibility

of the polymer composites both in vitro and in vivo. It is essential that we were able to perform the

characterization experiments featured in this chapter to ensure that we could successfully mimic

a clinically relevant bone cement to more faithfully study and test a potential alternative. Ex-

citingly, the developed bone cement already achieves several key characteristics that surpass the

VP/KP clinical control PMMA tested alongside our composites. The modularity of the polymer

itself underscores the inherent capacity of mPOC to be combined with a wide variety of chemical

compounds, ceramics, and other natural materials to further match native bone.
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CHAPTER 4

IN VITRO STUDIES OF CELLULAR RESPONSE

4.1 Objective

Herein, we investigate the biocompatibility of the formulations prepared and characterized in

Chapter 3 and ultimately choose the best variants to conduct a subsequent in vivo study. To do

so, we culture MC3T3s in regular α-MEM media, expose them either directly or indirectly to

the formulated composites and clinical control, and evaluate their response both qualitatively and

quantitatively to determine their susceptibility to each scaffold.

4.2 Experimental Section

4.2.1 Culture of Undifferentiated Cells

Murine pre-osteoblast MC3T3-E1 Subclone 14 (ATCC, Manassas, VA) cells were used for all stud-

ies in this work. MC3T3 cells were cultured in alpha Minimum Essential Medium (α-MEM) sup-

plemented with 10% fetal bovine serum (FBS) and 1% 10x penicillin-streptomycin. All MC3T3

cells used in these studies were at passage 12 or below. Cells were cultured at 37°C and 5% carbon

dioxide (CO2).

4.2.2 Cytotoxicity (MTT) Assay

MC3T3 cells were seeded onto sterile 96-well plates (10,000 cells/well) and maintained in culture

for 24 hours to form a semi-confluent monolayer. Extracts of mPOC, mPOC-xHA, and PMMA

were obtained by incubating cylindrical specimens (6 mm in diameter and 1 mm in height) in
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complete medium for 72 hours at 37°C (ratio of medium to composites determined by calculating

the total surface area of samples divided by 3 cm2). The pH of extract media was observed at 24,

48, and 72 hours. 100 µL of extracts were applied to cells (n of 4 per experimental extract/control)

for 24 hours with the morphology of the cells checked with a light microscope before and after

extract application.

After 24 hours, MTT solution was prepared from fresh MTT powder by dissolution in com-

plete medium at a concentration of 1 mg/mL. The solution was sterilized by sterile filtration using

syringe filters (pore size 0.2 µm). Extract medium was aspirated from wells and MTT solution

(50 µL/well) was added. The plate was incubated at 37°C for 4 hours, then MTT solution was re-

moved and 100 µL of DMSO was added to each well. After mixing, the contents of the wells were

transferred to a fresh plate and the formazan formation was determined by detecting the absorption

at 570 nm (reference 650 nm). The viability was calculated using the following equation, where

OD570e is the mean value of the measured optical density (OD) of the various extract concentra-

tions of the test sample and OD570b is the mean value of the measured OD of the positive controls

(cells not exposed to extract).

Viability % =
100 ·OD570e

OD570b

(4.1)

4.2.3 Proliferation (CCK8) Assay

Composite scaffold samples (6 mm diameter, 1 mm tall) consisting of mPOC, mPOC-xHA, and

PMMA were sterilized by soaking in 70% ethanol for 30 minutes and then exposure to UV light

for 1 hour. Samples were then washed and leached in PBS until a stable pH ( 7.4) was reached.

MC3T3 cells were then seeded onto sterilized samples (n of 4) at 6000 cells/well and maintained

in culture for up to 7 days.
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For testing, media was aspirated from wells, a 10% Cell Counting Kit 8 (CCK8) (Dojindo

Molecular Technologies, Inc., Rockville, MD) solution was prepared in media, and 110 µL was

added to wells. The solution was allowed to incubate for 4 hours, then removed from wells and

read at an absorbance of 450 nm. Cell number was determined using a standard curve.

4.2.4 LIVE/DEAD Assay

LIVE/DEAD staining was performed in parallel with proliferation studies. Calcein AM was used

as an indicator of live cells and ethidium homodimer-1 was used as an indicator of dead cells

(Thermo Fisher Scientific, Waltham, MA). The staining solution was prepared by adding 2 µL of

calcein AM and ethidium homodimer-1 to 1 mL of α-MEM media, scaling as necessary to the total

amount needed. Scaffolds (n of 3) were transferred to a 12 well plate and enough staining solution

was added to cover the samples. Samples were left to incubate in the dark at 37°C for 30 minutes,

flipped over (scaffolds are opaque), and then imaged on a Nikon Eclipse TE-2000U fluorescence

microscope. 2-3 images were taken per sample to qualitatively visualize cell status, attachment,

and orientation.

4.2.5 Scanning Electron Microscopy (SEM) Imaging

SEM imaging was performed in parallel with proliferation and LIVE/DEAD studies. Samples

were transferred to a 12 well plate, washed in sterile PBS, and fixed in 4% paraformaldehyde for

24 hours. Samples were then dehydrated in a series of ascending ethanol solutions: 50% for 10

minutes, 70% for 10 minutes, 80% for 10 minutes, 90% for 10 minutes, and 100% for 10 minutes.

Samples were then exposed to hexamethyldisiloxane (HMDS) and further dried under vacuum.

Once dried, samples were sputter coated in 8 nm of gold/palladium and imaged at 5 kV on an

EPIC SEM JEOL JSM-700FLV. Surfaces of control samples and cell attachment/morphology of
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tested samples were imaged at a series of magnifications (60x, 200x, 500x, 1000x, and 5000x) for

qualitative assessment.

4.2.6 Statistical Analysis

Statistical analysis was performed with Microsoft Excel software and GraphPad Prism 7.0 (Graph-

Pad Software Ind., La Jolla, CA). Student’s t-test was used to compare pairs of means and ANOVA

with Bonferroni post-hoc analysis was used to compare means between multiple treatments. A

p-value of 0.05 or less was considered to be statistically significant.

4.3 Results

4.3.1 HA increases cell viability

According to the MTT assay, incorporation of HA into mPOC significantly improves viability

in MC3T3 cells. Composites containing 60% HA present the best viability, equivalent to the

control wells that contained cells exposed to regular media. The cellular response to PMMA is not

statistically significant from mPOC-60HA but does fare better than mPOC-40HA. Readings for pH

indicated that mPOC-60HA extract media remained equivalent to the pH reading for the control

media (6.8), whereas other samples began decreasing the pH: 6.6 for PMMA, 6.4 for mPOC-40HA,

5.9 for mPOC-20HA, and 5.2 for mPOC.

4.3.2 HA increases cell proliferation

CCK8 data shows that HA improves proliferation of MC3T3 cells over time for all mPOC-xHA

composites. Initially all tested samples lose cells, either to cell death or poor scaffold attachment,

as seen by the noticeable reduction in cell number from the cell seeding state (6000 cells). All

HA formulated samples and PMMA rebound after the initial cell loss compared to mPOC, which
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Figure 4.1: (A) Cell cytotoxicity to extracts after 24 hours of exposure. MC3T3 cells were seeded
at a density of 10,000 cells per well and maintained in culture for 24 hours before being exposed
to composite extracts (n of 4). Composite extracts were collected after 3 days of incubation in
complete medium at 37°C. After 24 hours of exposure, an MTT assay was performed to determine
viability of cells. mPOC-60HA performed best and was equivalent to the viability seen in the
control group (complete media). (B) Cell proliferation on composite scaffolds over 1, 3, and 7
days. MC3T3 cells were seeded at 6,000 cells/well directly onto sterilized composite scaffolds (n
of 4). A CCK8 assay was performed at days 1, 3, and 7 to assess cell proliferation over time. All
composites present an initial decrease in cell proliferation at 24 hours, likely due to attachment
issues to the scaffolds during seeding. Subsequent days for mPOC-xHA and PMMA show that
cells proliferate over time. (C) LIVE/DEAD staining of cell proliferation on composite scaffolds
at 1- and 7-days post seeding. Cell response was poor on mPOC scaffolds at both 1 and 7 days,
whereas all other groups show visible, live (green) cell attachment. Some scaffold staining can
be seen in the mPOC-40HA 1-day sample (red). By 7 days, cells have spread into and across all
mPOC-xHA scaffolds.
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Table 4.1: pH of extracts over 72 hours for cell cytotoxicity study (Figure 4.1)

Experimental
Group

pH: 0h 24h 48h 72h

α-MEM 6.8 6.8 6.8 6.8
mPOC 6.8 5.7 5.6 5.2
mPOC-20HA 6.8 6.0 6.0 5.9
mPOC-40HA 6.8 6.4 6.4 6.4
mPOC-60HA 6.8 6.8 6.8 6.8
PMMA 6.8 6.6 6.6 6.6

Table 4.2: Comparative statistical significance (∗p < 0.05 and ∗∗p < 0.01) for cell cytotoxicity
data (Figure 4.1).

α-MEM mPOC mPOC-20HA mPOC-40HA mPOC-60HA PMMA
α-MEM - ** ** ** *
mPOC ** - * ** ** **
mPOC-20HA ** * - ** ** **
mPOC-40HA ** ** ** - * **
mPOC-60HA ** ** * -
PMMA * ** ** ** -

maintains its cell number without proliferation. LIVE/DEAD imaging shows that the cells attached

to each sample surface are alive. SEM images show sparse cellular attachment for mPOC, cell

attachment and spreading onto the surface and pores of mPOC-xHA, and complete, overlapping

coverage and spreading of cells onto PMMA at 7 days. Cell coverage over pores increases in

mPOC-xHA composites as the percentage of HA within the formulation increases.

4.4 Discussion

Our results show that HA is necessary for successful biocompatibility in mPOC-based composites.

This design choice is especially relevant, as bone cements cannot be further leached or modified

once used as they are directly applied into a bone defect. Previously reported POC-based compos-

ites for orthopedic applications would ideally be molded and then leached before application into
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Table 4.3: Comparative statistical significance (∗p < 0.05 and ∗∗p < 0.01) for cell proliferation
data. No statistical significance was observed for mPOC or mPOC-40HA in subtable (b) and are
thus not reported.

Day 1 mPOC mPOC-20HA mPOC-40HA mPOC-60HA PMMA
mPOC - * ** **
mPOC-20HA * - **
mPOC-40HA - **
mPOC-60HA ** -
PMMA ** ** ** ** -

Day 3 mPOC mPOC-20HA mPOC-40HA mPOC-60HA PMMA
mPOC - ** ** **
mPOC-20HA ** - *
mPOC-40HA * - *
mPOC-60HA ** -
PMMA ** * -

Day 7 mPOC mPOC-20HA mPOC-40HA mPOC-60HA PMMA
mPOC - ** * ** **
mPOC-20HA ** - * **
mPOC-40HA * * - **
mPOC-60HA ** - **
PMMA ** ** ** ** -

(a) Statistical comparison of cell number between different material surfaces on the same day.

mPOC-20HA Day 1 Day 3 Day 7
Day 1 - * **
Day 3 * - **
Day 7 ** ** -

mPOC-60HA Day 1 Day 3 Day 7
Day 1 - * *
Day 3 * - *
Day 7 * * -

PMMA Day 1 Day 3 Day 7
Day 1 - **
Day 3 - **
Day 7 ** ** -

(b) Statistical comparison of cell number between the same material on different days.
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Figure 4.2: (A) Scanning electron microscopy (SEM) images of composite surfaces with (7 Day)
and without cell attachment. Scale bars are in white in the lower left-hand corner of individual
images and denote 100 µm. Clear cell attachment can be seen on mPOC-xHA composite surfaces,
especially within and over the pores present on the surface. Pores in mPOC and mPOC-xHA form
due to the release of nitrogen gas during free radical polymerization of azo initiators. PMMA
surfaces show sheets of cell coverage, reminiscent of a fibrous encapsulation response commonly
seen in a foreign body reaction. (B) Colour SEM image of mPOC-40HA surface after 7 days of
cell attachment. Cells (light green) and nuclei (dark green) are seen spreading across the composite
surface (dark blue) and across pores. Salt deposits (pink) are from residual media. It is hypothe-
sized that cell proliferation (orange) is occurring along stretched cells. Scale bar (white) in lower
right-hand corner corresponds to 10 µm. (C) Colour SEM image of mPOC-20HA surface after 7
days of cell attachment. Cells (light green) and nuclei (dark green) are seen spreading across the
composite surface (blue). Microvilli (pink) from cells act to stretch across surfaces and assist in
cell movement. Scale bar (white) in lower right-hand corner corresponds to 1 µm.
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defects such as those pertaining to the craniofacial region. Qui et. al. reported similar qualitative

cytotoxicity effects of POC to cells over a 3- and 14-day period46. POC alone scaffolds show mini-

mal to no cell attachment and spreading, whereas POC-HA scaffolds with varying amounts of HA

show visible attachment, spreading, and proliferation. Quantitative analysis of cellular biocompat-

ibility is lacking in this paper and most papers involving POC given the overall poor response to

the material. The debut paper on POC does compare MTT data for human aortic smooth muscle

cells seeded onto POC or PLLA but does not address the cell viability for either50. Subsequent

papers tend to present visual data of cell attachment and spreading51.

To elaborate on the method used for cell cytotoxicity, MTT is a tetrazolium dye that is reduced

to an insoluble formazan by NADPH-dependent cellular oxidoreductase enzymes, meaning that

the more MTT that is reduced the more living cells are present. This is qualitatively noted by a

colour change of yellow to purple and is quantitatively collected through an absorbance reading.

The data collected within this experiment clearly shows that mPOC and mPOC-20HA have little

to no cell viability, indicating that the exposure to fresh extract media almost immediately caused

cell death. This is due to the acidic media that was collected from mPOC and mPOC-20HA, which

is hypothesized to release acidic monomers of citric acid from the surface of the scaffolds. Con-

versely, mPOC-40HA and mPOC-60HA present better cytotoxicity due to the increased amount

of HA. HA has been shown to buffer the release of acidic monomers, with increasing HA concen-

trations correlating to increased pH levels in leaching media79,80. Ma et. al. explicitly explored the

cytocompatibility of the monomers making up POC, citric acid and 1,8-octanediol81. Both citric

acid and 1,8-octanediol had drastic cytotoxic effects on 3T3 cells at concentrations above 2 mg/mL,

though interestingly citric acid concentrations of up to 7 mg/mL could be applied to human mes-

enchymal stem cells (hMSCs) without impacting cell viability negatively. The choice of utilizing

MC3T3 cells in this study may have resulted in negative results for the mPOC and mPOC-20HA
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samples, but we focus here both on choosing the best, most compatible material before moving

forward with in vivo testing and for comparison to PMMA. For that reason, mPOC-20HA will not

be pursued in the following in vivo studies.

The CCK8 data again reinforces that HA is necessary for the health and proliferation of MC3T3

cells. Surprisingly, the mPOC-20HA samples hold up to other mPOC-xHA samples, counter to

the results shown in the MTT data. The cell attachment and spreading seen from SEM images

show that mPOC does not support attachment or proliferation, potentially due to the acidic surface

or unreacted monomer interaction of citric acid or 1,8-octanediol. The introduction of HA greatly

enhances cell attachment and spreading, with noticeable pore coverage as the amount of HA in-

corporation is increased. PMMA shows a completely covered surface which is reminiscent of a

foreign body response (FBR). Layers of cells are visible on the surface of PMMA which mimics

the protein adsorption, matrix deposition, and fibrous encapsulation of FBR.

The enhanced cellular response to scaffolds containing HA may be due to a number of mech-

anisms directly related to HA. As noted, increased amounts of HA stabilizes the pH of scaffolds,

providing a neutral environment for cell survival and attachment. Additionally, cell survival and

adhesion are highly regulated by the degree of protein adsorption onto scaffold surfaces82. HA has

been shown to increase the adsorption capacity of proteins, which may explain the increased cellu-

lar proliferation over time of the mPOC-xHA scaffolds. Given HA’s similarity to bone, the mPOC-

xHA scaffolds may also attract proteins such as runt-related transcription factor 2 (RUNX2), which

is associated with osteoblast differentiation. Long-term differentiation studies of the MC3T3 cells

on mPOC-xHA scaffolds, as well as any bone-specific marker studies may further indicate HA’s

effect on upregulating these proteins.
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4.5 Conclusion

The cellular response to new materials is paramount when deciding what will be successful at the

in vivo and clinical level testing stages. Though some of the negative effects of POC and mPOC

could be addressed by post-processing and leaching steps, it is the goal of this thesis to provide an

alternative bone cement that mimics PMMA as closely as possible without its inherent difficulties.

As such, it is very promising that the inclusion of HA in these preliminary cell studies was able

to circumvent the non-ideal cellular responses associated with POC and mPOC. Moving forward,

our goal is to test these bone cement formulations in a small animal model. We selected mPOC as

a polymer control, mPOC-40HA and mPOC-60HA as our hypothesized best options, and PMMA

as our clinical control to conduct an in vivo subcutaneous injection study in Sprague Dawley rats

to assess biocompatibility.
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CHAPTER 5

IN VIVO MODEL FOR INFLAMMATORY EFFECT

5.1 Objective

In selecting mPOC-40HA and -60HA composites as the best cell compatible bone cements, we

aimed to test this compatibility in a subcutaneous model. This model allows us to test the bio-

compatibility of a given material by injecting it subcutaneously and evaluating the inflammatory

response, degradation and bioresorbability, and the degree of integration into the surrounding tis-

sues. If the material does not progress into a FBR and instead slowly integrates into the surrounding

tissues, this is an indication that the material is biocompatible. This preliminary assessment of bio-

compatibility is often followed by a bone defect model that can assess the ability of the material to

both recruit osteogenic cells and promote bone remodeling.

5.2 Experimental Section

5.2.1 Rat Model and Preparation of Materials

All animal procedures were performed in accordance with the Guide for the Care and Use of Lab-

oratory Animals published by the National Institutes of Health (NIH)83. Procedures were approved

by the Northwestern University Animal Care and Use Committee. Subcutaneous injections of each

test group into the rat posterior were used to assess biocompatibility in vivo. Twenty male Sprague

Dawley rats (175-200 g, Charles River Laboratories) were used for these studies – four rats per

time point collected. All mPOC and mPOC-xHA components were sterilized with ethylene ox-

ide gas, prepared under sterile conditions, and kept on ice before injection. Kyphon Activos 10
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(Medtronic) PMMA bone cement was prepared immediately before subcutaneous injection. Rats

were anesthetized with isoflurane (2-3% with oxygen), shaved, and sterilized with betadine and

ethanol before subcutaneous injections of approximately 100 µL of each test formulation – first

PMMA in the upper left quadrant, mPOC in the upper right quadrant, mPOC-40HA in the lower

left quadrant, and mPOC-60HA in the lower right quadrant. After each injection, the site was

marked with a permanent marker for tracking purposes. The animals were sacrificed at 1 hour

to determine adequate curing, 1 and 3 days to determine the acute inflammatory response, and

4 weeks to evaluate the chronic inflammatory response. For later animal time points, rats were

housed in the Pancoe-NorthShore University Health System Life Sciences Pavilion and cared for

in compliance with the regulations established by the Northwestern University Institutional Ani-

mal Care and Use Committee. Animals were examined for post-operative pain each day following

injections and up to 10 days for the 4-week time point group. Signs of animal mobility, eating and

drinking habits, changes in body weight, and appearance of surgical wounds were noted.

5.2.2 Tissue Processing

Animals were euthanized by carbon dioxide inhalation and a secondary method of cervical dis-

location. Skin samples containing the subcutaneous injections were removed and fixed using 4%

paraformaldehyde in PBS solution for 24 hours. Samples were subsequently rinsed in 1x PBS mul-

tiple times to remove any residual paraformaldehyde. Half of the samples containing HA (mPOC-

40HA, mPOC-60HA, and PMMA) were decalcified using 10% Ethylenediaminetetraacetic acid

(EDTA) in DI water solution for 7 days, then rinsed with PBS multiple times to remove residual

EDTA. Samples were dehydrated in a series of ascending ethanol solutions, cleared by xylene, and

embedded in paraffin wax. 5-micron thick sections were cut and mounted onto slides by either

myself for histological imaging and analysis, or the Pathology Core Facility at Northwestern Uni-
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versity for immunohistochemical imaging. Sections were treated with xylene to remove paraffin

and hydrated by a series of descending ethanol solutions and water.

5.2.3 Histological Assessment

Hematoxylin and Eosin (H& E) and Masson’s Trichrome (MT) staining were performed to observe

histological characteristics of the samples. All time points were represented for these staining

methods. For H& E, sections were incubated in hematoxylin for 5 minutes, washed in water for 5

minutes, then emerged in DI water, 70% ethanol, 80% ethanol, and 95% ethanol for 2-3 minutes

each. Slides were then counterstained with eosin-Y for 1 minute and emerged in 100% ethanol

and xylene for 2x5 minutes each. MT sections were incubated in Weigert’s iron hematoxylin

for 15 minutes, and counterstained with Solution A (0.5 g acid fuchsia, 0.5 g xylidine ponceau,

99 mL water, 1 mL glacial acetic acid) for 10 minutes, Solution B (1 g phosphomolybdic acid,

100 mL DI water) for 10 minutes, and Solution C (2 g light green SF yellowish, 2 mL glacial

acetic acid, 100 mL DI water), washing between each step with DI water. After the last rinse,

slides were emmersed in 1% acetic acid solution for 2 minutes. Slides were then dehydrated in an

ascending ethanol series and cleared with xylene for 2x5 minutes. All slides were mounted with

Cytoseal and sealed with nail polish. Sections were visualized under light microscopy and imaged

at 4x magnification (Cytation 5, BioTek Instruments, Winooski, VT) and 4x, 10x, 20x, and 40x

magnification (Nikon Eclipse TE2000-U).

5.2.4 Immunohistochemistry Assessment

Immunohistochemistry staining was prepared through the Mouse Histology and Pathology Core at

Northwestern University. Time points represented in this data are for 1 day and 4 weeks. Slides

were immersed into antigen retrieval buffer (pH 6.0, 10 mM Sodium citrate buffer, 0.05% Tween
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20) at 110°C for 10 minutes in a pressure cooker then washed with PBS. Samples were blocked

using a solution made of 5 mg/mL bovine serum albumin (BSA), 5% normal goat serum, and 1x

PBS for 30 minutes. Slides were then either stained for CD68 or co-stained for α-SMA and CD31.

For CD68, samples (n of 3) were incubated with primary antibody (Cell Signaling #CST97778)

at a concentration of 1:200 in blocking buffer at 4°C overnight. Slides were then washed by PBS

3x5 minutes and incubated on the Biocare Intellipath Staining Platform with secondary antibody

(Biocare Mach2 Rabbit HRP-Polymer (Biocare #RHRP520MM)) and DAB Chromogen Detection

(DAKO #K3468) diluted in blocking buffer at room temperature for 30 minutes. Slides were

washed by PBS 6x5 minutes, then mounted with anti-fade medium and sealed with nail polish.

For α-SMA and CD31 co-stain (n of 3), samples were incubated with primary antibodies (ab-

cam #ab5694 and Santa Cruz #sc-1506 for α-SMA and CD31 respectively) at a concentration

of 1:1000 in blocking buffer at 4°C overnight. Slides were then washed by PBS 3x5 minutes

and incubated on the Biocare Intellipath Staining Platform with α-SMA secondary antibody (Bio-

care Mach2 Rabbit HRP-Polymer (Biocare #RHRP520MM)) and brown chromogen DAB Chro-

mogen Detection (DAKO #K3468) diluted in blocking buffer at room temperature for 30 min-

utes. Slides were washed by PBS 3x5 minutes and incubated with CD31 secondary antibody

(Biotin-SP-AffiniPure Donkey anti-goat IgG (Jackson ImmunoResearch #705-065-147)), Strep-

Avidin AP (Thermo Fisher #43-4322), and Warp Red Chromogen (Biocare #WR806) diluted in

blocking buffer at room temperature for 30 minutes. Slides were washed by PBS 6x5 minutes,

then mounted with anti-fade medium and sealed with nail polish.

The Pathology Core Facility at Northwestern University imaged slides at 40x using the Hama-

matsu K.K. Nanozoomer 2.0 HT (Hamamatsu Photonics K.K., Hamamatsu, Shizuoka, Japan).

Images were visualized and exported as JPEGs at a scale of 1600% using NDP.view2 software.

The subcutaneous region of each section was analyzed using FIJI (Fiji Is Just ImageJ) for CD68
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images. Specific steps taken to obtain results from FIJI are as follows: colour deconvolution for

H&E was performed on each image, the default threshold was applied, binary watershed was per-

formed, and particles ranging from 10-50 pixels were analyzed. The count, total area, average

size, and percent area were acquired. The total area data is presented in this thesis. Number of

vessels per mm2 was analyzed for α-SMA-CD31 images within the connective tissue region of the

material-tissue interface.

5.2.5 Statistical Analysis

Statistical analysis was performed with Microsoft Excel software and GraphPad Prism 7.0 (Graph-

Pad Software Ind., La Jolla, CA). Student’s t-test was used to compare pairs of means and ANOVA

with Bonferroni post-hoc analysis was used to compare means between multiple treatments. A

p-value of 0.05 or less was considered to be statistically significant.

5.3 Results

5.3.1 HA reduces inflammatory response

All tested bone cements were successfully injected subcutaneously into the backs of Sprague Daw-

ley rats. mPOC alone did not cure as expected, potentially due to the lower body temperature of

the rats. All other materials were easily identifiable by a hardened oblong spheroid underneath the

subcutaneous skin tissue.

5.3.1 Histology Imaging

Tissue sections for 1 day time points show acute inflammatory responses to all tested materials.

Sections for 4 weeks show an apparent large chronic response to the mPOC polymer as noted
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by the large red/purple mass where the polymer is considered to be. mPOC-40HA and mPOC-

60HA samples are seemingly integrating into the surrounding tissue with additional collagen fibers

present as identified by the green, fibrous characteristics. PMMA images at 4 weeks presents a

distinct dividing barrier of collagen and cells around the material.

5.3.1 Immunohistochemistry Imaging

Tissue sections were positive for CD68 in all subcutaneous injection sites. All materials were

not significantly different from each other at 1 day. mPOC-40HA, mPOC-60HA, and PMMA

presented significantly decreased amounts of CD68 positive cells between 1 day and 4-week time

points. mPOC-60HA and PMMA were not significantly different at either time point from each

other. Tissue sections were positive for α-SMA-CD31 staining around all subcutaneous injection

sites. There was a significant increase in vessel density for mPOC-60HA samples compared to

mPOC-40HA.

5.4 Discussion

The results show that mPOC-xHA was successful at reducing the inflammatory response of mPOC

and mimicking the in vivo characteristics of PMMA. At 4 weeks, mPOC-xHA composites show

integration into the surrounding tissues whereas PMMA shows distinct fibrous encapsulation of the

PMMA bone cement. This is a promising result as it reiterates that the mPOC-xHA bone cement

can degrade and be broken down over time, avoiding the problems associated with PMMA such as

mechanical instability due to fibrous encapsulation84.

The data from CD68 analysis is quite exciting as mPOC-60HA and PMMA show equivalent

inflammatory responses at the tested time points. These results compounded with the tunable char-

acteristics of mPOC-xHA offer initial proof that these materials could be pursued as an alternative
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Figure 5.1: Representative Masson’s Trichrome (MT) images from in vivo subcutaneous injection
study of the sample-tissue interface. mPOC-xHA injections show collagen infiltration (green) at
both 1 day and 4 weeks, whereas mPOC samples show thin tissue around the injection site at
1 day and a large immune response (dark red/purple) at 4 weeks. PMMA samples show a thin
subcutaneous tissue region around samples at day 1, due in part to difficulty during sectioning.
PMMA at 4 weeks shows a distinct collagenous capsule around the implant, indicative of the
fibrous encapsulation seen as part of the body’s foreign body response. Alternatively, mPOC-
xHA shows integration of collagen into the material itself and has broken off parts of the material
as seen in mPOC-60HA. Initial images are scaled at 100 µm (white) and inset images at 20 µm
(black) whereas the sample position is indicated by yellow arrow.
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Figure 5.2: Immunohistochemistry staining for CD68 (A) and α-SMA-CD31 co-stain (B). (A)
CD68 (stained red) has an apparent higher density of positively stained cells at the interface be-
tween the tissue and material (material position noted by green arrows). Some staining of the
material occurred in mPOC-xHA containing polymers, but otherwise the presence of CD68 posi-
tive cells visibly decreased at the 4-week time point for mPOC-xHA polymers and PMMA. mPOC
at 4 weeks shows a large increase in CD68 expression. (B) Vessels (stained red/brown) can be
clearly seen within the tissue-material connective tissue interface of mPOC and mPOC-xHA com-
posite polymers (black arrows) whereas minimal vessel presence can be seen in the thin interface
of PMMA samples. Analysis for (C) CD68 and (D) α-SMA-CD31 immunohistochemistry staining
where ∗p < 0.05 and ∗∗p < 0.01. (C) CD68 positive staining was analyzed within the subcutaneous
tissue region where the polymers were injected. The percent of CD68 expressed is normalized to
the total amount of cells present within the subcutaneous region. mPOC-xHA and PMMA compos-
ites show significantly decreased expression of CD68 by the 4-week time point, with mPOC-60HA
and PMMA presenting similar data. (D) Number of vessels per mm2 was analyzed within the con-
nective tissue region of the material-tissue interface. mPOC-60HA has significantly increased
vessel density compared to mPOC-40HA, potentially due to the increased presence of HA.
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Table 5.1: Comparative statistical analysis of CD68 expression in positively stained cells using stu-
dent’s t-test to compare pairs of means where ∗p < 0.05 and ∗∗p < 0.01. No statistical significance
was observed between groups at the 1-day time point in (a) and is thus not reported.

4 Weeks mPOC mPOC-40HA mPOC-60HA PMMA
mPOC - * ** **
mPOC-40HA * - * *
mPOC-60HA ** * -
PMMA ** * -

(a) Statistical comparison of CD68 between different material composites.

mPOC 1 Day 4 Weeks
1 Day -
4 Weeks -

mPOC-40HA 1 Day 4 Weeks
1 Day - *
4 Weeks * -

mPOC-60HA 1 Day 4 Weeks
1 Day - **
4 Weeks ** -

PMMA 1 Day 4 Weeks
1 Day - *
4 Weeks * -

(b) Statistical comparison of CD68 between the same materials at different time points.
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Table 5.2: Comparative statistical analysis of vessel data using student’s t-test to compare pairs of
means. Statistical comparison of number of vessels per mm2 between different material composites
where ∗p < 0.05.

4 Weeks mPOC mPOC-40HA mPOC-60HA PMMA
mPOC -
mPOC-40HA - *
mPOC-60HA * -
PMMA -

bone cement to PMMA. As this in vivo study was preliminary, we only evaluated the inflammatory

response of the materials up to 4 weeks. We will expand on future directions to advance the in

vivo work in an orthopedic setting to assess the functionality of these polymers in enhancing bone

remodeling over time in the following chapter. Data from the α-SMA-CD31 analysis shows simi-

lar vessel development across all experimental cements, with a slight increase of vessel density in

mPOC-60HA. Of qualitative note, the size and distribution of vessels within the connective tissue

region are different between groups. mPOC-xHA shows vessel development between sections of

polymer that have begun to break down and integrate into the surrounding tissues, whereas vessel

development in PMMA is very minor within the thin connective tissue region. Comparing these

interface images to that of the MT images, tissue response to PMMA shows a distinctly dense

fibrous encapsulation of the material, potentially leaving little room for vessel development at this

early time point. Again, further in vivo studies will need to be performed to better study the vessel

development around the materials, especially within an orthopedic bone model.

HA incorporation into mPOC-xHA has a significant effect in vivo. Part of this may be due to

the buffering effect HA has on the immediate environment surrounding the mPOC-xHA scaffolds,

providing a neutralizing agent for the acidic products of mPOC. The increased capacity of HA to

adsorb proteins onto its surface may also provide a platform to adsorb specific proteins relevant

to wound healing and bone formation, such as RUNX2, osterix (Osx), and vascular endothlial
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growth factors (VEGF)85. VEGF upregulation may correlate to the statistically significant differ-

ence in vessel density between mPOC-40HA and mPOC-60HA, but further studies would need to

be performed to verify this.

5.5 Conclusion

Chapters 3, 4, and 5 show that mPOC-xHA may serve as an alternative, injectable bone cement for

orthopedic applications. The novel use of V70 allows for composite curing at body temperature,

avoiding the disadvantageous handling characteristics of PMMA. While many bone cements have

been created and researched, the materials presented in these chapters combine the benefits of us-

ing antimicrobial and antioxidative CBBs, a key bone component (HA), and thermal initiators to

create tunable, biocompatible biomaterials that avoid many of the mechanical failings of PMMA

and CPCs. Moving forward these materials will be tested in both ex vivo and in vivo bone systems

to further prove their use in orthopedic applications.
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CHAPTER 6

THESIS SUMMARY AND OUTLOOK

6.1 Summary of Thesis Work

The work presented in this thesis encompasses a subset of the orthopedic tissue engineering field

that is in need of new, biodegradable materials. One of the key methods of introducing new mate-

rials onto the market, and thus making them clinically available, is to prove that a new material is

substantially equivalent to a legally marketed material. In this case, this thesis developed a novel

thermoresponsive, injectable bone cement that closely mimics the polymerization methods and

biocompatibility of clinically available PMMA, while providing better handling characteristics,

compressive mechanics, and degradability that could enhance its application and retention within

patients.

While many bone cements have been marketed and developed over the years, these primarily

are based upon PMMA and its composite formulations86. As such, these are polymer systems with

liquid and powder components derived from PMMA powder, MMA liquid monomers, and the per-

oxide initiator benzoyl peroxide as seen from companies including Stryker, Medtronic, Johnson &

Johnson, Merck, and Zimmer. Inquiries into how to modify PMMA into a more biocompatible

material has resulted in studies incorporating HA, CPCs, bone particles, or bioglass into the pow-

der component87–91. Though these methods can lead to more biocompatible materials, the initial

handling characteristics of PMMA pose issues that can affect both the initial application of the

material and post-surgical healing in patients. Our goal was to not only improve these handling

characteristics and immediate patient recovery, but develop and provide a resorbable, biocompati-
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ble bone cement for eventual use in procedures such as VP and KP.

Since the peroxide-based polymerization of PMMA was the main factor in determining its

polymerization heat and curing time, modifying or replacing that aspect was of interest. Perox-

ide initiators such as benzoyl peroxide form free radicals upon immediate dissociation of a weak

peroxy bond, which then interact with the carbon-carbon double bond of MMA to quickly ini-

tiate free radical polymerization. Instead, this thesis delves into using azo-based polymerization

whose dissociation of its’ azo-bond is dependent on temperature thresholds. This is a near novel

utilization of azo-based initiators in orthopedic applications as azobisisobutyronitrile (AIBN) has

previously been researched for its application in bone cement92. AIBN was not further studied as it

was shown to be relatively equivalent to benzoyl peroxide in polymerizing acrylate-based cement.

AIBN itself has a high temperature threshold of 65°C that would not be ideal for in situ curing

capabilities. The novelty of this thesis relies instead on the use of a different azo-initiator, V70,

that has a temperature threshold of 30°C, well within an achievable temperature for biological ap-

plications. As such, consideration of V70 and its polymerization mechanics was incorporated into

the design of the final bone cement formulation, resulting in a methacrylated version of POC.

Specifically, we described the synthesis and characterization of four formulations of an in-

jectable, thermoresponsive, citrate-based biomaterial that is suitable for orthopedic applications.

These formulations, mPOC, mPOC-20HA, mPOC-40HA, and mPOC-60HA maintained injectabil-

ity, thermoresponsive behavior at physiological temperatures, and mechanical compression prop-

erties within vertebral bone ranges. mPOC-40HA and mPOC-60HA were deemed the most bio-

compatible from in vitro studies and were used in a subcutaneous in vivo experiment to further

address their inflammatory effect. In vivo, it was found that mPOC-60HA performed on par with

the clinically available PMMA Kyphon Activos 10 when injected subcutaneously.
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6.2 Future Work

This work primarily focused on the development and initial biocompatibility of the tested materi-

als. Optimization of the tested materials should still be evaluated, as injectability of the materials

for use in VP/KP is of key importance to this thesis. Adjusting the injectability towards a less vis-

cous state would be obtainable by increasing the amount of solvent within the formulation. While

keeping the material less viscous is ideal for its initial injectability, the material needs to also poly-

merize quickly once initiated to avoid any cement leakage during application. This curing property

can be addressed by increasing the amount of initiator to induce a quicker polymerization. Given

these design considerations, injectability should be addressed first with the subsequent materials

characterization and in vitro studies performed in this thesis. After this point, several additional

areas of investigation could benefit from future testing and analysis. These fall within directly

addressing the orthopedic capabilities of the developed bone cements and would cover in vitro, in

vivo, and ex vivo experiments and models.

6.2.1 Alkaline Phosphatase/Alizarin Red In Vitro Study

Although testing the biocompatibility of mPOC and mPOC-xHA composites is important at both

the in vitro and in vivo level, this does not address the capability of the materials to induce bone

formation and succeed on an orthopedic tissue engineering platform. Data included within the

appendices indicate that expression of osteopontin (OPN), a marker for osteoblasts and important

factor in inducing bone remodeling, was expressed at a significantly increased level in mPOC-

60HA composites when compared to PMMA. While OPN is considered a marker relevant to bone

remodeling, it could represent other cell line expression such as neutrophils, macrophages, T cells,

and mast cells. Verifying that the in vivo results indicate the OPN expressed is relevant to bone



87

remodeling would require an in vitro study that identifies expression of additional bone markers,

specifically alkaline phosphatase (ALP) and alizarin red. The experimental design, hypotheses,

and analysis/discussion of expected results would be as follows.

ALP is an early marker for osteodifferentiation that is found on the surface of osteoblasts

whereas late markers for osteodifferentiation can be identified by their expression of osteocal-

cin, osteopontin, and calcium deposition. To this effect, total ALP expression can be determined

through an assay that allows ALP to catalyze alkaline buffer resulting in a detectable fluorescent

signal, meaning the more ALP expressed the more fluorescent of a signal. Alizarin red staining is a

method to detect calcium deposition or mineralization which is an important early-stage marker of

matrix mineralization and a crucial step towards the formation of a calcified extracellular matrix.

Free ionic calcium within a surface or cellular body will precipitate with addition of alizarin and

stain red, indicating the amount of calcification occurring.

To prepare samples for ALP assays and alizarin red staining, 12 mm diameter and 1 mm tall

composite samples must be prepared. Given the results obtained from the previous in vitro and

in vivo studies, mPOC-40HA and mPOC-60HA will be evaluated along with PMMA as a clinical

control. Samples should be molded in a stainless-steel mold at 37°C overnight, removed, and cut

flat to 1 mm tall samples. Samples can then be transferred to a biological hood, sterilized in 70%

ethanol for 2x30 minutes, and sterilized under UV light exposure on both sides for 15 minutes.

Sterilized samples can then be placed (n of 3 for each time point of 7, 14, 17, and 21 days) into the

bottom of a 24 well plate.

For ALP assay, MC3T3 cells should be seeded directly onto sterilized samples at 10,000 cells

per 100 µL and allowed to attach for 1 hour before adding additional non-osteogenic α-MEM me-

dia to cover the samples. At each designated time point, samples are collected and immersed

in a radioimmunoprecipitation assay (RIPA) buffer solution and are put through at least three
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freeze/thaw cycles to rupture the cell membranes of cells attached to the samples. RIPA/cell so-

lution can then be spun down to separate out any insoluble particles. To perform the ALP assay

(BioRad Alkaline Phosphatase Assay Kit, Des Plaines, IL), para-nitrophenylphosphate (pNPP) so-

lution is prepared by dissolving one pNPP tablet in 1 mL 5X diethanolamine buffer and 4 mL of

DI water. 10 µL of RIPA/cell solution and 90 µL pNPP solution are then added into wells on a

96-well plate in duplicate for each sample. The solutions react protected from light for 30 minutes

and then read on a plate reader at an absorbance of 405-420 nm. Mean absorbance of a blank

standard is subtracted from all sample readings, duplicates are averaged, and the amount of para-

nitrophenol (pNP) in each sample is determined utilizing a standard curve of pNPP concentrations.

ALP expression is then determined using the equation:

ALPActivity(U/mL) = (B/(∆T ∗ V )) ∗D (6.1)

Where B is the amount of pNP in a sample well calculated from the standard curve (µmol), T is

the reaction time in minutes (30 minutes), V is the original sample volume added into the reaction

well in mL (0.01 mL), and D is the sample dilution factor (1). ALP expression over time can then

be plotted using Excel.

Table 6.1: RIPA Solution Composition

Component Vendor Amount
Double Distilled Water Bioworld 178 mL
Sodium Dodecyl Sulfate Fisher Bioreagents 0.2 g
Sodium Chloride Fisher Scientific 1.7532 g
Sodium Deoxycholate Bioworld 10 mL
Triton X-100 Acros Organic 2 mL
Tris Hydrogen Chloride Thermo Scientific 10 mL

Alizarin red staining can be performed in parallel with the ALP assay on day 21 following
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an established protocol (PromoCell, Heidelberg, Germany). The staining solution is prepared

by dissolving 2 g Alizarin Red S powder (Sigma-Aldrich, St. Louis, MO) in 90 mL DI water,

adjusted with hydrochloric acid to reach a pH of 4.1-4.3, brought up to 100 mL total volume with

DI water, and filtered. Cells/samples are washed with PBS and fixed in Saccomanno Fixation

Solution (Morphisto, Offenbach, Germany) for 30 minutes. Samples are then aspirated, washed in

DI water, aspirated, and exposed to the Alizarin Red S staining solution until covered. Samples are

covered and incubated at room temperature for 10-15 minutes, washed in DI water, and then PBS

is added to the samples. Mineralization can then be visualized under light microscopy with images

processed with ImageJ and quantified via threshold intensity.

If bone specific OPN was indeed present in the in vivo results, it is hypothesized that the

mPOC-60HA samples will show the highest ALP expression and mineralization. mPOC-40HA

should also show some degree of both, though at a lesser level. This is hypothesized due to the

presence of both citric acid and HA within the polymer network, both of which could potentially

persuade MC3T3 cells toward their osteogenic line. PMMA is not expected to produce high levels

of ALP or mineralization, though some may occur due to the small percentage of HA present in

the Kyphon Activos 10 bone cement (10% HA). An even more indicative cell line to use in these

experiments would be human mesenchymal stem cells, which can differentiate into a vast number

of potential cell lines including myocytes, adipocytes, osteoblasts, neurons, and chondrocytes.

Increased ALP expression and mineralization in this cell line would further verify the ability of

mPOC-xHA composites to induce osteodifferentiation, recruit bone cells, and provide a framework

for bone remodeling.
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6.2.2 In Vivo Femoral Defect

An important step in testing the efficacy of the bone cements presented in this thesis is to study its

ability to integrate into natural bone tissue by way of some type of orthopedic bone defect model.

Commonly, these models are performed in rabbits as they provide a large bone structure in what

is considered a small animal model. Previously, Qui et. al. developed and tested a POC-HA

composite for orthopedic implants within a rabbit femoral defect model, finding that after 6 weeks

implantation the implants interfaced well with the surrounding bone with minimal inflammation,

no encapsulation, and presence of mineralized chondrocytes adjacent to the implant indicating

normal bone remodeling46. For our own purposes, we would prepare and test mPOC-40HA and

mPOC-60HA bone cements within a similar femoral bone defect to determine their levels of inte-

gration, bone remodeling, and inflammatory effect, assessing which bone cement would be ideally

used in a later VP/KP model against clinically relevant PMMA.

Specifically, nine New Zealand white rabbits (Covance, Kalamazoo, MI) weighing between

2.3 and 2.7 kg would be used to assess biocompatibility. Animal experiments would be carried out

in compliance with a protocol approved by the Northwestern University’s Animal Care and Use

Committee (Chicago, IL). Rabbits would be anesthetized by ketamine (40 mg/kg intramuscularly)

and xylazine (5.7 mg/kg intramuscularly), supplemented with isoflurane (1-2% inhalation). A

4.0 cm medial parapatellar arthrotomy, a standard technique to expose the knee joint, would be

used to expose the medial femoral condyle. A 2.7 mm diameter, 4.0 mm deep bone defect would

be created in the exposed right medial femoral condyle using a mosaicplasty harvester (Smith &

Nephew, Memphis, TN). Liquid mPOC-40HA and mPOC-60HA would be injected into the defect

and allowed to cure. An n of 3 rabbits would be used for each group (3 for control, 3 for mPOC-

40HA, and 3 for mPOC-60HA). After all surgical procedures, the rabbits would be housed in the

Pancoe-NorthShore University Health System Life Sciences Pavilion and cared for in compliance
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with the regulations established by the Northwestern University Institutional Animal Care and Use

Committee. Animals would be examined for post-operative pain each day following the procedure

until day 10, and then each week to assess signs of animal mobility, eating and drinking habits,

changes in body weight, and appearance of surgical wounds. Knees would be harvested at 6 weeks

post injection with gross examination documented with a digital camera. Knee sections would be

fixed in 10% neutral buffered formalin, sectioned at 5 mm, and either decalcified in 10% EDTA

solution and stained for H& E or not decalcified and stained for von Kossa. Sections would be

evaluated by standard light microscopy.

Sections stained for H&E should indicate a low level of inflammatory cells and lack of a fibrous

capsule forming around the bone cement injection site. If the cement has begun to degrade, parts

of the cement may be visibly broken off the main bone cement mass and seen integrating into the

surrounding bone. Von Kossa staining is a method used to quantify mineralization of calcium in

tissues. The interface between the bone cements and surrounding bone would ideally present the

formation of new osteoids and mineralized chondrocytes, confirming the progression of normal

bone remodeling and indicating that the bone cements would be integrating into this process. It

is hypothesized that the mPOC-60HA bone cement would perform better than its mPOC-40HA

counterpart due to the increased level of HA within the polymer network. The previous study

by Qui et. al. utilized POC with 65% HA and showed very promising results in their in vivo

model at 6 weeks, something that would ideally be shown for our own bone cements46. While this

initial bone defect model would provide necessary information on how the bone cements behave

in an orthopedic setting, they are still not being tested in a model that would mimic the orthopedic

condition or surgical procedures addressed in the framework of this thesis. For that, an osteoporotic

VP/KP model would be the most beneficial to further study.
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6.2.3 In Vivo Osteoporotic VP/KP Model

Inducing osteoporosis in animal models has been successfully done primarily in mouse and rat

models by way of ovariectomy (OVX) in females. This significantly decreases the amount of

estrogen, leading to increased bone resorption and, over time, decreased bone mineral density and

the onset of osteoporosis93. These OVX models are useful in studying drugs and treatments for

osteoporosis as well as for utilization in bone tissue engineering strategies. Since the bone cements

presented in this thesis were developed and tested for the use in VP/KP, surgical procedures that

are by far the most used in osteoporotic patients, performing a similar VP/KP model within an

osteoporotic animal would present convincing evidence of the efficacy of these CBB bone cements.

Developing an animal around mice and/or rats presents some disadvantages due to their size

and mobility method. Their size would make a vertebral defect procedure tricky as either the

vertebrae would be too small to work with, or the amount of material used would be too small

an amount to determine true bone remodeling. Additionally, these animals use all four limbs

to mobilize which does not truly mimic the vertebral mechanics and stresses that are relevant to

humans. Ideally, bi-pedal non-human primate models would be used, though these models would

be expensive and time consuming to develop an osteoporotic model in. Instead, OVX has been

successfully performed in female rabbits resulting in the development of osteoporosis within the

range of 8 weeks to 6 months94,95. While these animals also utilize all four limbs for mobility, the

lumbar vertebrae do undergo compressive, shear, and rotational stresses similarly seen in human

vertebrae.

Specifically for this model and experiment, sixty 5-month-old female New Zealand white rab-

bits (Convance, Kalamazoo, MI) weighing between 3.2 and 3.5 kg would be used. Animal ex-

periments would be carried out in compliance with a protocol approved by the Northwestern Uni-

versity’s Animal Care and Use Committee (Chicago, IL). Rabbits would acclimate for two weeks
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before OVX and sham procedures. The bone mineral density (BMD) of the lumbar spine would

be measured using dual-energy X-ray one week before surgery. Fifty-four animals would un-

dergo OVX (ovariectomy performed through the dorsal side) and six animals would undergo a

sham surgery (normal procedure with no ovary removal). After all surgical procedures, the rabbits

would be housed in the Pancoe-NorthShore University Health System Life Sciences Pavilion and

cared for in compliance with the regulations established by the Northwestern University Institu-

tional Animal Care and Use Committee. Animals would be examined for post-operative pain each

day following the procedure until day 10, and then each week to assess signs of animal mobility,

eating and drinking habits, changes in body weight, and appearance of surgical wounds. OVX

animals would receive 0.6 mg/kg/day dexamethasone sodium phosphate intramuscularly after one

week of OVX and up to 8 weeks. Sham animals would receive the same amount in saline. BMD

would be measured again post-operatively at 4 and 8 weeks.

For VP/KP, animals would be randomly divided into three groups (n of 18): mPOC-60HA,

Kyphon Activos 10 PMMA, and a control group. The mPOC-60HA and PMMA groups would

undergo VP. Rabbits would be anesthetized and the L4 and L5 vertebral bodies would be identified

and monitored under X-ray. A 14G bone marrow cannula would be inserted into the vertebrae

at 1-2 mm and after reaching position would be filled with the appropriate bone cement (approx-

imately 0.1-0.2 mL) and allowed to cure before having the cannula retract. Penicillin would be

administered intramuscularly before surgery and three days after surgery to prevent infection. An-

imals would be housed in the Pancoe-NorthShore University Health System Life Sciences Pavilion,

cared for in compliance with the regulations established by the Northwestern University Institu-

tional Animal Care and Use Committee, and examined for post-operative pain, signs of animal

mobility, eating and drinking habits, changes in body weight, and appearance of surgical wounds.

Rabbits would be euthanized at 4, 8, and 12 weeks and the L4 and L5 vertebral segments
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removed and stripped of soft tissue. Vertebral samples would be scanned by micro-CT and recon-

structed using a data analyzer under the same conditions. Histological samples would be acquired

by fixing vertebral samples in 10% formalin and dehydrated in a series of ascending ethanol solu-

tions. Samples would be embedded in PMMA, cut into 10-20 µm sections using a diamond tissue

microtome, and stained with methylene blue and basic fuchsin. Samples would be imaged using

the Pathology Core Facility at Northwestern University, imaging slides at 40x using the Hama-

matsu K.K. Nanozoomer 2.0 HT (Hamamatsu Photonics K.K., Hamamatsu, Shizuoka, Japan).

Quantification of data would be determined in collaboration with the Pathology Core Facility but

would involve assessing the tissue response at the bone-material interface, new bone quality, and

bone ingrowth.

The model outlined above would offer important insight into the performance of mPOC-60HA

and PMMA. Given the inherent disadvantages of PMMA that were addressed in Chapter 2, notably

its high mechanical strength and inability to degrade, PMMA is hypothesized to primarily offer sta-

bility to the vertebra (though at a much higher value than the natural bone) and not promote any

sufficient bone bonding or remodeling. On the other hand, mPOC-60HA is hypothesized to pro-

mote bone remodeling and more closely match the BMD of the osteoporotic vertebrae. Successful

results from this study would elevate mPOC-60HA along its track to eventual human/clinical stud-

ies.

6.2.4 Ex Vivo Vertebral Mechanics

One of the most relevant experiments that can be performed to determine the compressive mechan-

ics of the mPOC-xHA bone cements is to prepare an ex vivo mechanical compression study using

osteoporotic human vertebrae or a bone foam substitute that closely mimics that of vertebrae. This

was initially proposed, but due to available funding (and a lack of interest) it was quickly turned
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down. For those interested in pursuing an ex vivo study, the vendors, quotes, and experimental

designs are as follows.

Given expected results from the previously described in vitro and in vivo studies, it is hypothe-

sized that the mPOC-60HA bone cements will perform the best compared to other composites. As

such, mPOC-60HA and clinically relevant PMMA would be evaluated in an ex vivo study. Perry

et. al. and Kim et. al. provide excellent experimental designs that would be closely followed

for these experiments96,97. Ideally forty vertebral bodies within the T9 to L4 region would be har-

vested from osteoporotic cadaveric spines, cleaned of any excess soft tissue, and scanned by dual

energy x-ray to determine BMD of specimens. Molds of the superior and inferior vertebral end

plates would then be created using an epoxy filler (Bondo: Bondo Corp, Atlanta, GA) to create flat

end plates that would distribute compressive mechanical forces evenly. Vertebral body volume can

additionally be determined by Archimedean water displacement. For initial mechanical testing to

establish a VCF, each vertebral body would be compressed at a rate of 0.5 mm per second using

a hinged-plated device on an MTS/Sintech 20/G universal testing machine (Eden Prairie, MN) to

create an anterior wedge fracture around 25% of the initial anterior height. Force and displacement

data would be recorded.

Vertebral bodies would then be randomly assigned to one of three groups: mPOC-60HA,

Kyphon Activos 10 PMMA, and a control (no cement). Kyphoplasty would be performed with

a balloon tamp until initial vertebral height was achieved (KyphX bone tamp, Medtronic, Min-

neapolis, MN). Bone cements would be injected into the cancellous void to 25% volume fill and

allowed to cure at 37°C for 24 hours. Samples would then be recompressed as before to obtain

posttreatment data.

Osteoporotic cadaver bone could be acquired through Innoved Institute, LLC (Elk Grove Vil-

lage, IL). They were previously contacted to determine a quote for all cadaver bones needed for
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the experiment described above. This resource would be able to provide cleaned cadaver bones of

a given region with the BMD determined in house, shipping to and from the experimental location,

and the necessary medical waste materials. Alternatively, bone foam that mimics vertebral bod-

ies could be acquired from Sawbones® (Vashon, WA). Sawbones® offers osteoporotic composite

bone in a variety of bone types including L3 vertebrae. The developed osteoporotic composite bone

has a thin cortical shell with a 10 pounds per cubic foot solid rigid polyurethane foam cancellous

core that would be ideal for testing cement augmentation.

Table 6.2: Quote from Innoved Institute, LLC for Osteoporotic Vertebrae

Component Quantity Rate ($) Amount ($)
Vertebral Bodies 40.00 350.00 14,000.00
Dual Energy X-Ray Absorptiometry (per scan) 6.00 200.00 1,200.00
Kit for Returning Specimens 1.00 40.00 40.00
IATA Compliant Large Packaging 1.00 92.00 92.00
Cremate/Returned Specimen (per lb) 100.00 2.85 285.00
Outbound Local Shipping (0-50 miles) 1.00 100.00 100.00
Return Local Shipping (0-50 miles) 1.00 100.00 100.00

It is hypothesized that both bone cement treatments will exceed the initial osteoporotic com-

pressive mechanics. It is also hypothesized that PMMA will have a higher failure strength com-

pared to mPOC-60HA composites as seen from initial mechanical compression data as presented

in Chapter 3. mPOC-60HA would ideally more closely match the initial compressive mechanics of

osteoporotic specimens. This study would have limitations given that it is not being performed di-

rectly in a clinical setting, but it would provide important information on how mPOC-60HA could

perform in a clinical setting. If bone foam is used instead of osteoporotic cadaver bone, the results

from that study may not be completely relevant as only the L3 vertebra could be tested instead of

a range of lumbar and thoracic vertebrae, there would be little variance in BMD and structure, and

the bone foam is a close approximation of natural bone. While the results would be insightful, and
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Figure 6.1: Sawbones® individual composite L3 vertebrae with 10 pounds per cubic foot (0.16
g/cc) density solid foam cancellous- polyurethane core (product #3429-3-2). Dimensions are a) 48
mm, b) 35 mm, and c) 11 mm. Pedicle height is 16 mm.

would cost less, the impact would be less valuable when compared to other similar experiments

utilizing cadaver bone.

6.2.5 Research Necessary for FDA Approval

The pinnacle achievement of the work presented in this thesis would be to acquire FDA approval

for use of mPOC-xHA as a bone cement. This material would likely be classified as a class II

(special controls) medical device based on the current standard PMMA being classified as such as

well as the recent 510(k) approval of Citregen™ and Citrelock™ from Acuitive Technologies98.

mPOC-xHA would also likely follow similar testing requirements as those required for PMMA,

given that they are both recognized as bone cements based off of “methylmethacrylate, polymethyl-

methacrylate, esters of methacrylic acid, or copolymers containing polymethylmethacrylate and

polystyrene,” therefore making mPOC-xHA substantially equivalent to PMMA99. Specifically,
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ASTM F451-16 regarding the Standard Specification for Acrylic Bone Cement, ASTM F983-86

regarding the Standard Practice for Permanent Marking of Orthopaedic Implant Components, and

ASTM F565-04 regarding the Standard Practice for Care and Handling of Orthopedic Implants

and Instruments should be followed when developing and testing mPOC-xHA100. Further research

may need to be performed to address the biocompatibility of the chosen mPOC-xHA formulation

following ISO-10993 for blood-contacting, long-term implanted devices. PMMA and mPOC-xHA

cements should be compared for all physical and chemical characterizations of the cement; The

mixing and application of the cement, working, and setting times following ASTM 451 and ISO

5833 should be addressed; The main components found in mPOC-xHA should be identified and

quantified, with residual monomer levels and elution of monomers during mixing and after poly-

merization being determined via gas chromatography; The molecular weight should be established

by gel permeation chromatography or solution viscosity measurements and the degree of poly-

merization should be determined; The HA morphology, size distribution, and dispersion should

be addressed by SEM. Mechanical testing that should be addressed include several in vitro test-

ing methods as described in ASTM F451-99 (Standard Specifications for Acrylic Bone Cement)

which includes testing for modulus, fatigue, fracture toughness, fatigue crack propagation, flexu-

ral strength, compressive strength, shear strength, tensile strength, and creep compared to PMMA.

The morphology of the fracture surface should be analyzed for porosity of the fractured surface and

bulk material, dispersion of additives at the fractured surface, and failure analysis of the fractured

surface. A description of variables including mixing, centrifugation, method of mixing, mold-

ing, machining, finishing effects, and aging/curing that may affect the in vitro data should also

be included for PMMA and mPOC-xHA. A shelf-life should be established using an accelerated

stability testing protocol that monitors the physical and mechanical properties of the cement as

it progresses to its intended shelf-life. Finally, sterilization methods should be provided within a
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summary outlining the type of sterilization method used and at what dose.

6.3 Significance and Outlook

These proposed experiments and the results presented in this thesis provide an essential foundation

for mPOC-xHA to be further tested and analyzed for use in orthopedic engineering. The ability

for the bone cements to cure in situ without the disadvantages of PMMA is highly desired not only

for its handling characteristics, but also its ability to integrate into and promote regeneration in

surrounding tissues. Introducing an alternative bone cement based off of components already in-

herently contained within the bone matrix provides an advantageous material for many orthopedic

tissue engineering applications.
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Figure 6.2: Flowchart of the necessary experiments and data required for FDA approval of a sub-
stantially equivalent Class II Device.
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APPENDIX A

APPENDIX

A.1 Adjusted POC Synthesis

Prior to use of mPOC in the above work, the synthesis of POC and mPOC was addressed. It was

noticed within the NMR spectrums that POC and mPOC contained some unnecessary aromatic

groups and residual compounds such as ethanol and THF that should not necessarily be present

(Figure SA.1). First, POC was dissolved in THF instead of ethanol during the first day of synthesis

which resulted in an elimination of the ethanol peaks seen in subsequent POC and mPOC NMR

readings as well as increasing the yield of POC acquired for the next step of synthesis (Figure

SA.2). Next, the catalyst used during the synthesis for mPOC (imidazole) was tested and com-

pared to an alternative catalyst, 4-Dimethylaminopyridine (DMAP) (Figure SA.3). DMAP was

hypothesized to be more efficient in attaching methacrylate groups to the POC polymer chain. It

was initially noted that there were minimal methacrylate groups attaching to POC, meaning that

monomer units of glycidyl methacrylate were floating within the POC polymer but not integrating

into the structure. These free monomer units may have been causing the early cell cytotoxicity ef-

fects in early POC culture results. The switch to DMAP, as well as multiple washes of the polymer,

may lessen the cytotoxicity. Time of synthesis of mPOC was increased from 6 hours to 24, 72, and

168 hours (1, 3, and 7 days) to determine if the level of methacrylation increased or had any effect

on the polymer’s mechanical compression characteristics (Figure SA.4). Methacrylation seemed

to have increased while synthesizing for 24 hours, though additional days of synthesis resulted in

weaker compressive mechanics. Through running ESI on DMAP and imidazole mPOC samples it



112

was noted that both fall within 750-1000 m/z (Figure SA.5). Most structures are octanediol-citric

acid with either normal or transesterified glycidyl methacrylate attached to either octanediol or

citric acid molecules. Chromatography was eventually used to strip out any unreacted monomer

units and unreacted aromatic structures, as seen from the final synthesis presented in Chapter 3.

The chromatography step was adjusted to only use distilled THF as it was found that trace amounts

of butylated hydroxytoluene (BHT) appeared in the NMR spectrum when using non-distilled THF

(Figures SA.6 and SA.7). To address the effect of monomer ratios on compressive mechanics,

mPOC samples with a 1.2:1 octanediol:citric acid ratio was synthesized (Table A.1).

Table A.1: Summary of mechanical characteristics of various synthesis conditions for mPOC.
Statistical significance is not calculated for this table given that the n number differs between
groups.

Formulation Young’s Modulus (MPa) N
6-Hr Synthesis mPOC-DMAP 49.3 ± 3.94 4
24-Hr Synthesis mPOC-DMAP 62.1 ± 10.3 4
72-Hr Synthesis mPOC-DMAP 190.1 ± 6.88 4
168-Hr Synthesis mPOC-DMAP 61.2 1
1.2:1 Octanediol:Citric Acid mPOC 48.6 ± 6.45 6

Initial mPOC polymerization involved ethyl acetate as the mixing solvent. This initial solvent

was compared to ethanol, which is miscible in water, as it was hypothesized that ethanol may be

a more cytocompatible solvent than ethyl acetate. L929 fibroblast cells were prepared and seeded

at 10,000 cells per well in a 96 well plate following ISO 10993. Cells were exposed to various

extract concentrations and allowed to incubate over 24 hours. It was found that the mPOC samples

mixed with ethanol had better viability than those with no solvent or ethyl acetate as the solvent.

Additional cell studies that included mPOC-xHA extracts with ethanol followed, reinforcing that

switching to ethanol would be advantageous for cell survival. Cell cytotoxicity studies were also

performed for 24-, 48-, and 72-hour crosslinked mPOC scaffolds as well as a 5% V70 (initiator)
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Figure S A.1: 1H NMR spectra of mPOC synthesized with imidazole. Imidazole (inset structure) is
not completely removed from the mPOC after synthesis and purification as seen by the highlighted
(blue) peaks present at 7.73 and 7.16 ppm. These aromatic groups are unnecessary within the
purified mPOC structure, thus further purification steps and a reworking of the mPOC synthesis
were pursued to obtain an optimized mPOC.
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Figure S A.2: 1H NMR spectra of POC washed in THF or ethanol. During the original synthesis of
POC, the polymer is dissolved in ethanol before distilling the polymer in DI water. While the use
of ethanol in this step does not impact the use of POC for further applications, it can affect further
synthesis steps for mPOC. As such, ethanol was replaced by THF as THF is the primary solvent
used during mPOC synthesis, resulting in distinct peaks at 3.59 and 1.75 ppm for the POC-THF
workup. Ethanol peaks can be seen at 3.44 and 1.05 ppm.
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Figure S A.3: 1H NMR spectra of mPOC with either imidazole or DMAP used as the ring-opening
catalyst during mPOC synthesis. 1H NMR spectra of both imidazole mPOC and DMAP mPOC
are similar, except for the presence of aromatic groups associated with imidazole at 7.73 ppm
and DMAP at 8.20 and 7.05 ppm. Using DMAP was hypothesized to increase the efficiency of
attachment of methacrylate groups to the POC structure, potentially decreasing the amount of
synthesis time.
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Figure S A.4: 1H NMR spectra of mPOC with DMAP used as the ring-opening catalyst during
synthesis carried out for 24, 72, or 168 hours. It was hypothesized that letting the synthesis run
for extended periods of time would increase the amount of methacrylate groups added to the POC
structure. The change in synthesis times was also hypothesized to have effects on the mechanics
and cytotoxicity of cured mPOC composites. Of note, the 1H NMR spectra shows distinct separa-
tion of the peaks associated with citric acid (blue highlight) which may indicate that the hydrogen
atoms are in more stable environments after 72 hours of synthesis. These data also show that fur-
ther synthesis past 72 hours is unnecessary, as the 1H NMR spectra between 72 and 168 hours are
nearly identical.
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Figure S A.5: ESI data for mPOC synthesized with (A) imidazole for 6 hours, (B) DMAP for
6 hours, (C) DMAP for 24 hours, and (D) DMAP for 72 hours. Trace amounts of imidazole
and DMAP can be seen in the 6-hour syntheses (A-B), noted by the molecular weights of 353.2
Daltons and 265.1 Daltons. Synthesis over 24 hours eliminates these trace compounds and greatly
increases the size, occurrence, and variety of mPOC macromolecules (C). Synthesis over 72 hours
(D) shows that one distinct structure of mPOC is likely to occur over other structures, namely a
tri-1,8-octanediol – tri-citric acid – tri-glycidyl methacrylate (E). Moving forward from this data,
mPOC synthesis time was increased from 6 hours to 24 hours for all subsequent polymer syntheses.
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Figure S A.6: 1H NMR spectra of mPOC using non-distilled THF and distilled THF as a polymer
solvent. It was noted that BHT, a trace component of THF, was found in the 1H NMR spectra
of mPOC. In an effort to purify mPOC as much as possible, THF was distilled and used as an
alternative solvent during mPOC synthesis. Using distilled THF showed a reduction of BHT within
the 1H NMR spectra (blue highlight) noted at 1.36 ppm.
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Figure S A.7: ESI data for mPOC ran through chromatography with non-distilled THF (A) and
distilled THF (B). The occurrence of macromolecules differs slightly between these samples, with
non-distilled THF (A) resulting in primarily a 1034.53 Dalton macromolecule (C) and distilled
THF (B) resulting in primarily an 892.47 Dalton macromolecule (C). Sodium adducts are noted
within the ESI spectrum by an increase in macromolecule size of 23 Daltons.
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Figure S A.8: ESI data for a new molar synthesis of POC (A) and mPOC (B). Typical molar ratio
between 1,8-octanediol and citric acid are 1:1. This figure instead shows ESI data for a 1.2:1
ratio, which aimed to attach more 1,8-octanediol groups to the overall macromolecule structure.
(A) POC ESI data shows primarily a tri-1,8-octanediol – di-citric acid structure weighing 750.40
Daltons (C). Sodium adducts are noted within this spectrum by an increase in macromolecule size
of 23 Daltons. (B) Primary structure of mPOC is a tri-1,8-octanediol – tri-citric acid – di-glycidyl
methacrylate weighing 1207.95 Daltons (C). Increasing the amount of 1,8-octanediol compared
to citric acid did increase the likelihood of POC macromolecules containing more units of 1,8-
octanediol, but this was not seen in mPOC structures. Adjusting the ratio may have more precedent
in POC applications over mPOC applications.
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Figure S A.9: (A) In vitro cell cytotoxicity study comparing mPOC composites cured with no
solvent, ethyl acetate as the solvent, or ethanol as the solvent. L929 murine fibroblasts (passage
7) were seeded onto 96-well plates at 10,000 cells/well and allowed to attach and grow for 24
hours. Cells were exposed to various extract concentrations and allowed to incubate over 24 hours,
then an MTT assay was performed to determine viability. Viability decreases for all groups as the
extract concentration increases, though ethanol samples performed the best. Ethanol was chosen as
the solvent utilized in mPOC polymerization moving forward. (B) In vitro cell cytotoxicity study
comparing mPOC composites cured at various time points. L929 murine fibroblasts (passage 7)
were seeded onto 96-well plates at 10,000 cells/well and allowed to attach and grow for 24 hours.
Cells were exposed to various extract concentrations and allowed to incubate over 24 hours, then
an MTT assay was performed to determine viability. Viability remains above minimum viability
levels (above 80%) for all extract concentrations and cure times.

mPOC scaffolds. It was found that increasing the amount of V70 was unnecessary as the viability

was worse than 24 hour cured samples.

A.2 Efficacy of Statins

An initial project design involved studying statins due to their ability to affect both angiogenesis

and osteogenesis. It was hypothesized that incorporating either hydrophobic or hydrophilic statins

into mPOC would help initiate both angiogenesis and osteogenesis at a quicker rate than naturally

seen from the material itself. Statins are small molecules that inhibit 3-hydroxy-3-methylglutaryl

(HMG) coenzyme A reductase and has been shown in vitro and in vivo to promote both angio-
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Table A.2: Comparative statistical analysis of in vitro cell cytotoxicity for different solvents used
in mPOC polymerization using student’s t-test to compare pairs of means where ∗p < 0.05 and
∗∗p < 0.01.

12.5% No Solvent Ethyl Acetate Ethanol
No Solvent - **
Ethyl Acetate - *
Ethanol ** * -

25% No Solvent Ethyl Acetate Ethanol
No Solvent - ** **
Ethyl Acetate ** - **
Ethanol ** ** -

50% No Solvent Ethyl Acetate Ethanol
No Solvent - ** **
Ethyl Acetate ** - **
Ethanol ** ** -

100% No Solvent Ethyl Acetate Ethanol
No Solvent - **
Ethyl Acetate - **
Ethanol ** ** -

(a) Statistical comparison of viability between different solvents at the same concentration.

No Solvent 12.5% 25% 50% 100%
12.5% - ** ** **
25% ** - ** **
50% ** ** - **
100% ** ** ** -

Ethyl Acetate 12.5% 25% 50% 100%
12.5% - ** ** **
25% ** - ** **
50% ** ** - **
100% ** ** ** -

Ethanol 12.5% 25% 50% 100%
12.5% - * **
25% - **
50% * - **
100% ** ** ** -

(b) Statistical comparison of viability between the same solvent at different concentrations.
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Table A.3: Comparative statistical analysis of in vitro cell cytotoxicity for cure times for mPOC
polymerization using student’s t-test to compare pairs of means where ∗p < 0.05 and ∗∗p < 0.01.
12.5% and 48-Hr tables showed no significance between groups and are thus not reported.

25% 24-Hr 48-Hr 72-Hr
24-Hr -
48-Hr - *
72-Hr * -

50% 24-Hr 48-Hr 72-Hr
24-Hr - **
48-Hr ** - *
72-Hr * -

100% 24-Hr 48-Hr 72-Hr
24-Hr -
48-Hr - **
72-Hr ** -

(a) Statistical comparison of viability between different cure times at the same concentration.

24-Hr 12.5% 25% 50% 100%
12.5% - *
25% -
50% * -
100% -

72-Hr 12.5% 25% 50% 100%
12.5% - **
25% - **
50% - *
100% ** ** * -

(b) Statistical comparison of viability between the same cure time at different concentrations.
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genic and osteogenic characteristics by upregulating endothelial nitric oxide synthase (eNOS),

decreasing osteoclast differentiation and osteoblast apoptosis, and increasing osteoblast differen-

tiation101,102. Hydrophobic simvastatin and lovastatin and hydrophilic pravastatin were chosen as

potential statin additives based on their short elimination half-lives (statins purchased from Milli-

pore Sigma, Burlington, MA). Cell cytotoxicity for various concentrations of statins were prepared

and tested with L929 cells, human umbilical vein endothelial cells (HUVECs), and hMSCs (Fig-

ure SA.10 and SA.11). Cytotoxicity at 10 µM in L929 cells was seen for both simvastatin and

lovastatin, potentially due to their hydrophobicity. HUVECs were more sensitive to higher statin

concentrations, so a range of 0-0.1 µM was tested. It was determined that concentrations of up

to 0.025 µM did not cause cytotoxic effects to HUVECs. ALP activity and calcium production of

hMSCs exposed to statin concentrations of 0.01-0.1 µM was also addressed to determine if any of

the tested statins promoted osteogenic lineages (Figure SA.12). After 10 days, there was no sig-

nificant difference between negative and experimental statin groups, indicating that there was little

to no pro-osteogenic effect of statins on hMSCs. Additionally, no calcium deposits were seen in

experimental statin groups at day 21. Given the minimal evidence that the statins studied presented

early pro-osteogenic expression, they were not pursued in following experiments and are thus not

featured within the bulk portions of this thesis work.

A.3 Component Cell Cytotoxicity

Each component relevant to mPOC polymerization, as well as components present in PMMA poly-

merization, or a relevant azo initiator were tested for cytotoxic effects at various concentrations

following ISO 10993. Benzoyl peroxide (PMMA initiator), AIBN (azo initiator), V70, glycidyl

methacrylate, and EDAB were tested at 0.1, 0.5, 1, 5, and 10 µM concentrations in media over 24
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Figure S A.10: (A) Molecular structures for simvastatin, lovastatin, and pravastatin. (B) In vitro
cell cytotoxicity study comparing statins at various concentrations. L929 murine fibroblasts (pas-
sage 7) were seeded onto 96-well plates at 10,000 cells/well and allowed to attach and grow for 24
hours. Cells were exposed to various statin concentrations and allowed to incubate over 24 hours,
then an MTT assay was performed to determine viability. Cytotoxicity is noted in both simvastatin
and lovastatin at 10 µM. This concentration was not further pursued.
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Table A.4: Comparative statistical analysis of in vitro cell cytotoxicity for statins (Figure SA.10B)
at different concentrations using student’s t-test to compare pairs of means where ∗p < 0.05 and
∗∗p < 0.01. Pravastatin did not have any statistical significance between groups and is thus not
reported here.

Simvastatin 0.01 nM 0.1 nM 1 nM 0.01 µM 0.1 µM 1 µM 10 µM
0.01 nM - **
0.1 nM - *
1 nM -
0.01 µM - **
0.1 µM -
1 µM - *
10 µM ** * ** * -

Lovastatin 0.01 nM 0.1 nM 1 nM 0.01 µM 0.1 µM 1 µM 10 µM
0.01 nM - **
0.1 nM - *
1 nM - **
0.01 µM -
0.1 µM - **
1 µM - **
10 µM ** * ** ** ** -
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Figure S A.11: In vitro cell cytotoxicity study comparing statins at various concentrations and with
various cell types. (A) HUVECs (passage 4) were seeded onto 96-well plates at 3,000 cells/well
and allowed to attach and grow for 24 hours. Cells were exposed to various statin concentrations
and allowed to incubate over 24 hours and 72 hours, then an MTT assay was performed to deter-
mine viability where ∗p < 0.05. Pravastatin presented a significant decrease in cell viability at day
3, so concentrations between 0 and 0.1 µM were chosen for an additional cell viability study in
HUVECs. (B) hMSCs (passage 1) were seeded onto 96-well plates at 5,000 cells/well and allowed
to attach and grow for 24 hours. Cells were exposed to various statin concentrations and allowed
to incubate over 24 hours and 72 hours, then an MTT assay was performed to determine viability
where ∗p < 0.05. (C) Comparison of statins at concentrations between 0 and 0.1 µM. HUVECs
(passage 4) were seeded onto 96-well plates at 3,000 cells/well and allowed to attach and grow
for 24 hours. Cells were exposed to various statin concentrations and allowed to incubate over 24
hours and 72 hours, then an MTT assay was performed to determine viability where ∗p < 0.05.
Given all statins and concentrations fell above 80% viability, concentrations of up to 0.1 µM were
utilized for osteogenic cell studies.
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Figure S A.12: (A) Alkaline Phosphatase (ALP) expression at 5 and 10 days for control groups
and statin experimental groups. Statistical significance between 5 and 10 days for each group
are represented where ∗p < 0.05 and ∗∗p < 0.01. Statins groups show statistically equivalent ALP
expression at 10 days compared to negative controls, indicating that the statins do not promote early
osteogenic expression. (B) ALP standard curve to determine ALP activity where y=4,375,468.57x-
72,316.14 and R2=0.98 for the fit linear regression. (C) Alizarin red staining of hMSCs after
21 days exposure to either simvastatin, lovastatin, or pravastatin of various concentrations. No
calcium deposits are seen in any experimental group, whereas positive cells that were cultured in
osteogenic media contain calcium deposits (red). Cell density remains consistent between groups.
Scale bar inset is 100 µm.
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Figure S A.13: In vitro cell cytotoxicity study for various concentrations of chemical components
and free radical polymerization initiators. L929 murine fibroblasts (passage 7) were seeded onto
96-well plates at 6000 cells/well and allowed to attach and grow for 24 hours. Each chemical
component was mixed into media at concentrations of 0.1, 0.5, 1, 5, and 10 µM, filtered, and
applied to cells for a 24-hour period following ISO 10993. Media was then aspirated, and 1mg/mL
MTT solution was added into wells and allowed to react for 4 hours. MTT solution was removed,
particulates were dissolved in DMSO to produce a colour change, and plates were read at 570nm.
Viability is calculated as the average absorbance of experimental groups divided by the average
absorbance of control groups, multiplied by 100 to obtain a percentage.

hours of exposure. Each component performed well within viable ranges at each tested concentra-

tion, showing that the included components in mPOC polymerization should not cause additional

cytotoxic effects towards cells.

A.4 OPN In Vivo Results

Preliminary OPN immunofluorescent staining was performed to determine if any bone marker

cells were present at and around the material tissue interface following the in vivo subcutaneous

injection study. 4-week time points were sectioned at 5 µm and stained for OPN (Akm2A1, mouse
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Table A.5: Comparative statistical analysis of in vitro cell cytotoxicity for various concentrations
of chemical components and free radical polymerization initiators using student’s t-test to compare
pairs of means where ∗p < 0.05 and ∗∗p < 0.01. No statistical significance was seen for (a) 0.1
and 0.5 µM or (b) V70, GMA, and EDAB so are not reported here.

1 µM BP AIBN V70 GMA EDAB
BP -
AIBN - *
V70 -
GMA * -
EDAB -

5 µM BP AIBN V70 GMA EDAB
BP - *
AIBN * -
V70 -
GMA -
EDAB -

10 µM BP AIBN V70 GMA EDAB
BP - * *
AIBN * -
V70 -
GMA -
EDAB * -

(a) Statistical comparison of viability between different chemical components/initiators at the same
concentration.

BP 0.1 µM 0.5 µM 1 µM 5 µM 10 µM
0.1 µM - * * **
0.5 µM * -
1 µM -
5 µM * -
10 µM ** -

AIBN 0.1 µM 0.5 µM 1 µM 5 µM 10 µM
0.1 µM - *
0.5 µM -
1 µM * - *
5 µM * -
10 µM -

(b) Statistical comparison of viability between the same chemical component/initiator at different
concentrations.
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Figure S A.14: (A) Immunohistochemistry staining for osteopontin (OPN) and (B) quantitative
analysis. (A) OPN (red) was qualitatively noted at a higher occurrence in mPOC-60HA samples,
verified through quantitative analysis (B) where OPN expression in mPOC-60HA is statistically
significant compared to other experimental groups. Additional, extended in vivo models should
be carried out in a bone defect model to verify the expression of bone marker cells in response to
mPOC-xHA composites over controls. Scale bars are set at 100 µm and ∗∗p < 0.01.

anti-OPN antibody, Santa Cruz Biotechnology, 1:50 dilution). ImageJ was used to quantitatively

assess the expression of markers against control samples. OPN expression in mPOC-60HA com-

posites is significantly increased compared to all other sample groups, indicating that the presence

of HA may increase the response and influx of early bone marker cells. While these results may

be promising, staining for OPN should be done in an in vivo bone model, as the OPN could be

staining for other cell types such as immune responsive cells.
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