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ABSTRACT
As needs across the regenerative medicine field evolve and become increasingly
complex, citrate-based biomaterials have been developed to provide unique physical, chemical
and biological properties, and have been improved to include antioxidant, osteopromotive
adhesive, antimicrobial and fluorescent properties. Poly(octamethylene citrate) polymers, a
major class of citrate-based materials, have been doped with beta-glycerophosphate salts (βGP),
a mineralization factor and osteogenic differentiation promoter, for the purpose of improving
mechanical properties and enhancing bone regeneration in tissue engineering. The POC-GP
(βGP-Na and GP-Ca) polymers were composited with hydroxyapatite (HA) and subsequently
fabricated into POC-GP/HA composites and micro-particles to observe the effect of the POC-GP
materials doped with different salts, surface morphologies and particle sizes on osteogenic
differentiation of human mesenchymal stem cells in vitro. The use of particles allows for cells to
more easily infiltrate into the degradable POC-GP/HA scaffold, achieving great integration, and
has also been previously shown to improve vascularization and oxygen delivery to cells.
Osteogenic differentiation was measured by levels of alkaline phosphatase expression and
observed through SEM imaging, with existence of extracellular matrix and mineral deposit
formation on surfaces. POC-GP-Ca/HA composites showed the best osteogenic progression and
enhanced differentiation of stem cells, in addition to excellent material properties and
biocompatibility, rendering POC-GP-Ca/HA as a better choice of material for future orthopedic
applications.
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Chapter 1
Introduction

1.1 Current bone grafting methods
Bone is the primary organ responsible for structural support and protection of the body.
A dynamic organ, bone is constantly remodeling to self-repair damage due to fatigue and wear,
such as small hairline stress fractures. Osteoblasts, osteocytes, osteoclasts and bone lining cells
are the four groups of cells that reside in and around the bone matrix, helping to build and
maintain the matrix, and remodel it when necessary. Osteoblasts are responsible for producing
the bone matrix, while mature osteoblasts, referred to as osteocytes, function to maintain the
bone matrix, and osteoclasts are charged with degrading and ridding the matrix of old or
damaged tissue. Osteoblasts are produced as a result of osteogenic differentiation of
mesenchymal stem cells [1]. Should damage occur that is beyond the self-repairing capabilities
of natural bone, such as nonunion defects, trauma related bone fractures, tumor resections,
congenital defects or osteoporosis, a therapeutic approach, such as grafting, is required to
regenerate bone tissue and heal the injury [2-3]. With over two million bone grafting procedures
conducted each year around the world and an increasingly aging global population, demands
have soared for improved bone grafting procedures and technologies [4-5].
To date, autografts are the standard procedure for bone grafting, in which tissue is
harvested from the patient, typically from the iliac crest, the distal femur or the proximal tibia,
and is used to replace or repair the injury site. While the autograft has standardly been an
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effective procedure, several limitations demand a better solution. Autografts require an
additional surgery for the patient, which can result in further implications such as infection or
donor site morbidity. Donor site morbidity refers to both short-term and occasional long-term
pain that is experienced in approximately 20% of autograft cases [6]. Additionally, the amount
of bone tissue that can be harvested is limited—the limited supply of tissue can also be
problematic, especially in complex or chronic cases. While allografts (procedures in which
tissue is harvested from a donor or cadaver) avoid the limitations posed by donor site morbidity
and supply, risk of disease transmission and alteration of mechanical and biological properties of
tissue from sterilization are of nontrivial concern. Both autografts and allografts possess
benefits, but inherent concerns with the procedures present the need for alternatives. Bone grafts
must possess osteoconductivity, osteogenicity and osteoinductivity, all of which are vital to the
growth of new bone tissue. Osteoconductivity refers to the support of osteoblast attachment and
the source of an interconnected structure through which cell migration and vessel formation are
possible. Osteogenicity refers to the merging of the graft with existing natural bone tissue.
Osteoinductivity refers to the ability of a graft to induce differentiation of stem cells to
osteoblasts [6].
In order to meet these complex needs, implants have been developed to address the
existing problems, but have posed their own issues. Existing orthopedic implants typically
consist of one or a combination of materials, namely metal, ceramic or polymer. Although these
implants offer an immediate solution, their long-term performance is poor. Most commonly,
mechanical properties of implants are inconsistent with those of natural bone, leading to
inevitable implant failure and tissue damage. Additionally, there is restricted ability for selfrepair due to poor adaptation to physiological conditions and an incomplete interface between
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organic and inorganic components. Natural bone, composed of collagen, a protein-based
hydrogel template and carbonated apatite crystals, exhibits distinctive material properties,
including low stiffness, resistance to tensile and compressive forces and a high fracture
toughness. Development of composite implants that mimic natural bone with improved
mechanical properties and increased biocompatibility can combat the aforementioned problems
[5]. Currently available synthetic materials, including poly(lactic acid) (PLA), poly(lactic-coglycolic acid) (PLGA) and poly(caprolactone) (PCL) have been commonly used in biomedical
applications, as they are highly processable and conveniently approved by the Food and Drug
Administration, however these thermoplastics are severely limited by their plastic mechanics,
inflammatory responses, restricted ability to interact with cells and slow bone regeneration [7].

1.2 Citrate-based biomaterials as improvements to existing implants
To address the gaps and needs of bone grafting and the regenerative engineering field,
citrate-based biomaterials have been developed to provide unique physical, chemical and
biological properties that can be customized to create novel materials to fit the complex
requirements of specific regenerative engineering applications. These synthetic, biodegradable,
thermoset polymers with elastomeric properties have beneficial chemical and mechanical
properties that allow for mechanical stimuli transfer between the deteriorating matrix and new
tissue. They also possess properties that influence cell spreading, proliferation, migration, gene
expression and differentiation [8].
Most commonly known as an intermediate product of the Krebs cycle, citric acid has a
number of functions, plays a critical role in metabolic regulation and mineral regulation, and also
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possesses antimicrobial and anticoagulant properties [8]. As a nontoxic, readily available and
cost efficient molecule, citric acid is used as the backbone monomer to develop a group of
poly(diol citrates), producing a new class of citrate-based biomaterials with widely tunable
mechanical properties and degradation rates, that possess properties including unique
antioxidant, antimicrobial, adhesive and fluorescent properties. The structure of citric acid
includes three carboxyl groups and one hydroxyl group, presenting key functionality for citratebased biomaterials [7]. During polymerization, pendant chemistry of the carboxyl and hydroxyl
groups is partially preserved, enabling inherent functionality and crosslinking capability of the
polymer which is crucial for the development of the unique properties of citrate-based
biomaterials as suitable tools for both in vitro and in vivo biomedical applications [8].

Figure 1. Chemical structure of citric acid, showing three carboxyl functional groups and one hydroxyl
functional group, which can be utilized to enhance functionality of citrate-based materials.

Development of poly(octamethylene citrate) (POC) was one of the first reported
syntheses of citrate-based biomaterials, combining citric acid and 1,8-octanediol via a
convenient, simple, catalyst-free, one-pot polycondensation reaction. Degradation of POC
occurs through hydrolysis of ester bonds through a combination of surface and bulk erosion. In
addition, POC is fully biodegradable, with degradation rates inversely proportional to the crosslinking density of the polymer. By adjusting cross-linking conditions, the degradation rate can
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be adapted from several days to over a year to meet the specific needs of varying tissues in the
body. Furthermore, a near-linear loss of mechanical properties over the course of degradation
eliminates sudden buildup of degradation products that may elicit undesirable cell and tissue
responses. POC has demonstrated excellent biocompatibility, stemming from the inherent
biocompatibility of both citric acid and 1,8-octanediol. 1,8-octanediol is the largest watersoluble aliphatic diol with no reported toxic effects [8].
Citric acid has pKa values of 2.9, 4.3 and 5.6, thus citric acid largely exists as citrate in
most human tissues. Citrate happens to be found in significant quantities within bone tissue. In
fact, over 90% of citrate in the body is stored in the bone tissue matrix, and plays an important
role in the maintenance of energy homeostasis in cells [8]. The incorporation of citrate in the
bone nanocrystal structure is crucial for the maintenance of bone stability, strength, and
resistance to fracture [1,3].

1.3 Bone formation mechanisms
Bone formation occurs through two major modes, intramembranous ossification (direct)
and endochondral ossification (indirect). In direct bone formation, osteoblasts are formed
through condensation of mesenchymal stem cells and indirect ossification occurs as
mesenchymal stem cells first differentiate into cartilage, which is later replaced by bone. The
most important signaling pathways in osteogenesis are the bone morphogenic proteins (BMP)
and WNT signaling pathways. BMP first activates SMAD intracellular proteins, which are
responsible for the expression of runt-related transcription factor 2 (RUNX2). RUNX2 is a
transcription factor that induces mesenchymal stem cells to commit to osteo-progenitors, and
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acts upstream of OSTERIX, another osteoblast-specific transcription factor, as well as other
important osteoblastic genes such as osteonectin (SPARC), osteopontin (SPP1), and type I
collagen (COL1A1). Expression of RUNX2 is additionally regulated by the WNT pathway.
Aside from the BMP and WNT pathways, systemic hormones, glucocorticoids, estrogens, local
growth factors, cytokine modulators and MAPK signaling all contribute to the osteogenic
commitment of mesenchymal stem cells [9]. In the progression of osteogenic differentiation, as
represented in Figure 2, mesenchymal stem cells differentiate in several phases, first developing
into an osteogenic precursor, followed by a pre-osteoblast, an immature osteoblast, a mature
osteoblast and finally differentiation concludes with an osteocyte [9].

Figure 2. A progression of cell types during osteogenic differentiation and the major molecular pathway
regulators involved [9].

While the signaling pathways of osteogenic differentiation are mostly understood, a
comprehensive understanding of metabolic processes involved in osteogenic differentiation has
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not yet been developed. Specifically, the role of citrate in cellular metabolism of bone is not
defined—the term cell metabolism refers to all chemical reactions that transpire in living
organism, both catabolic reactions (reactions that break down molecules to generate energy) and
anabolic reactions (reactions that consume energy to produce complex molecules and structures)
[3,7].

1.4 Biological and metabolic roles of citrate
The matrix-like structure of bone tissue is comprised of mainly collagen, and is the major
supportive tissue of the body, protecting vital organs and providing calcium and phosphate
storage. However, in-depth examinations of the interface between collagen and apatite crystals
in natural bone have revealed that citrate molecules dominate the interface, covering
approximately 1/6th of available surface area. Studies have found that carboxylate groups are
crucial to the regulation of formation of apatite in bone, and that aside from collagen, citrate
contributes more carboxylate functionality than any other molecule in bone combined.
Additionally, citrate has been shown to be a better stabilizer of hydroxyapatite crystals than other
phosphates, however citrate’s effect on local molecular composition and surface structures
largely is not yet understood [2].
During differentiation, cells undergo dramatic energetic changes. Many types of stem
cells utilize glycolysis as a source of energy when undifferentiated, and during differentiation,
cells activate oxidative phosphorylation in the mitochondria. Recent studies have confirmed that
oxidative phosphorylation is active and upregulated in osteogenically induced mesenchymal
stem cells, but that glycolytic activity remains constant. Cells likely operate both energy
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production mechanisms to meet the high ATP demands of cells during osteogenic differentiation,
required for synthesis of extracellular matrix proteins [10].
In order to meet the energetic requirements of stem cells during differentiation, metabolic
transformations are required. Citrate metabolism is central to these transformations and plays a
key role in maintaining energy homeostasis [7]. After its production in the mitochondria, citrate
then enters the Krebs cycle, also known as the citric acid cycle or the TCA cycle, where it is
oxidized, giving rise to ATP production. In addition, citrate can be transported into the cytosol if
de novo lipogenesis, another metabolic pathway, is required. Before differentiation occurs, stem
cells are “resting” and maintain energy levels via glycolysis and the Krebs cycle. In order to
begin differentiation, other undifferentiated stem cells must be recruited and an increase in cell
population is required. In order to proliferate at a high level, de novo lipogenesis is necessary.
Citrate molecules are transported to the cytosol via the mitochondrial citrate transporter, and then
ATP-citrate lyase converts cytosolic citrate to oxaloacetate and acetal CoA. Consequently, the
loss of mitochondrial citrate possesses energetic implications, as this citrate is no longer
available to enter the ATP-producing Krebs cycle. Thus, it is a possibility that highly
proliferating cells utilize alternative external citrate sources to maintain sufficient energy levels.
In some circumstances, extracellular citrate can be taken up by the cell via the Na-coupled citrate
transporter (SLC13A5) [11].
As mentioned, bone contains some of the highest citrate levels in the body, with
concentrations roughly 100-400 fold higher than concentrations in plasma and most soft tissues
[1]. Recent information has suggested that osteoblasts are the source of the high citrate levels
that are incorporated into the bone structure. In order to meet the citrate demands of the forming
bone tissue, most of the citrate produced by the Krebs cycle must be secreted to the extracellular
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matrix. The secretion of citrate again yields energetic consequences, as it is removed from
entering into the Krebs cycle. Cells must compromise for this loss of citrate and thus, a loss of
ATP produced by the Krebs cycle [11].
Citrate levels inside cells regulate energy production, as citrate both inhibits and induces
crucial enzymes involved in both glycolysis and the Krebs cycle [12]. It has been discovered
that citrate is consumed by mesenchymal stem cells in order to fuel osteogenesis through
regulation of metabolic pathways. Citrate present outside of the cell is uptaken through a
membrane transporter called solute carrier family 13, member 5 (SLC13a5) and regulates energy
levels produced through metabolic pathways. The uptake of extracellular citrate increases
intracellular energy levels, which supplements the elevated energy demands of mesenchymal
stem cells while undergoing osteogenic differentiation. This influences an effect called
“metabonegenic regulation”, in which stem cells differentiate to bone cells. In addition, soluble
citrate released by degradation of citrate-based biomaterials showed increased ALP expression in
osteoblast-like MG63 cells [3]. Based on these findings, a citrate-based biomaterial composite
was developed and fabricated into microparticulate scaffolds and was found to significantly
improve bone regeneration. The composite incorporated hydroxyapatie (HA) particles, which
enhance bioactivity and allow for structure and properties that more closely mimic that of natural
bone. POC/HA composites also demonstrated a marginal chronic inflammatory response and
notable osteointegration of the implant with existing bone tissue after six weeks in an in vivo
experiment using rabbit femoral condyle defects. After extended time (26 weeks), POC/HA
composites exhibited excellent biocompatibility and enhanced ingrowth of new bone tissue [7].
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1.7 Glycerophosphate incorporation
β-glycerophosphate disodium (βGP-Na) is an organic sodium salt widely known and
utilized as a supplement in osteogenic media, and has previously been used to produce
thermosensitive injectable hydrogels specifically for bone regeneration applications [13-14]. βglycerophosphates have been shown to function as a source of phosphate necessary for the
production of bone hydroxyapatite mineral and as a signaling molecule that regulates the
expression of several osteogenic genes through kinase phosphorylation [15]. Glycerophosphate
calcium (GP-Ca) is commonly used as a dietary supplement. In general, glycerophosphates (GP)
possess potential for mineralization, adhesion and proliferation [16]. Previously in our lab,
based on the osteopromotive potential of both salts, the two types of salts were incorporated into
POC via the functional capabilities of citric acid to yield POC-GP. The addition of GP salts
enhances the bioactivity of the material, with a goal of enhancing osteogenic differentiation of
human mesenchymal stem cells (hMSCs). In addition to the bioactive benefits, incorporation of
GP salts improved mechanical properties, while adjustment of GP salt type (Na or Ca) and
feeding ratio of GP to citric acid allows for convenient tuning of mechanical properties,
degradation and bioactivity.
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Figure 3. Incorporation of glycerophosphate salts into the poly(octamethylene citrate) polymer chain.

1.8 Study significance and aim
The goal of this study was to evaluate the suitability of POC-GP materials for use in bone
regeneration applications. More specifically, we were interested in observing whether POC-GP
materials enhanced osteogenic differentiation of stem cells compared to POC materials without
any addition of GP. Firstly, biocompatibility and degradation rates of the materials were
assessed. Once these attributes were characterized, POC-GP/HA composite disks and composite
micro-particles were evaluated for their ability to enhance osteogenic differentiation of hMSCs.
The use of micro-particles allows for more natural cell-cell interactions and cell-particle
contacts, and eliminates the need for cells to infiltrate the pores of a biomaterial, as is necessary
in use of traditional bulk scaffolds, without compromising strength [17-20]. Additionally,
incorporation of micro-particles in cell cultures improves vasculature, oxygen delivery and
nutrient and waste diffusion through prevention of gap junction formation [21]. Micro-particle
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surface roughness and size have been shown to play a role in stem cell behavior [9]. Rougher
surfaces have been shown to yield better cell attachment, as cells orient themselves in the
grooves of surface, as well as better bone fixation as compared to smooth surfaces [10], and have
demonstrated increased proliferation and osteogenic differentiation, measured by alkaline
phosphatase levels [21-22].
To measure osteogenic differentiation of mesenchymal stem cells, we made use of
alkaline phosphatase (ALP) assays as well as SEM imaging. ALP is an early marker of
mesenchymal stem cell differentiation to osteoblasts, and has been previously found to be
upregulated in the presence of citrate, either via citrate supplementation in cell culture growth
media or citrate presentation on the surface of the biomaterial [3,8]. In addition to evaluation of
osteogenic differentiation with composites and micro-particles, we observed the effects of
soluble citrate and soluble GP supplemented in media on osteogenic differentiation of hMSCs.
Thesis Aims:
I. Evaluate the biocompatibility of POC-GP polymers
II. Evaluate the potential of POC-GP/HA composites for enhanced osteogenic
differentiation
III. Determine the optimal size of POC-GP/HA micro-particles for enhanced osteogenic
differentiation
IV. Observe whether a synergetic relationship exists between citric acid and GP that
benefits osteogenic differentiation
V. Compare formation of extracellular matrix and mineral deposits on composites in
growth medium and osteogenic medium
VI. Demonstrate enhanced benefits of POC-GP polymers to POC polymers
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Chapter 2
Methods

2.1 Cell culture
Growth medium (GM) was prepared by supplementing high glucose Dulbecco’s
Modified Essential Medium (DMEM) with 10% fetal bovine serum and 100 units/mL of
penicillin-streptomycin. Osteogenic differentiation medium (OG medium) was prepared by
supplementing growth medium with 0.2 mM ascorbic acid, 50 nM dexamethasone, and 10 mM
β-glycerophosphate disodium. Reductive osteogenic differentiation medium was prepared in the
same manner as OG medium, excluding the 10 mM β-glycerophosphate disodium. All in vitro
cell culture studies were performed with human mesenchymal stem cells (hMSCs) between
passage 5-7. All cells were stored in a humidified incubator at 37°C with 5% carbon dioxide. In
every study, respective medium was replaced every other day.

2.2 ALP assay and DNA quantification
For analysis of ALP expression and DNA quantification, methods previously published
in [3] were utilized. See Appendix A for further details.
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2.3 Biocompatibility study
To assess the biocompatibility of the citrate-based materials, cells were seeded at 5,000
cells/cm2 on polymer films. At the determined time point, medium was removed and cells were
rinsed with phosphate-buffered saline solution (PBS). 200 μL of 10% cell counting kit-8 (CCK8) solution were added to each sample and incubated for 30 minutes at 37°C. A plate reader
(TECAN, Männedorf, Switzerland) was used to measure absorbance at a wavelength of 450 nm.

2.4 Degradation study
In vitro degradation rates were observed through an accelerated study in a basic solution.
Polymer films in disc shape were weighed initially and then were placed in 10 mL of 0.05 M
NaOH solution at 37°C. The NaOH solution was aspirated and replaced every hour. Samples
were harvested every two hours by rinsing three times with 10 mL of de-ionized water and
storing at -80°C until all polymer films were completely degraded (14 hours). Samples were
then freeze-dried and weighed again. Percentage of mass lost was calculated using the following
equation:
𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑡 (%) = (1 − (

𝑤𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑤𝑒𝑖𝑔ℎ𝑡𝑓𝑖𝑛𝑎𝑙
)) ∗ 100
𝑤𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙

2.5 Preparation of polymer/HA composites and micro-particles
Polymer/HA composites were prepared by combining a 30% pre-polymer solution in 1,4dioxane with 60 wt.% hydroxyapatite powder (HA). The mixture was stirred continuously until
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thick and smooth, and then was pressed into thin sheets and cut into round disks. The disks were
crosslinked at 80°C for 3 days, followed by 120°C for 1 day with vacuum.
In order to prepare the micro-particles, porous scaffolds were first fabricated. Prepolymer was combined with HA and sodium chloride (NaCl) salt until a consistent slurry was
formed. Ethanol solvent was added as necessary to mix well. Salt grain size was 250-425 μm.
The mixture was pressed into Teflon dishes. Once the solvent evaporated, the scaffolds were
crosslinked as stated above. Scaffolds were then soaked in deionized water to leach NaCl from
the scaffolds, creating pores. The porous scaffolds were freeze-dried and then grinded and
separated into four size groups using mesh wire sieves, as shown in Table 1. One sample of each
micro-particle size was fixed in 4% paraformaldehyde for SEM imaging.
Table 1. Breakdown of micro-particle sizes used for in vitro cell studies.

2.6 Osteogenic differentiation with polymer/HA composites
Polymer/HA composites were sterilized and placed in 48-well plates. hMSCs were
seeded at 3,000 cells/cm2 in growth medium. Once cells achieved 80% confluency, growth
medium was replaced with OG medium, prepared as described in Section 2.1. OG medium was
replaced every other day. Samples were harvested at 7, 14 and 21 days by washing three times
with PBS solution and lysed with 250 μL of radioimmunoprecipitation assay (RIPA) buffer.
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Alkaline phosphatase (ALP) activity was measured and DNA was quantified according to the
methods detailed in Appendix A.

2.7 Osteogenic differentiation with micro-particles
Polymer/HA micro-particles were rinsed with ethanol, sterilized under UV light and
placed in 48-well plates. hMSCs were seeded at 3,000 cells/cm2 in growth medium. Once cells
achieved 80% confluency, growth medium was replaced with OG medium. OG medium was
replaced every other day. Samples were harvested at 7, 14 and 21 days by washing three times
with PBS solution and lysed with 250 μL of RIPA buffer. ALP activity was measured and DNA
was quantified according to the methods detailed in Appendix A.

2.8 Osteogenic differentiation with supplemented GP salt and citric acid
To observe the synergistic effects of GP salts in combination with citric acid, hMSCs
were seeded on 48-well plates at 10,000 cells/cm2 in growth medium. Once cells achieved 80%
confluency, growth medium was replaced with reductive osteogenic differentiation medium,
prepared as described in Section 2.1 (reductive OG medium does not contain any βglycerophosphate disodium), supplemented with 200 μM citric acid and a concentration of βGPNa or GP-Ca of either 0.1 mM, 0.2 mM or 2.0 mM. Reductive osteogenic differentiation
medium with respective supplements was replaced every other day. Samples were harvested at
7, 14 and 21 days by washing three times with PBS solution and lysed with 250 μL of RIPA
buffer. ALP activity was measured and DNA was quantified according to the methods detailed
in Appendix A.
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2.9 Comparison of osteogenic differentiation in osteogenic and growth medium
Polymer/HA composites were sterilized under UV light and placed in 48-well plates.
hMSCs were seeded at 3,000 cells/cm2 in growth medium. Once cells achieved 80% confluency,
growth medium was replaced with OG medium for assigned groups, prepared as described in
Section 2.1, while the other assigned groups remained in growth medium. OG medium and
growth medium were replaced in appropriate groups every other day. Samples were harvested at
14 and 21 days by washing three times with PBS solution and fixing in 250 uL of 2.5%
glutaraldehyde for 48 hours. Samples were then dehydrated with a serial dehydration using
increasing percentages of ethanol, followed by critical-point drying, and iridium sputter coating
(Leica Sputter-coater) to prepare for SEM imaging.

2.10 Statistical Analysis
Quantitative data results for the following studies are represented as means with error according
to the standard deviation of the samples. Samples were analyzed by one-way analysis of variance
(ANOVA), with p-values less than 0.05 regarded as statistically significant.
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Chapter 3
Results & Discussion

3.1 Biocompatibility of polymer films
In order to determine whether the POC-GP materials were viable for future orthopedic
applications, the biocompatibility of the materials with hMSCs was observed. The
biocompatibility of materials with varying feeding ratio of GP salt to citric acid was tested by
culturing hMSCs on polymer films. After 24 hours, the viability of cells was measured using
CCK-8. Polycaprolactone (PCL), a commercial biodegradable polyester, and a blank group with
no polymer were used as controls in the experiment. As shown in Figure 1., POC-0.3GP-Ca
exhibited excellent biocompatibility with cells, with over 80% cell viability, which was better
than the PCL control and only slightly worse than the Blank control group. It was also observed
that as the ratio of GP salt to citric acid increased, cell viability decreased. POC-0.2βGP-Na was
slightly more biocompatible than POC-0.3βGP-Na; however, both materials exhibited cell
viability near 60%. POC-0.5βGP-Na demonstrated significantly worse cell viability than lower
ratios, around 40%. Biocompatibility of materials is crucial to a material’s potential for success
in orthopedic applications. Due to the suitable biocompatibility levels of POC-0.2βGP-Na and
POC-0.3GP-Ca compared to materials with other ratios of GP salts, POC-0.2βGP-Na and POC0.3GP-Ca were selected to continue for use in future studies. According to previous studies, the
two monomers that degrade from POC with no GP addition, citrate and 1,8-octanediol, have
proven adequate biocompatibility as well [3].

19

Figure 4. Biocompatibility of polymer films with hMSCs represented as percentage of viable cells.

3.2 Degradation of polymer films
Degradation rate is another crucial aspect of a material, as the degradation rate can affect
cell response and life-span of implants when materials are used in orthopedic applications. An
advantageous factor of these particular citrate-based materials is that the degradation rates are
widely tunable to fit specific needs. In order to observe degradation rates and patterns of the
three chosen materials, POC, POC-0.2βGP-Na and POC-0.3GP-Ca, an accelerated degradation
of polymer films in 0.05 M NaOH was conducted. Based on Figure 2, degradation rates of
POC-0.2βGP-Na and POC-0.3GP-Ca differed initially, with POC-0.3GP-Ca degrading at a
slightly faster rate until hour 4. After hour 4 however, degradation rates of POC-0.2βGP-Na and
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POC-0.3GP-Ca showed very similar degradation trends. POC showed a degradation profile that
was almost linear, which did not resemble the degradation of the GP-doped materials.
Incorporation of the GP salts increases the hydrophilicity of the material, allowing water
molecules to penetrate the polymer faster, leading to increased hydrolysis of the polymer into
monomers [23]. In a previous study done in our lab of contact angles, POC-0.3GP-Ca showed a
slightly lower contact angle (higher wettability) than POC-0.2βGP-Na, which might explain why
POC-0.3GP-Ca degraded faster than POC-0.2βGP-Na initially.

Figure 5. Accelerated degradation of polymer films represented as a percentage of original mass lost over time.
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3.3 Osteogenic differentiation with polymer/HA composites
Polymer/HA composites composed of POC, POC-0.2βGP-Na and POC-0.3GP-Ca, each
with 60% HA by weight were used in vitro to more closely simulate the composition, structure
and properties of natural bone. hMSCs were cultured on the composites in OG medium for 7, 14
and 21 days, and osteogenic differentiation was measured by levels of ALP expression in cell
lysate samples. As seen in Figure 5, by day 14 and 21, all three citrate-based materials showed
enhanced levels of ALP expression as compared to the PLGA control, confirming the osteopromotive effects of citrate-based materials. POC-0.2βGP-Na, which incorporates βglycerophosphate-sodium, exhibited decreased levels of ALP expression compared to POC and
POC-0.3GP-Ca. β-glycerophosphate-sodium is a widely known and utilized media supplement
used to promote osteogenic differentiation, however its osteo-promotive effect when
incorporated into the material itself seems to be diminished. Conversely, POC-0.3GP-Ca
exhibited significantly enhanced levels of ALP expression compared to all other groups, namely
at 14 and 21 days.
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Figure 6. Osteogenic differentiation of hMSCs on polymer/HA composites in osteogenic medium represented as
ALP expression level per time point (* indicating P<0.05 among respective time points.)

3.4 Osteogenic differentiation with micro-particles
In order to more closely simulate the composition and properties of natural bone, HA, a
major component of natural bone, was incorporated with pre-polymers and solid NaCl to create a
porous composite scaffold. The composites were 60% HA by weight. After NaCl was leached
from the composites, scaffolds were grinded and sieved into four sizes as shown in Figure 6.
SEM imaging of the micro-particles revealed that with the smallest particles, <150 μm, a rougher
surface was observed, while with larger particles, >250 μm, broader ridges were observed on the
surfaces of the particles. Micro-particles were then used in a cell culture study to evaluate their
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potential for use in future orthopedic applications, and to determine if a particular size of particle
is more beneficial in promoting osteogenic differentiation. Similar trends were observed in ALP
expression levels for POC-0.2βGP-Na and POC-0.3GP-Ca particles over the 21 day time period,
as seen in Figure 7 and Figure 8. Smaller particle sizes showed slightly elevated ALP expression
levels at the earliest time point (day 7). This is likely do to the rougher surface of the smallest
particles, which expose more bioactive HA particles. By day 21, all particle size groups showed
levels of ALP expression that were not significantly different, suggesting that a mixture of
particle sizes would be most suitable for future in vivo orthopedic applications.

Figure 7. SEM images of micro-particles separated into four different size groups.
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Figure 8. Osteogenic differentiation of hMSCs in osteogenic medium with varying sizes of POC-0.2βGP-Na
micro-particles, represented as level of ALP expression.
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Figure 9. Osteogenic differentiation of hMSCs in osteogenic medium with varying sizes of POC-0.3GP-Ca
micro-particles, represented as level of ALP expression.

3.5 Osteogenic differentiation with supplemented GP and citric acid
βGP-Na is commonly recognized and used as a supplement in osteogenic medium to
promote osteogenic differentiation, typically at concentrations ranging from 2 mM to 10 mM.
However, as observed in Figure 3, when βGP-Na was incorporated into the polymer composite
material, the benefits of the βGP-Na seemed to be decreased. As the biomaterials degrade over
time, GP and citric acid are released. To observe the effects of GP in the presence of citric acid
and determine if a synergistic relationship exists between the molecules, hMSCs were cultured in
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reductive osteogenic differentiation medium (without βGP-Na), supplemented with 0.2 mM of
citric acid and varying concentrations of βGP-Na and GP-Ca (0.1-2.0 mM). ALP expression
levels measured at 7 and 14 days, showed that with low concentrations of both GP salts, 0.1 and
0.2 mM, similar ALP expression levels were produced, while at day 21, ALP expression levels
for low concentrations of GP-Ca were slightly increased compared to low concentrations of
βGP-Na. At the high concentration of GP-Ca, 2.0 mM, ALP expression levels decreased slightly
compared to low concentrations at 14 days, and dropped significantly by 21 days, likely due to
precipitates that developed in the cell culture starting at 14 days. These precipitates likely
disrupted the cell differentiation process through prevention of oxygen and nutrient transport.
The solubility of GP-Ca is much lower than that of βGP-Na at physiological pH, 5.7 mg/mL and
approximately 100 mg/mL, respectively, providing a possible explanation for the formation of
precipitates [24]. It is also important to note that ALP levels are an early marker of osteogenic
differentiation, and further analysis of osteogenic genes, such as osteopontin, may show that
higher concentrations of GP-Ca promote enhance osteogenic differentiation as well. However,
from Figure 9, ALP expression levels suggest that at least low concentrations of βGP-Na and
GP-Ca function as promoters of osteogenic differentiation and possess capability to function
synergistically with citric acid to enhance promotion of osteogenic differentiation.
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Figure 10. Osteogenic differentiation of hMSCs in osteogenic medium supplemented with varying
concentrations of GP salts and 200 μM of citric acid, represented as level of ALP expression.

3.6 Comparison of osteogenic differentiation in osteogenic and growth medium
SEM imaging was utilized to observe and confirm the formation of extracellular matrix
and mineral deposits, indicators of bone regeneration. As seen in Figure 10, by day 14, hMSCs
cultured on polymer composite scaffolds in OG medium showed formation of fibrous
extracellular matrix on all three polymer composites, however the POC composite without GP
incorporation showed notably less formation of mineral deposits, as compared to the POC-GP
composites. By day 21, SEM images in Figure 11 showed formation of extracellular matrix and
mineral deposits consistent with those observed in day 14. SEM images of hMSCs cultured in

28

growth medium did not show formation of an extracellular matrix network, except for the POC0.3GP-Ca group, where an extracellular matrix was clearly formed. Small amounts of mineral
deposits were observed in both POC-GP composite scaffold groups, however no mineral
deposits were observed in the group without GP incorporation. The production of an extensive
extracellular matrix network and mineral deposits by POC-0.3GP-Ca groups renders the POC0.3GP-Ca composites as a better promoter of osteogenic differentiation compared to POC0.2βGP-Na composite scaffolds and POC composite scaffolds without GP.

Figure 11. SEM images of hMSCs differentiated on polymer/HA composites in osteogenic and growth medium
at 14 days.
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Figure 12. SEM images day of hMSCs differentiated on polymer/HA composites in osteogenic and growth media
at day 21.

3.7 In vivo studies of POC-GP materials
Based on the results of the above in vitro studies, further in vivo studies of femoral
condyle defects in rabbits were conducted to observe the suitability of POC-0.2βGP-Na/HA and
POC-0.3GP-Ca/HA micro-particle scaffolds for new bone formation [25]. The rabbit femoral
condyle defect is a standardized, reproducible model that has been utilized to observe particulate
bone grafts [3, 26]. POC-0.2βGP-Na/HA and POC-0.3GP-Ca/HA micro-particles were
implanted into the defect, while POC/HA micro-particles were implanted to serve as a material
control, and no material was implanted into one group of defects to serve as a negative control.
Micro-computed tomography (micro-CT) analysis was performed at 4, 8 and 12 weeks post
implantation to assess the formation of new bone within the defects. Based on 3D reconstruction
images of the defects, shown in Figure 12A, all three groups with implanted micro-particles
showed ingrowth of new bone. Ingrowth of new bone was observed in the negative control
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group, however the bone ingrowth speed was much higher for groups with implanted microparticles. In addition, 3D reconstruction images of the new bone formation itself within the
defect supported the same conclusion, shown in Figure 12B. The negative control group
exhibited significantly less density than all other groups throughout the experiment. The images
show superior formation of new bone in the defects with POC-0.3GP-Ca/HA micro-particles,
compared to defects with POC-0.2βGP-Na/HA and POC/HA micro-particles. POC-0.3GPCa/HA micro-particles demonstrated an excellent ability for osteointegration, and within 8
weeks, achieved complete new bone ingrowth surrounding the implants—a substantial
improvement from several other previously developed citrate-based polymer/HA composites, as
well as POC-0.2βGP-Na/HA and POC/HA [3, 27-28]. Furthermore, quantitative micro-CT
analysis, shown in Figure 12C, revealed a bone volume/total volume ratio (BV/TV) that was
significantly higher in the POC-0.3GP-Ca/HA group. Consistent with the previous in vitro
results, the in vivo results again confirm the enhanced performance of POC-0.3GP-Ca/HA in
promoting formation of new bone [25].
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Figure 13. Micro-CT analysis of rabbit femoral condyle defects [25].
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Chapter 4
Conclusions
In conclusion, the incorporation of glycerophosphate salts into the POC polymer network
enhanced the osteogenic differentiation of hMSC and bone regeneration, as shown by elevated
levels of ALP expression and observation of fibrous extracellular matrix network and mineral
deposit formation. POC-0.3GP-Ca/HA performed better than both POC-0.2βGP-Na/HA and
POC/HA in regards to ALP expression levels and progression of osteogenic differentiation. Due
to this, POC-0.3GP-Ca/HA would be the recommended material composite to proceed with for
future experiments and shows the most promise for bone regeneration applications, exhibiting
excellent biocompatibility and improved mechanical strength. While micro-particle scaffolds
present a means for more natural cell-cell interaction, cell penetration, vascularization and
nutrient transfer, our studies showed that micro-particle size did not have any significant effect
on osteogenic differentiation of hMSCs in vitro. Due to this finding, micro-particles of a mixture
of all four size groups were used in the subsequent in vivo studies of micro-particle implants in
rabbit femoral condyle defects. This study further confirmed the superiority of POC-0.3GP-Ca
for the regeneration of new bone tissue, exhibiting exceptional osteointegration and better
formation of new bone than both other materials. The development of these GP-doped citratebased biomaterials offers a new and innovative improvement to existing orthopedic implants
with widely tunable mechanical properties and degradation that progresses towards meeting the
complex needs of regenerative applications. Future work on this topic will be aimed to improve
the biocompatibility of POC-GP materials, understand the molecular mechanisms behind the
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interaction of soluble citric acid and glycerophosphate, and more specifically identify mineral
deposition observed in SEM imaging.
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Appendix A
ALP expression assay and DNA quantification assay
In order to analyze levels of ALP expression, samples were harvested by washing three
times with PBS solution and lysed using RIPA buffer. Cell lysate was centrifuged for 15
minutes to remove any cellular debris. ALP activity was measured by utilizing p-nitrophenyl
phosphate (PNPP), which turns into a bright-yellow colored product after hydrolysis by ALP.
PNPP stock solution (1 M) was diluted with ALP assay buffer at a ratio of 1:100. In a 96-well
plate, 50 μL of cell lysate sample were combined with 50 μL of dilute PNPP solution. After
allowed to incubate at room temperature for 30 minutes, samples were read on a plate reader
(TECAN, Männedorf, Switzerland) at a wavelength of 405 nm.
In order to quantify levels of DNA, the same cell lysate samples were used with a
PicoGreen dsDNA quantification kit (Invitrogen, Carlsbad, CA) and analyzed according to the
manufacturer’s given instructions [3].
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