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ABSTRACT 

 

Current bone substitute materials vary greatly both in their manufacturing techniques and 

compositions, but many still lack the mechanical, biological, and fabrication properties for a clinically 

ready bone substitute material. The goal of this study was to develop a novel self-setting polymer/ceramic 

composite bone cement with improved manufacturability through the use of a citrate polymer, a calcium 

phosphate mineral phase, and magnesium oxide as a self-setting agent.  Magnesium oxide (MgO) was 

shown to quickly self-set POC (poly (octamethylene citrate)) polymer and POC/hydroxyapatite (HA) 

composites suitable as bone tissue substitute materials. A predictive model for the setting time of the 

cement as a function of cement composition was developed, as well as a preliminary setting reaction 

mechanism model for the cement. The mechanical properties of the cement, including the peak stress, 

Young’s modulus, and peak strain were characterized and shown in cases of lower MgO concentrations to 

significantly improve the peak stress and Young’s modulus of the material. Additionally, the cytotoxicity, 

degradation, pH response, and swelling response of the material were shown to be either comparable, or 

an improvement on POC/HA control composites. Finally, and most notably, the increased ease of 

fabrication of porous and solid scaffolds through injection molding was demonstrated, providing a drastic 

improvement on current routes of fabrication for POC/HA composites. The applicability of magnesium 

oxide self-setting was also demonstrated in other polymers of the citrate polymer family, including 

crosslinked urethane doped polyester elastomers (CUPE), biodegradable photoluminescent polymer 

(BPLP), and POC-click.  
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Chapter 1  
 

Introduction 

1.1 Challenges in Bone Tissue Engineering 

 Although the engineering of biomaterials for the regeneration of bone tissue in the body has seen 

significant improvement both in terms of process and material development since the first clinical 

applications of biomaterials in orthopedic cases, there still exists a need for the development of new bone 

substitute materials. The gold standard for bone substitutes, autologous bone graft, has inherent issues 

with donor site morbidity and limited supply [1]. In developing new biomaterials for these orthopedic 

applications, several important characteristics must be considered; orthopedic biomaterials, although a 

broad group of materials with varied applications, should all be compatible with natural bone tissue in the 

body.  Materials should not trigger aggressive immune response and degradation products should have 

low cytotoxicity. Additionally, orthopedic biomaterials should mimic the natural mechanical properties of 

the tissue which they are replacing or attempting to regenerate; for bone this necessitates a material with 

high compressive strength and Young’s Modulus. Finally, a major consideration for orthopedic 

biomaterials is the route of manufacture by which the material can be fabricated; techniques ranging from 

porogen leaching, to 3D printing, to solvent casting all offer unique advantages and disadvantages 

depending on the application. Designing a material which can easily be fabricated in a range of 

geometries is a major step away from the small-scale production of academic research and towards the 

clinical applications of industrial scale manufacturing. 

 The development of biomaterials which offer all of these characteristics has proven a massive 

challenge.  Some materials may offer significant biological activity yet lack the mechanical properties 

required as a cell bearing scaffold or implantable material. Others may be ideal mechanically, yet be 
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biologically incompatible, produce toxic degradation products, or lack the ability to drive cell growth and 

differentiation into the desired tissue type. Even materials which may seem viable for a tissue 

regeneration application in almost all ways may have difficulties in the manufacture or fabrication 

techniques used to produce the material. The challenge of tissue engineering is not only understanding the 

intricacies of cell differentiation, tissue growth, scaffold material properties, and fabrication techniques, 

but balancing all of these considerations into a material, fabrication technique, and tissue growth strategy 

which addresses all of these concerns adequately.   

1.2 Early Self-Setting Bone Substitute Materials 

In general, the properties of any biomaterial are driven by its eventual clinical application.  The 

unique physiological and pathological characteristics of certain areas of orthopedic surgery, most notably 

craniofacial surgery, drives the need for versatile biomaterials capable of self-setting and moldability, but 

also of high enough mechanical strength to prevent failure. Plaster of Paris, a gypsum plaster 

(CaSO4·2H2O), is one of the earliest examples of an in situ self-setting material used in orthopedic 

surgeries to fill both small and large voids in bone; although plaster requires heating to about 300oC to 

begin hardening, it's moldability and lack of an immune response gave an early solution to reconstruction 

of large bone defects [2].  In contrast to calcium sulfate plaster, calcium phosphate (CaP) materials were 

also used as bone substitutes as early as 1920, with tricalcium phosphate (Ca3(PO4)2, TCP) being 

implanted in vivo to replace lost osseous tissue.  Variation of calcium to phosphate molar ratios and 

crystalline structure gave rise to a variety of CaP materials, yet almost all of these materials required high 

temperature sintering to form implantable bone substitutes, limiting the use of these materials in truly 

self-setting, in situ applications. Attempts at a self-setting inorganic bone substitute in the vein of single 

calcium phosphate formulations generally failed as a result of either the need for prolonged high 

temperature, or a massive change in pH which precludes in situ use. Additionally, sintered ceramic 
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calcium phosphate materials presented the disadvantage of inability to be reabsorbed by the body; 

essentially a fused block, these ceramics did not allow for the true regeneration of natural tissue.  

A major breakthrough in the development of a self-setting bone substitute came with the 

development of the first calcium phosphate cement (CPC) by Brown and Chow in 1985; a near saturated 

mix of Ca4 (PO4)2O (tetracalcium phosphate) and one of several other calcium phosphate particles at 

equilibrium was shown to precipitate hydroxyapatite (HA, Ca5(PO4)3(OH)) without the need for extended 

high temperature or a harmful change in pH [3]. In addition to being truly self-setting at a physiological 

pH, these CPCs also saw an advantage in their ability to be reabsorbed by the body; a precipitated 

calcium phosphate lacked the fused morphology of a sintered ceramic, allowing a breakdown of the 

material over time. Despite the improvement on early ceramic bone substitutes, CPCs still lacked the 

ability to truly drive tissue regeneration; reabsorption of the material was shown to be very slow [4], and 

in general, the material was far from reaching the "gold standard" of bone substitute materials in that of 

autologous bone with respect to bioactivity and mechanical properties. Additionally, CPCs showed low 

mechanical strength, limiting their applications to largely craniofacial regions [5]. 

1.3 Recent Developments in Self-Setting Bone Substitute Materials 

Since the development of CPCs in the early days of tissue engineering, a better understanding of 

the complexity of tissue regeneration has driven research into more functional, bioactive, and versatile 

materials.  What began as simple calcium phosphate cements has now developed into multi-component 

ceramic/polymer composites [6-10], modified cements capable of drug delivery and cell encapsulation 

[11-13], and silicate, bio-glass, or other inorganic additive doped CPCs with varied properties [14-18]. 

Despite the vast research into these materials, there still remain unsolved issues with bone substitute 

materials. 
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1.4 Increased Ease of Scaffold Manufacture by Injection Molding and 3D Printing 

Fabrication techniques can often be an overlooked aspect of biomaterial design. Often the 

efficiency of fabrication will be neglected to further improve mechanical or biological properties, and this 

limits the applications of the material as it is translated from academic research to clinical applications 

and industrial scale manufacture. As a result, there is remarkably little research on the injection molding 

of orthopedic biomaterials. Injection molding is a materials processing technique with massive 

importance in the polymer and plastic industries [19]. By compressing a flowable polymer above its glass 

transition temperature (Tg) into a three-dimensional mold, a solid polymer shape can be obtained with 

high tolerances and relatively easy processing.  The injection molding technique for plastics has been 

heavily studied, but in general, the technique has been rarely used with tissue engineered polymers and 

composites.  Although in many cases bioactive polymers provide good compatibility and mechanical 

properties for tissue engineering applications, these polymers can also degrade at much lower 

temperatures, often below the temperature required for injection molding.  Although sub varieties of 

injection molding such as reaction injection molding (RIM) provide different mechanisms for the curing 

step of the injection molding process, and limited success has been seen with injection molded PEEK/HA 

composites [20], PLA/PVOH polymer blends [21], and starch-based degradable scaffolds [22], in general 

the use of injection molding has been limited in the biomaterials field.  

Wu et al. (2006) describe the challenges of injection molding temperature sensitive polymers with 

tissue engineering objectives in mind; firstly, a major challenge of porous tissue engineering scaffolds is 

reaching a high porosity and interconnected pore structure, while still maintaining desired mechanical 

properties and ease of manufacture [23]. With respect to injection molding, this challenge remains 

difficult to overcome; incorporating a leachable particulate such as salt into the material can decrease the 

flowability of the material to such a degree that injection molding is impossible. Wu et al. (2006) 

developed a "wet" method for injection molding PCL and PLGA which relied on adding a solvent phase 

to the material to increase its flowability, thus allowing high levels of porosity (>90%) to be routinely 
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reached. Again, however, this technique was not without flaws; when solvent fractions reached higher 

levels, although the flowability and ease of injection molding were increased, the scaffold would not 

maintain its shape after being removed from the mold. Additionally, due to the evaporation of the solvent 

after the molding process, scaffolds saw some shrinkage, although described as uniform and able to be 

controlled in the process [23]. Despite these challenges, the room temperature injection molding 

technique offers some advantages to the more traditional solvent casting, or compression molding 

techniques routinely used for porous scaffold fabrication. 

Additive manufacturing/3D printing, like injection molding, relies on a material's ability to 

harden or set within a period of time. Generally, these techniques are used with thermoplastic materials 

which can be melted during the printing/molding process, and which then cool and solidify. Although 

some thermoplastic polymers used as biomaterials (PLA, PLGA) can be printed via this route, many other 

biocompatible polymers are thermoset polymers, preventing a straightforward 3D printing of the material. 

Some research has examined the "wet" printing or setting of materials; this approach uses a dual 

phase method of a solid and solvent phase, usually with some form of binder solution to set the material 

during the printing or setting process.  Inzana et al. (2014) illustrated the ability to print calcium 

phosphate/collagen composite scaffolds with a phosphoric acid binding solution, but higher 

concentrations of the binder solution showed significantly increased cytotoxicity [24].  Cytotoxicity of 

binder solutions limits the mechanical properties of the printed material, as higher concentrations of 

binder generally increase strength, but are often toxic to cells and therefore unusable. Although scaffolds 

were printed with phosphoric acid concentrations low enough to limit cytotoxicity, the mechanical 

properties of these scaffolds were limited, with low compressive yield strengths and porosities.  Cox et al. 

(2015) used poly(vinyl)alcohol (PVA) in combination with HA as a viscous printable material, but these 

composites too showed low compressive strength and poor osteoconductivity [25].  

Other techniques focus on the modification of approved calcium phosphate cements for printing 

purposes.  Lode et al. (2014) developed a water-based setting technique for on the market CPCs by 
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incorporating a triglyceride, Polysorbate 80, and phosphoric acid into a binding solution which was then 

able to set in contact with water in 5-8 minutes.  The self-setting paste was flowable enough to 3D print 

simple scaffold geometries with strand size of 838um for the modified CPC, however supporting PVA 

was required to maintain the shape of the construct as the paste hardened. In addition to this fabrication 

limitation, the printed scaffolds saw a low compressive yield strength (2.5MPa), and a reduced number of 

viable cells on the printed scaffold material compared to an unmodified calcium phosphate cement of the 

same inorganic formulation. The authors suggested that this decreased cytocompatibility was due to the 

prolonged setting time in which the setting reaction may have continued to occur during cell culture, 

slightly modifying the pH and Ca2+ concentration of the culture medium [26].  

3D printing offers a unique approach to scaffold manufacture, both from a fabrication aspect, and 

from the increased flexibility and detail of scaffolds which may influence tissue growth. Although there 

are certainly benefits of an additive manufacturing approach, it seems clear that current 3D printed 

materials face serious problems, especially for bone regeneration applications. Almost all 3D printed bone 

scaffolds simply lack the mechanical properties desired of a bone substitute material, and those that come 

close do so at the cost of cytocompatibility by incorporating additional setting components. In the case of 

these materials, an ideal self-setting mechanism is one in which the additive adds to the cytocompatibility 

and osteoinductive abilities of the material. 

Although there remain unsolved problems for translating injection molding and 3D printing to the 

tissue engineering and regenerative medicine field, the benefits of developing new techniques and/or 

materials capable of these techniques offers attractive routes of fabrication. Much of the research done in 

tissue engineering requires delicate, hands on manufacturing techniques; solvent casting and compressive 

molding, although relatively simple for researchers to do in small amounts, are difficult to use on the 

industrial scale. As research moves forward towards addressing clinical issues and away from the lab, 

materials which are easily manufactured, with high accuracy and processability will be superior to 

materials without these industrially required characteristics. Injection molding has been shown to be a 
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highly competitive manufacturing technique, indicating its potential for the scaling up of tissue 

regenerative materials. 

1.5 Citrate-based Materials: A Promising Area for Orthopedic Material Design 

Citrate-based materials offer a unique approach to the issues faced in several areas of biomaterial 

design such as soft tissue engineering, neural engineering, and bioimaging, but they also have notable 

applications as orthopedic biomaterials [27]. Citrate, or citric acid, is a common organic molecule found 

in the body as a byproduct of the Krebs Cycle, or Citric Acid Cycle. Dual carboxylic acid groups allow 

for simple polymerization via a polycondensation reaction with diol monomers which results in a 

degradable ester bond and "pendant" geometry (Fig. 1) for functionalization of the polymer [28]. 

Although the family of citrate based polymers has grown since its first development, the elastomer 

poly(octamethylene citrate) (POC) remains the most studied of these polymers [29]. Degradation products 

of citric acid and 1-8 octanediol limit cytotoxicity, and elastomeric properties lend POC to applications in 

drug delivery, vascular and soft tissue engineering [27]. The fabrication of a polymer/ceramic composite 

with POC and hydroxyapatite (HA) has shown promise as an orthopedic material; citrate's role in bone 

growth and apatite formation has been well documented [30], and the polymer's ability to form 

interactions with HA in a composite improves the mechanical properties of the material [31].   

  

Figure 1: General composition of citrate based materials  Figure 1: General composition of citrate based materials (Reused with permission from Tran et al. 2015, [29]). Citric acid 

reacts with a diol via a polycondensation reaction to form a polymer with hydrolysable ester bonds and carboxylic pedant 

geometry via citrate. 
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 Although citrate-based polymers show promise in orthopedic biomaterial applications, these 

polymer and polymer/ceramic composites show some limitations in the form of the processability of the 

materials, slower degradation rate, and slightly acidic pH response. As with most thermoset polymers, 

POC can be solvent cast to form films, as well as salt leached to form porous scaffolds [27]. However, the 

polymer's inability to set quickly without high concentrations of nonbiocompatible chemical crosslinkers 

or prolonged high temperature crosslinking limits it's use as an injectable, 3D printable, or injection 

moldable material. With a renewed interest in additive manufacturing techniques, and the improved ease 

of manufacturability of injection molding, there exists a need for a new manufacturing technique for these 

citrate-based polymers. A nontoxic, biocompatible material, capable of setting citrate-based 

polymers/composites would allow for the expansion of this class of materials into the additive 

manufacturing and injection molding areas, as well as improve the current solvent casting/salt leaching 

techniques. 

1.6 Magnesium Based Materials and their Role in Orthopedic Engineering 

Metal alloys were some of the earliest orthopedic materials, with stainless steel used as early as 

the 1920s and alloys of titanium still in use for certain applications today [32]. The exploration of other 

metals for biomedical applications has opened a new area of orthopedic materials; recently, metals such 

as magnesium, strontium, and cobalt based alloys have gained interest. Of these, magnesium is unique in 

its similarity of mechanical properties to that of natural bone; magnesium metal is softer than other 

orthopedic metals, with a Young's modulus, density, and compressive yield strength within the range of 

natural bone [33].  

Additionally, magnesium plays a vital role both in a general biological sense, as well as 

specifically in bone tissue. Magnesium acts as a cofactor for several enzymes and as a stabilizing ion for 

DNA and RNA. Over half of all magnesium in the body is stored in bone, and magnesium has been 
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shown to have a significant impact on the rate of bone tissue growth; Zrieqat et al. (2002) showed that 

alumina disks implanted with magnesium ions showed increased cell attachment for human bone-derived 

cells [34]. Yamasaki (2002) similarly illustrated an increased adhesion of osteoblast cells on functionally 

graded carbonate apatite containing magnesium, as well as the promotion of bone formation in collagen-

carbonate apatite containing magnesium composites [35,36]. An in vivo study of magnesium alloy 

implants in a guinea pig femur model by Witte et al. (2005) further confirmed the potential for bone tissue 

stimulation by magnesium; magnesium containing alloy implants showed a significant increase in 

mineralized bone area after 8 and 16 weeks when compared to a PLA control group. Magnesium alloy 

groups also showed no evidence of cytotoxicity, further indicating its potential as an orthopedic implant 

material. Although magnesium alloys show promise as an implant material, several studies have shown 

potential setbacks for these materials in the form of gas formation during the degradation of the implant; 

although Witte et al (2005) claim no adverse effects were observed from gas bubble formation 

surrounding the implant, puncturing of the gas bubbles with a needle was still required, indicating a 

limitation of the magnesium-based alloys [37]. 

Other forms of magnesium have also shown promise in areas of biomaterial design, without the 

potential setbacks seen with metal alloys. Magnesium oxide (MgO) has been shown to improve the 

mechanics and biocompatibility of sintered HA/TCP materials.  Tan et al. (2013) sintered MgO into HA 

at small percentages (0.05wt% - 1wt%) and determined that doping pure nanocrystalline HA with MgO 

showed a small increase in the Young's Modulus of the material and little cytotoxicity [38]. Banerjee et 

al. (2010) also found that MgO and SrO doped TCP increased cell growth and attachment to the material. 

Additionally, in a rat model, MgO doped TCP sintered implants (1% MgO) showed a better rate of bone 

growth via type I collagen and osteocalcin assays [39]. 

Magnesium has also been used as an additive in novel bone cements due to its acceleration of 

setting time, improved mechanical properties, and biological activity with respect to bone tissue. Jia et al. 

(2010) created a self-setting magnesium phosphate-based cement by combining 2:1 molar ratios of 



10 

magnesium oxide and calcium dihydrogen phosphate.  The formation of magnesium phosphate and 

calcium phosphate via an acid base neutralization precipitated a solidified cement with a compressive 

strength of 43 MPa after 1 hour setting and 74 MPa after 7 days setting.  The magnesium phosphate 

cement also showed a significant increase of both cell proliferation and ALP activity when compared to a 

tetra-calcium phosphate/dicalcium phosphate anhydrous cement control group, indicating it's potential for 

stimulating bone regrowth and osseointegration [40].  Li et al. (2013) used a similar magnesium calcium 

phosphate cement to fabricate porous scaffolds for in vivo implantation and found that the magnesium 

scaffolds showed a high percent interconnected pore structure (up to 80%), as well as full tissue 

integration 6 months post implantation in a rabbit femur model [41].   

Research into the potential of magnesium as an additive to self-setting bone cements has seen 

expansion beyond traditional calcium-phosphate formulations. Recent research has examined the effects 

of magnesium in tricalcium-silicate cements, chitosan /HA composites, and phytic acid chelated 

magnesium phosphate cements.  Liu et al. (2014) reported the novel combination of tricalcium silicate 

and magnesium phosphate into a self-setting cement with improved mechanical properties versus silicate 

or magnesium phosphate cements alone. A combination of these two cement types showed a compressive 

strength of 86 MPa, as well as stimulation of osteoblast cells and steady magnesium release [42]. Zima et 

al. (2017) examined the rheology and setting times of various magnesium doped hydroxyapatite/chitosan 

composites and found that the presence of magnesium ions, either freely in the composite, or sintered 

with hydroxyapatite prior to composite formation, disturbed the setting process by competing with 

calcium ions and actually slowed the setting times of the cement from 16 minutes to 54 minutes [43]. A 

noticeable change in the viscosity of the cement also indicated the chemical interaction of magnesium 

ions in the cement with chitosan; this finding was supported by Krajewska (2001) who found that 

magnesium ions showed low levels of affinity for chitosan gels [44].  Another recent example of 

magnesium bridging ceramic and organic components of a cement was Christel et al. (2015) who used 

phytic acid as a chelating agent in magnesium phosphate cements; although this same general principle 
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had been demonstrated by Konishi et al. (2013) with tricalcium phosphate and inositol phosphate, the 

ability of magnesium to similarly chelate phytic acid illustrates a relatively unexplored area of biomaterial 

development.  These results indicate a potential for magnesium as a setting mechanism not just in pure 

ceramic cements, but also as a potential chelating agent in polymer/ceramic self-setting composites 

[45,46]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Expected chemical crosslinking mechanism of MgO in citrate polymers Figure 2: Expected chemical crosslinking mechanism of magnesium oxide in citrate polymers. 

Carboxylic acid pendant geometry provides reactivity for magnesium cation crosslinking, allowing 

for a chemical setting of citrate polymer without the need for extended thermal crosslinking. 
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1.7 The Novelty of a Self-Setting Citrate-based Composite for Bone Regeneration 

In this thesis, we propose that magnesium oxide can act as a curing agent for citrate polymers, 

resulting in self-setting materials with improved mechanical and biological properties, diverse fabrication 

techniques, and applications to multiple areas of biomaterial research. Poly(octamethylene citrate) (POC), 

was chosen as the polymer component for polymer/ceramic composites due to its demonstrated potential 

as a bone regenerating polymer, biocompatibility, and previous use in a polymer/HA composite (Qiu et 

al., 2006).   Previous scaffold fabrication techniques for POC have relied on either solvent casting of 

films, or compression molding of POC/HA scaffolds (R. Tran et al., 2009).  Through the efficient self-

setting ability of MgO in POC/HA composites, a material capable of both injection molding and 3D 

printing was developed. In addition to an increased ease of fabrication through these techniques, the 

magnesium induced self-setting of the material indicates a potential for a similar setting mechanism in 

other citrate-based materials. Evaluation of biological and physical properties of the novel material 

indicated a strong fit for the material in orthopedic applications.  

Several specific aims were developed in response to current obstacles in self-setting bone 

materials for the novel material developed in this project. First, developing a predictive model for the 

setting time of the cement as a function of cement composition through exploratory factor analysis was 

desired.  Fabrication techniques remain a major limitation of current scaffold materials. By developing a 

model capable of predicting the setting time of numerous multi-factor compositions of a POC-MgO 

material, future 3D printing or injection molding applications of the material will have a basic model from 

which to determine setting times. This aim was completed by determining the setting times of various 

POC-MgO compositions (varied polymer concentrations, monomer ratios, MgO concentrations, 

temperatures), and performing a factor analysis on the data to determine latent factors.  

In addition to characterizing the setting mechanism, the mechanical properties of the material 

were desired to compare the material to previous POC/HA composites and natural bone tissue.  Through 

ASTM standard compression testing of both thermally crosslinked and MgO crosslinked composites, the 
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yield strength, Young's modulus, and peak strain were determined. Additionally, the final material 

composition of MgO doped composites was determined through FTIR spectroscopy. 

The third aim for this project was to characterize the biological activity of POC-MgO/HA 

materials.  Cytotoxicity was evaluated by a CCK-8 cell proliferation assay of MgO doped POC/HA films, 

and pH, swelling, and degradation of the material was evaluated and compared to POC/HA controls. 

Additionally, the improved flexibility in processing was illustrated through basic scaffold fabrication via 

injection molding. An ideal cement composition was determined from the setting time model, and simple 

scaffolds and complex geometries were created.  Manual 3D printing of MgO doped materials was also 

demonstrated as a proof of concept for later 3D printing attempts. 

 Finally, the applicability of the MgO setting in other citrate polymers was demonstrated; MgO 

was shown to self-set BPLP, CUPE, and POC-click polymers, as well as maintain these polymer’s unique 

features, including fluorescence in the case of BPLP.  Additionally, MgO doped POC was shown to have 

fluorescence, an interesting effect which should be explored further in the future.  

 

Thesis Aims: 

I. Characterize the factors in setting time of MgO doped POC and develop a predictive factor 

analysis model for setting time 

II.  Evaluate the mechanical properties of MgO doped POC/HA composites 

III.  Characterize the biological and physical properties of MgO doped POC/HA 

IV.  Demonstrate novel routes of fabrication for MgO doped POC/HA 

V. Evaluate the applicability of MgO doping in other citrate-based polymers and areas of 

biomaterial research 
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Chapter 2  
 

Materials and Methods 

2.1 Pre-Polymer Synthesis and Purification 

All chemicals were purchased from Sigma-Aldrich and used without further purification unless 

otherwise noted.  The polymer component of all composites in this experiment was poly(octamethylene 

citrate) (POC) which was synthesized as described by our previous work (Yang et al., 2004). Briefly, 

predetermined molar ratios of citric acid and 1,8-octanediol (Table 1) were melted at 160oC for 10 

minutes.  Temperature was then lowered to 140oC and the flask was left to react until the stir speed was 

reduced to 60 rpm (approximately 1 hour).  Once the stir bar was unable to stir at 60 rpm, the reaction 

was removed from heat and dioxane was added to stop the reaction.  The pre-polymer solution was stirred 

vigorously overnight after being capped to prevent solvent loss. 

Pre-polymer in dioxane was added dropwise to distilled water and stirred until the pre-polymer 

had formed a homogenous chunk around the stir rod. The distilled water was decanted and refilled and the 

solution was again stirred. After decanting a final time, the pre-polymer solution was frozen at –80oC and 

lyophilized for 24 hours. The purified pre-polymer was then dissolved in ethanol at predetermined 

concentrations (30 wt%, 40 wt%, 50 wt%). POC of different citric acid:octanediol ratios was synthesized 

by the same method but according to the ratios in Table 1. 
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2.2 Setting Time Determination 

Magnesium oxide (MgO) was ground to <50µm using a sieve. MgO was dispersed in ethanol at 

20% w/v and ultrasonicated for 10 minutes before use. To test the relative self-setting time, 1g of pre-

polymer-MgO solution in ethanol was mixed in a 15mL centrifuge tube at predetermined ratios and set at 

the temperatures 25 oC, 37oC, and 75oC (n=5). Samples were deemed to have set when tilting the tube at a 

45-degree angle and tapping the tube for 30 seconds resulted in no change in the shape of the material.   

2.3 Factor Analysis of Setting Time 

The data analysis program Design-Ease (Stat-Ease Inc., Minneapolis) was used to develop a 

factor analysis model of the interactions of the factors on the setting time of the material. Pre-polymer 

concentration (30wt%, 40wt%, 50wt%), MgO concentration (5wt%, 10wt%, 15wt%), pre-polymer 

monomer molar ratio (1:1, 1:1.1, 1:1.3, 1.1:1, 1.3:1 [citric acid:octanediol]), and temperature (25oC, 37oC, 

75oC) were all factors which were experimentally shown to have an effect on the setting time of the 

material via analysis of variance (ANOVA). The setting time data for a fraction of the total combinations 

of these factors was collected and input under these four factors and effect plots, ANOVA, interaction 

Table 1: POC synthesis molar ratios Table 1: POC synthesis molar ratios 
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plots, and residual analysis were examined to determine a model that best fit the data. Model verification 

was performed on random combinations to confirm the accuracy of the predicted setting times.  

2.4 Ceramic/Polymer Composite Fabrication 

 Composites of the POC pre-polymer, hydroxyapatite (HA), and MgO as the setting agent were 

fabricated and the material properties and setting times were determined. HA was added to the material at 

15, 25, 35, 45, 50, and 55 wt% by mixing HA and MgO dry powders at the predetermined ratios and 

vigorously mixing with the pre-polymer. Setting time was determined as described above.  

2.5 Mechanical Property Characterization 

Cylindrical samples were fabricated for the determination of the Young's Modulus, maximum 

stress, and strain of the material after self-setting at room temperature.  The self-setting polymer/HA/MgO 

composites were created at predetermined ratios (Table 2). The self-setting material was mixed as per the 

protocol for the self-setting test and loaded into a cylindrical syringe (inner diameter 5mm, 0.5 g 

composite per tube). The syringe was then capped and compressed to create a cylinder of length 10mm.  

Samples were then allowed to set in the syringe for 1 hr, 24 hr, or 72 hr. After this setting period, the 

cylinders were removed from the syringe and the remaining solvent was allowed to evaporate for 24 

hours. Cylinders were then tested on an Instron 5966 machine fitted with a 10 N load cell (Instron, 

Norwood, MA) by applying a uniaxial compressive load. Young's Modulus was determined by the slope 

of the stress-strain curve from 0-10% elongation. 8 samples were performed for each composite 

formulation and setting time to determine the setting time dependence of mechanical properties of the 

material. 
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The mechanical properties of thermally crosslinked cylinders were determined by following the 

above procedure until removal of the sample from the syringe, at which point samples were thermally 

crosslinked at one of two predetermined crosslinking conditions (3d 80oC, or 3d 80oC + 3d 120oC under 

vacuum). Cylinders were tested on an Instron 5966 machine fitted with a 10 N load cell (Instron, 

Norwood, MA) by applying a uniaxial compressive load. Young's Modulus was determined by the slope 

of the stress-strain curve from 0-10% elongation. 8 samples were performed for each composite 

formulation and setting time to determine the setting time dependence of mechanical properties of the 

material. 

2.6 Bioactivity Characterization 

Cytotoxicity of POC/HA/MgO films (n=8) was assessed against 3T3 cells using established 

protocols based on ISO standard. Briefly, 96 well plate composite disks were leached in DMEM 

supplemented with 10% FBS and 1% antibiotic solution with media change every 24 hours until no color 

change was observed (indicating neutral pH and leaching of the acidic sol content of the composites) then 

placed in a 96 well plate. 3T3 cells were seeded at a density of 5,000 cells/well with 200uL DMEM/well. 

PLGA and tissue culture plate served as positive and negative control, respectively. Samples were stored 

Table 2: Formula for 5g of POC-MgO/HA composites Table 2: Formula for 5g of POC-MgO/HA composites 
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in an incubator at 37C and 5% CO2 for 24 hours, after which CCK-8 cytotoxicity assay was performed 

via the manufacturer’s instructions and the samples were incubated for 2 hours (DMEM with CCK-8 

solution was used as a background control for imaging). DMEM/CCK-8 solutions were removed and 

placed in a clean 96 well plate, and absorbance was measured at 450nm using a microplate reader. 

Background absorbance was subtracted and absorbance was normalized to tissue culture plate control. 

 

2.7 Injection Molding of Composites 

Bone 3D mold geometries were designed using the image processing software MIMICS, CAD 

software SolidWorks, and 3D printed using an Ultimaker 2 printer. Using a CT scan of the skull, a 3D 

geometry of the temporomandibular joint and coronoid process was extracted and processed in 

Solidworks. Injection molding molds were printed using an Ultimaker 2 printer with PLA (200um layer 

height) and a Formslab Form 2 SLA desktop printer (50um layer height). A POC-MgO/HA composite of 

2.5wt% MgO and 47.5wt% HA was used for all injection molding.  The wet composite was mixed at 

room temperature and injected into the 3D printed mold by hand. After in-mold setting at room 

temperature for 24 hours, the composite was removed from the mold and dried at room temperature for 2 

days. After determining the optimal pressure and setting times for injection molding a solid composite, 

porous scaffolds were fabricated by particulate leaching the injection molded composites with NaCl (100-

250 um, 60% porosity).  
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2.8 Physical Characterization via FTIR 

The physical composition of MgO doped materials was determined by FTIR spectroscopy 

(Fourier-Transform Infrared Spectroscopy). HA, magnesium citrate tribasic, and MgO particles were used 

as standards to compare with POC-MgO and POC-MgO/HA composites.  

2.9 Mineralization 

10mm diameter disks were crosslinked at 3d 80oC, 3d 120oC vacuum and fixed to the bottom of a 

deep Teflon dish with vacuum grease. The samples were submerged in 5X SBF (simulated body fluid) at 

37oC. SBF solution was changed every other day. Samples were removed at time points (1d, 3d, 7d), 

lyophilized, and imaged with SEM at 500X magnification. 

2.10 Degradation Study 

The degradation profile of magnesium doped composites was determined using an accelerated 

degradation study. 7mm diameter, 1mm thick disks of POC/HA, POC-MgO/HA 1/49, POC-MgO/HA 

2.5/47.5, and POC-MgO/HA 5/45 (n=8, crosslinked at 3d 80oC, 3d 120oC vacuum) were weighed and 

placed in 10 mL 0.02 M NaOH solution and incubated on an orbital shaker at 37oC. At time points of 12 

hr, 1d, 3d, 7d, 10d, and 14d, the NaOH solution was removed and the disks were rinsed with DI water and 

lyophilized for 5 days. Disks were then reweighed and the percent weight remaining was calculated 

according to Equation 1. 

 

Equation 1:  

  % Weight Remaining = [(Final Sample weight)/(Initial Sample Weight)] x 100 
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2.11 pH Study 

The effect of magnesium oxide doping on the pH of the composite was tested and compared to 

POC/HA controls. 7mm diameter, 1mm thick disks of POC/HA, POC-MgO/HA 1/49, POC-MgO/HA 

2.5/47.5, and POC-MgO/HA 5/45 (n=8, crosslinked at 3d 80oC, 3d 120oC vacuum) were placed in tubes 

with 10 mL 1X PBS buffer and incubated at 37oC. At time points of 1d, 3d, 7d, and 14d, the PBS solution 

was removed and the pH of the solution was tested using a pH meter.  

2.12 Swelling Study 

The relative swelling of magnesium oxide doped composites was characterized by weighing 7mm 

diameter, 1mm thick disks of POC/HA, POC-MgO/HA 1/49, POC-MgO/HA 2.5/47.5, and POC-

MgO/HA 5/45 (n=8, crosslinked at 3d 80oC, 3d 120oC vacuum) and placing them in 10 mL deionized 

(DI) water at 37oC. At time points of 1d, 3d, 7d, 14d, and 21d the water was removed and the disks patted 

dry and weighed. After weighing the disks were placed in 10mL fresh DI water. Swelling was calculated 

according to Equation 2. 

 

Equation 2:  

  % Mass increase = [(Final Sample weight)/(Initial Sample Weight)] x 100 

2.13 Self-setting Characterization of CUPE, BPLP, and POC-click 

The self-setting ability of magnesium oxide was explored briefly in other polymers of the citrate-

based polymer family including BPLP, CUPE, and POC-click. BPLP and POC-click were synthesized 

and purified according to our previous work. The setting times of these polymers were characterized as 

described above (See Setting Time Determination). For CUPE, 50wt% POC 1:1.1 was combined with 
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hexamethylene diisocyanate (HDI) to form urethane bonds and vortexed for 30 seconds prior to HA and 

MgO mixing. Compressive cylinder samples were fabricated as above and tested according to ASTM 

standards (see Mechanical Property Characterization). 

2.14 Statistical Methods 

All experiments were performed with multiple trials (n=8, indicated in figures) and values were 

reported as a mean +/- standard deviation (SD). ANOVA was used to determine statistical difference 

between groups, with significance at p<0.05.  
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Chapter 3  
 

Results 

3.1 Setting Time Determination 

The setting time of various POC-MgO compositions were determined at a range of temperatures 

to gain an initial understanding of temperature’s effect on the setting times (Note: System compositions 

will follow POC[A:B](X)-MgO(Y)HA(Z) convention, where [A:B] is the citric acid:octanediol ratio, X is 

POC prepolymer solution wt%, Y is MgO wt%, and Z is HA wt%. If [A:B] is not included, citric 

acid:octandiol is 1:1. Example formulations described in Materials and Methods). A constant POC 

solution concentration of 30wt% in ethanol was used for the initial temperature testing, with 10wt% MgO 

of the final composite.  Temperature was found to be a major factor in the setting time of the material. For 

POC(30)-MgO(10) the average setting time at room temperature (24oC) was found to be 104 minutes.  

This was significantly higher than the setting time at body temperature (37oC) of 24 minutes.  Setting 

times at 50oC, 75oC, 100oC, 150oC, and 200oC were 16.3 minutes, 4.5 minutes, 3.9 minutes, 2.3 minutes, 

and 1.9 minutes respectively.  Figure 3A shows the temperature dependent setting response for POC(30)-

MgO(10).  Single factor ANOVA statistical analysis of the temperature dependent effect of setting time 

returned a p value of 8.61E-32, indicating a clear statistical significance of temperature on setting time.  

The concentration of the POC prepolymer solution was found to have a significant effect on the 

setting time of the material due to changing the amount of solvent (ethanol) in the system (Fig. 3B).  POC 

prepolymer solutions of 40wt% and 50wt% were used in addition to the standard 30wt% solution in the 

POC(30)-MgO(10) system. For a 40wt% POC solution in the POC(40)-MgO(10) system, setting times at 

room temperature, body temperature, and 75oC were found to be 46 minutes, 13.4 minutes, and 2.9 

minutes respectively. For a 50wt% POC solution in the POC(50)-MgO(10) system, setting times for 



23 

26oC, 37oC, and 75oC were 37.8 minutes, 11.6 minutes, and 2.75 minutes.  Single factor ANOVA 

evaluated at all three temperatures showed a statistical significance between the three concentrations of 

prepolymer. At room temperature ANOVA returned p=7.9E-11, p=1.6E-9 at body temperature, and 

p=2.93E-7 at 75oC.  

The concentration of MgO in the system was also a significant factor in the setting time of the 

material (Fig. 3C). For POC(30)-MgO(10) the setting times were 104 minutes, 24 minutes, and 8.9 

minutes for room temperature, body temperature, and 75oC. For POC(30)-MgO(5), at 26C, 37C, and 75C, 

the setting times were 319 minutes, 88 minutes, and 8.9 minutes for room temperature, body temperature, 

and 75oC.  For a higher MgO concentration of 15wt%, POC(30)-MgO(15) had setting times of 112 

minutes, 40 minutes, and 5 minutes for room temperature, body temperature, and 75oC. It's worth noting 

that there is in fact a significant increase in setting time from the POC(30)-MgO(10) system to the 

POC(30)-MgO(15) system, which was not expected due to the initial observation that a higher 

concentration of MgO speeds up the setting process.  Single factor ANOVA showed statistical 

significance between the three MgO concentrations at all three temperatures with p=4.44E-12 at room 

temperature, p=5.72E-13 at body temperature, and p=4.51E-10 at 75oC.  

Different POC prepolymer compositions were used to further test the setting time of POC-MgO 

composites. As described by our previous work, POC can be synthesized with a variety of monomer 

ratios; POC, as written, is understood to be a 1:1 ratio of citric acid and 1,8-octanediol monomers, but 

ratios of 1:1.1, 1:1.3, 1.1:1, and 1.3:1 [citric acid:octanediol] can all also be used (these compositions are 

written as POC[1:1.1], POC[1:1.3], etc...).  With prepolymer solutions held at 30wt% and MgO at 10% 

total weight (POC(30)-MgO(10)), Figure 3D shows the variation in setting time between these different 

compositions of POC.  POC[1.1:1](30)-MgO(10) showed the highest setting times of all compositions, 

with a room temperature setting time of 217 minutes. This was significantly higher than all other POC 

compositions at room temperature (40 minutes, 66 minutes, and 100 minutes for POC[1:1.1](30)-

MgO(10), POC[1:1.3](30)-MgO(10), and POC[1.3:1](30)-MgO(10) respectively, single factor ANOVA  
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p=6.61E-17). The variation in the setting time was most obvious at these lower temperatures, with setting 

times becoming much closer at the 37oC and 75oC test temperatures. At 37oC, single factor ANOVA 

again rejected the null hypothesis and indicated statistical significance between groups with p=2.7E-14. 

At 75C, POC[1:1.1](30)-MgO(10), POC[1:1.3](30)-MgO(10), and POC[1.3:1](30)-MgO(10) were all 

within 1.5 minutes of each other (2.9 minutes, 4.1 minutes, and 4.4 minutes respectively), but ANOVA 

again indicated statistical significance with p=1.11E-6. Again, POC[1.1:1](30)-MgO(10) showed the 

highest setting time of 7.4 minutes at 75oC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Setting times for POC-MgO systems 
Figure 3: Setting times for POC-MgO systems. POC(30)-MgO(10) in Fig.3A., POC(X)-MgO(10) in Fig.3B, POC(30)-MgO(X) in 
Fig.3C, and POC[A:B](30)-MgO(10) in Fig.3D.  All four of these factors were shown to have a significant effect on the setting 
time of the material. Changing the composition of the material allows for modulation of the setting time from over 100 
minutes to less than 2 minutes. This variation allows for optimization of setting time depending on the application. 
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In addition to prepolymer solution concentrations, MgO concentration, and POC monomer ratio, 

the addition of ceramic to the material was also shown to have a significant effect on the setting time of 

the material.  Hydroxyapatite was added at fractions of the total material weight ranging from 15wt% to 

55wt%.  Figure 4 shows the temperature dependent setting times of HA containing composites, with a 

constant 50wt% POC[1:1] prepolymer solution and MgO(5). At room temperature there was no 

statistically significant difference between the six compositions, with setting times all within the 10.2-

10.5-minute range (single factor ANOVA with p=0.94).  At body temperature, setting times dropped to 

the 3.7-5.1-minute range, with statistical significance between groups (p=1.81E-7). Setting at 75oC 

showed a range of 1.5-2.8 minutes, again with statistical significance between groups via single factor 

ANOVA (p=5.25E-10).  Generally, setting times were slightly decreased in higher percentage HA 

containing composites, although only by a maximum of 1.4 minutes between POC(50)-MgO(5)-HA(15) 

and POC(50)-MgO(5)-HA(55) at 37oC.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Setting times for POC-MgO-HA systems  Figure 4: Setting times for POC-MgO-HA systems. POC(50)-MgO(5)HA(X) 

systems showed little variation between HA amounts, but a much lower overall 

setting time than non HA systems. Variation of HA content of material allows 

for the optimization of setting time for bone specific MgO doped POC/HA 

composites.   
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3.2 Factor Analysis Setting Time Model 

The program Design-Ease (Stat-Ease Inc., Minneapolis) was used to develop a multi-factor 

setting time model from the collected setting time data. All setting time data is reported in Table 3.  The 

Appendix shows the model predicted setting time values for a full experimentally measured set of data 

(Fig. 22) and for a set with only experimentally measured data for the 10wt% MgO composition. Bar 

height indicates the predicted setting time and red dots indicate the experimentally determined setting 

times. The full model predictive equation and factor analysis ANOVA are listed in the Appendix, along 

with a verification of the setting time model with one unused formulation (POC-MgO 1.3:1 50wt% POC, 

5wt% MgO, Fig. 23).  At low temperature the model was statistically inaccurate, however at 37oC and 

75oC the model was accurate to the experimentally tested setting time. 

These setting time results indicate the ability of MgO to modulate the setting time from in excess 

of hours to under 2 minutes depending on the formulation of the material and the setting temperature. 

This raw data was used to create a factor analysis predictive model for the setting time. The ability to 

quantitatively predict the setting time for any formulation of the above factors gives a valuable tool for 

scaling the manufacture of these materials through either injection molding, or in the future 3D printing.  
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3.3 Mechanical Characterization 

The compressive peak stress, compressive (Young's) modulus, and strain at fracture were 

characterized by standard ASTM compressive testing procedures and POC/HA groups with low levels of 

MgO were shown to have almost double the peak stress of POC/HA controls as well as a Young’s 

modulus closer to that of natural bone.  Six groups of POC(50)-MgO(5)-HA(55) were tested: 1 hour mold 

Table 3: Full setting time data Table 3: Full setting time data. Reported value is average of 5 trials. 
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with no thermal crosslinking, 1 hour mold time with 3 days 80C crosslinking, 1 day mold time with no 

thermal crosslinking, 1 day mold time with 3 days 80oC crosslinking, 3 days mold time, and 3 days mold 

time with 3 days 80oC crosslinking.  Figure 5A shows the peak compressive stress in these samples with 

standard deviation.  A t-test showed a statistically significance difference between the peak stress of 

samples crosslinked at 80oC and no thermal crosslinking (p<0.05).  Of the six groups, a 3 day mold time 

without thermal crosslinking showed the highest average peak compressive stress at 32.2 MPa. The 

lowest compressive peak stress was seen in the 1-hour mold, with 3 days 80oC thermal crosslinking at 

16.7 MPa. POC-HA 60wt% control samples were also tested; one group was thermally crosslinked at 80C 

for three days and one was not thermally crosslinked.  Young’s Modulus was significantly higher in all 

three molding time POC-MgO/HA 5-55 composites than the POC/HA control (Fig. 5B, p<0.05). There 

was no significant difference in Young’s Modulus between the different mold times. POC/HA controls 

had a modulus of 0.2 GPa, while 5wt% MgO containing composites saw an increase to ~1 GPa. Peak 

strain was significantly lower than the POC/HA control for 1 hour and 1 day mold times for the POC-

MgO/HA 5/55 composites (p<0.05), with these composites only reaching a strain of 2-6% before failure 

(Fig. 5C). There was no significant difference between the molding times in peak strain at failure. 

Although the Young’s modulus was improved in the MgO doped group, the overall mechanical properties 

were still lacking, prompting the characterization of several other formulations. 

Figure 5: POC-MgO/HA 5/55 Mechanical Data Figure 5: POC-MgO/HA 5/55 Mechanical Data.  Subfigure A shows peak stress, Subfigure B shows Young's Modulus, Subfigure C shows peak 

strain. Solid bars indicate 3d 80oC thermal crosslinking while striped bars are tested without thermal crosslinking. At this material formulation the peak 

stress was not significantly higher than the crosslinked POC/HA control, indicating the need for a different formulation of the material. * indicates 

p<0.01 
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The peak compressive stress and compressive modulus of 2.5wt% MgO composites was also 

determined, and in this case shown to have improved properties from the 5wt% MgO composites. 

POC(50)-MgO(2.5)HA(57.5) cylinders were fabricated and tested with the same parameters as POC(50)-

MgO(5)HA(55) cylinders (Fig. 6). Compressive strength was significantly higher in the POC(50)-

MgO(2.5)HA(57.5) composites, with 1d mold no thermal crosslinking at 54.2 MPa, 1dm 3d 80oC at 57.2 

MPa, 3d mold no thermal crosslinking at 53.9 MPa, and 3dm 3d 80oC at 63.2 MPa. Compared to the 

POC-HA controls again, these values were significantly higher, with p<0.02. The compressive moduli of 

the POC(50)-MgO(2.5)HA(57.5) composites were not significantly different than  the POC(5)-

MgO(5)HA(55) composites. With no thermal crosslinking, 1-day mold composites had a modulus of 0.93 

GPa and 3 day mold composites had a modulus of 0.89 GPa.  With thermal crosslinking 1 day mold 

composites had a modulus of 1.01 GPa, and 3 day mold composites had a modulus of 0.87 GPa. The 

compressive moduli of all POC(50)-MgO(2.5)HA(57.5) composites were significantly higher than 

POC/HA controls (p<0.02).  The peak strain of POC(50)-MgO(2.5)HA(57.5) composites were slightly 

higher than POC(50)-MgO(5)HA(55) composites, ranging from 7% to 11% at break, and not significantly 

different than POC/HA controls.  From these results, the mold time was chosen to remain at 1 day in 

future groups and the 1 hour and 3 day mold times were excluded. 

 

 

Figure 6: POC-MgO/HA 2.5/57.5 Mechanical Data Figure 6: POC-MgO/HA 2.5/57.5 Mechanical Data. Subfigure A shows peak stress, subfigure B shows Young's Modulus, subfigure C shows 

peak strain. Dark bar indicates 3d 80oC thermal crosslinking while striped bar indicates no thermal crosslinking before testing. By decreasing the 

amount of MgO to 2.5wt%, the peak stress was significantly improved to more than double that of the control. The Young’s modulus was also 

maintained at a higher level than the control. ** indicates p<0.02. 
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 As the previous data suggested, the 1 hour and 3-day mold times were unneeded, thus for the 

1wt% MgO group only the 1 day mold time was tested, Additionally, to match the mechanical properties 

of the MgO doped groups to the best configuration of the control group (POC/HA), an additional 

crosslinking condition of 1dm, 3d 80oC, 3d 120oC vacuum was tested for all 60wt% ceramic composites.  

The POC(50)-MgO(1)HA(59) group showed similar peak stress and Young’s modulus to POC(50)-

MgO(2.5)HA(57.5) at the 1dm and 1dm 3d 80C crosslinking conditions. As expected, the decreased MgO 

concentration in the POC(50)-MgO(1)HA(59) composites slightly increased the peak strain, but also 

lowered the Young’s modulus from the POC(50)-MgO(5)HA(55) formulation. The additional 

crosslinking condition of 1dm, 3d 80oC, 3d 120oC vacuum did little to change the material properties of 

the MgO containing composites, only slightly increasing the peak stress. The additional crosslinking at 

120oC had strongest effect on the POC/HA controls, which indicates why that crosslinking condition was 

initially tested. Overall, the full set of data at 60wt% ceramic indicates that the best crosslinking condition 

for these materials is the 1dm, 3d 80oC, 3d 120oC vacuum, however the mechanical properties were still 

thought to be improvable, prompting another set of testing with a lower ceramic amount. 

 

  

Figure 7: Full 60wt% ceramic composite mechanical data Figure 7: Full 60wt% ceramic composite mechanical data. Subfigure A shows peak stress, subfigure B shows Young's Modulus, subfigure C shows 

peak strain. Mold time was kept constant at 1 day, and the highest peak stress were seen in all composites at the 1dm, 3d 80oC, 3d 120oC vacuum 

crosslinking condition. Although Young’s modulus was still improved from the POC/HA control, peak stress was not significantly improved, prompting the 

need for a different formulation of the MgO doped POC/HA material. (* indicates p<0.05). 
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 To better balance the added brittleness of the MgO, the total amount of ceramic in the composite 

was reduced to 50wt% and the mechanical properties were re-characterized, showing an again improved 

peak stress and the “ideal” formulation of the material. Fig. 8 shows the full set of peak stress, young’s 

modulus, and peak strain for all tested composites at the 1dm, 3d 80oC, 3d 120oC vacuum crosslinking 

condition. This data set shows the clear improvement of mechanical properties when the total ceramic 

amount is reduced from 60wt% to 50wt%. For 1/49 and 2.5/47.5 MgO containing groups, the peak stress 

exceeded 200 MPa with Young’s moduli still around 1 GPa. Additionally, the peak strain of the 1/49 

group matches that of the POC/HA control, further indicating the ability to maintain and improve the 

mechanical properties of the material.  

The mechanical characterization of MgO doped materials ranging from 1wt% to 5wt% at a total 

ceramic amount of 50wt% and 60wt% indicates that a lower amount of MgO, and a ceramic amount of 

50wt% provides the best peak stress and Young’s modulus. 1wt% and 2.5wt% doped MgO POC/HA 

composites exhibited peak stress above 200 MPa and moduli of 1GPa, both significant improvements on 

POC/HA controls and within the range of cortical bone. These formulations were considered the best of 

all tested groups and indicates a possibility for use of these composites in load-bearing applications.  

 

Figure 8: Full Mechanics at 1dm, 3d 80C, 3d 120C vacuum Figure 8: Full Mechanics at 1dm, 3d 80C, 3d 120C vacuum. Subfigure A shows peak stress, subfigure B shows Young's Modulus, subfigure C shows peak 

strain. 1wt% and 2.5wt% MgO composites at 50wt% ceramic showed the best peak stress and maintained a modulus of about 1GPa. These results indicate a 

step towards the natural mechanical properties of bone and the potential for these materials to be used in load bearing orthopedic applications. (* indicates 

p<0.05). 
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3.4 Density and Size Verification 

The density of the various compositions of POC-MgO were compared to prove the ability to 

fabricate the material at a consistent crosslinking density through the injection molding process.  Table 4 

shows the density of several of these groups. Notably, the average density of the materials all are within 

the 1.26 to 1.33 mg/mm3 range, indicating a replicable density from the injection molding of the 

cylinders. Single factor ANOVA on the density data showed a p value of 0.42, indicating an acceptance 

of the null hypothesis (i.e. there is no statistically significant difference between groups).  This analysis 

shows the consistent fabrication of cylinders despite different compositions. 

 

 

 

 

 

 

 

  

 In addition to confirming the density of MgO doped composites, the size of the composites before 

and after crosslinking was determined to confirm that any shrinkage of the material was isotropic. As 

shown by Fig. 9, all three MgO doped POC/HA composites showed shrinkage after crosslinking by about 

4-5%. This amount of shrinkage was not seen in the POC/HA composite. Although shrinkage in general 

is unwanted, in this case the percent change seems to be isotropic (no statistical difference between 

diameter and length change, p>0.05), indicating that this could be controlled for in the fabrication 

process. In general, the fabrication limitations of MgO doped POC/HA due to shrinkage are controllable, 

and even in rudimentary manual injection molding the density of the material is maintained. Both of these 

potential setbacks are highly controllable. 

Table 3: Density Verification of POC-MgO/HA composites 

 

Table 4: Density Verification of POC-MgO/HA composites. Single factor 

ANOVA showed no significant difference between the groups. 
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3.5 Injection Molding 

Initial injection molding of POC-MgO/HA composites resulted in both solid geometries and 

porous scaffold geometries which were previously unattainable with standard POC/HA composites.  

Mold geometry of the temporomandibular joint was extracted from an X-ray scan of the skull using 

MIMICs and processed with Solidworks. Fig. 10 shows the scan, CAD design of the mold, and 3D 

printed mold. 2.5wt% MgO doped POC/HA was injected into the mold and allowed to set for 1 day. Once 

removed from the mold, the composite material was shown to have retained with high accuracy the 

smaller feature geometries of the mold, including the 200um filament layers from the 3D printer.  A 

second 3D printed mold with higher resolution was created and a more detailed injection molded 

composite created (Fig. 10G).  The ease of fabrication of the MgO doped POC/HA material is clear 

compared to POC/HA without MgO; Fig. 11 shows the result of injection molding POC/HA (Fig. 11B) 

compared to injection molded POC-MgO/HA (Fig. 11A). The POC/HA material remains a semi-liquid 

even after one day in the mold, preventing its use as an injection molding material. 

Figure 9: Sample Size change before/after crosslinking  Figure 9: Sample Size change before/after crosslinking. Control is 50wt% POC/HA, 

experimental groups are POC-MgO(1)HA(49), POC-MgO(2.5)HA(47.5), and POC-

MgO(5)HA(45). There is no significant difference between length and diameter % 

difference for any MgO containing groups, indicating controllable isotropic shrinkage of 

the material (p>0.05).  
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Figure 10: Injection Molding Workflow 

Figure 11: Injection molding comparison of MgO doped and MgO free POC/HA 

 

Figure 10: Injection Molding Workflow.  Coronoid process and temporomandibular joint was extracted from scan of skull and 

converted into 3D printable mold. POC-MgO/HA 2.5/47.5 was molded in both 3D printed molds and retained high accuracy of the 

mold shape (D,E). 

Figure 11: Injection molding comparison of MgO doped and MgO free POC/HA materials. Subfigure A shows the retention 

of mold shape in the MgO doped POC/HA material while subfigure B shows the inability of POC/HA to maintain mold shape 

due to the lack of self-setting ability.  
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In addition to complex mold geometries extracted from physiological scans, other simpler 

geometries were created, largely made possible by the ability of MgO doped POC/HA to retain extremely 

fine micro-level detail from the mold. Fig. 12 shows fabricated screws, porous scaffolds, and ridged 

plates also created via injection molding of POC-MgO/HA formulations. Fig. 12A shows a screw with 

high tolerances which was easily fabricated by molding the material into a preexisting screw mold 

(d=5mm). Fig. 12B shows a porous scaffold of POC-MgO(2.5)HA(57.5) fabricated by injection molding 

the material with 40wt% salt and leaching the salt after the material had set in mold for 1 day. The salt 

was able to be leached without thermally crosslinking the material first. Fig. 12C-E shows a ridge 

structure on a plate which was made from molding the material into a ridged 3D printed mold. The ridge 

structure was maintained after crosslinking with high accuracy to the initial 3D printed mold. The ridge 

depth was 100 um, and the width of each ridge was less than 75 um (scale bar 100 um). The unique 

ability of MgO doped POC/HA to pick up these fine details indicates the possibility of transferring 

microarchitecture to the surface of these materials, a characteristic previously impossible with POC/HA. 

 

 

Figure 12: Injection Molding Capabilities Figure 12: Injection Molding Capabilities. Screws, porous scaffolds, and micro ridged plates were all fabricated with injection 

molding of MgO doped POC/HA composites. Fine ridge architecture on the microscale provides a unique way to design the 

surface of the material for specific applications, especially with respect to improving cell attachment and growth. (Scale bar in 

D,E is 100um). 
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3.6 Accelerated Degradation 

An accelerated degradation test of MgO doped POC/HA composites characterized the relative 

degradation curve of these materials, showing a slightly increased degradation rate in the MgO doped 

materials. Figure 13 shows the degradation curve of POC-MgO(1)HA(49), POC-MgO(2.5)HA(47.5), and 

POC-MgO(5)HA(45) composites compared to a control composite of POC-HA(50wt%).  All composites 

showed a standard curve, with the higher MgO containing composites showing a slightly faster 

degradation rate. There was no significant difference in the mass loss until day 10, with all MgO 

containing composites degrading to 20% of their initial mass by this time point. By day 14, all MgO 

containing composites had degraded to less than 15% of their initial weight, while the control composite 

was still above 25% of its initial weight. These results indicate little difference between the POC/HA and 

MgO doped POC/HA, except for a slightly faster degradation at days 10-14.  

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Accelerated Degradation of MgO containing composites Figure 13: Accelerated Degradation of MgO containing composites (wt% MgO /wt% HA). Degradation 

was similar for all groups until day 10 and 14, at which MgO doped POC/HA had slightly faster degradation 

rate. Overall the degradation data suggests suitability in the body. Control composite is 50wt% POC/HA. 
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3.7 pH Response 

The pH response of MgO doped POC/HA composites was tested over a two-week period (Fig. 

14) and indicated the improved ability of MgO doped POC/HA to buffer the slightly acidic nature of the 

citric acid polymer.  Initial pH of the test medium was 7.4 (1X PBS). The control POC/HA 50wt% 

composite showed the most acidic response of the composites, dropping below 7.3 in 1 day. POC-

MgO(1)HA(49) and POC-MgO(2.5)HA(47.5) also showed a slight decrease in pH, although only to 7.35 

in the first day, demonstrating the buffering ability of the basic MgO. POC-MgO(5)HA(45) never showed 

a drop in pH, increasing in the first day to 7.55 and maintaining this pH throughout the test. The other 

MgO containing composites showed an increase to 7.5, along with the control composite by day 10. The 

buffering ability of the 1wt% and 2.5wt% MgO doped groups is beneficial to the material as it prevents 

the acidic response seen in the control. However, the 5wt% MgO group overpowers the acidic nature of 

the polymer and shows a basic response, indicating a poor fit for this group in a physiological application. 

 

Figure 14: pH response of MgO containing composites Figure 14: pH response of MgO containing composites. 1wt% and 2.5wt% MgO groups showed 

an improved ability to buffer the pH closer to 7.4 than both the control (slightly acidic) and the 

5wt% MgO group (basic). The 1wt% and 2.5wt% MgO groups illustrate the best response and 

further support them as the best formulations of the material. Control is POC/HA 50wt%. 
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3.8 Swelling Testing 

The swelling of MgO doped POC/HA composite disks was tested over a two-week period and 

again indicated that the 1wt% and 2.5wt% MgO groups would be suitable for implantation while the 

5wt% MgO group is too much MgO for the system. Fig. 15 shows the swelling response of these 

composites with a POC/HA 50wt% control. POC-MgO(1)HA(49) and POC-MgO(2.5)HA(47.5) 

composites showed a statistically similar response to the control, with a slight increase in mass to a steady 

value of about 15% mass increase. POC-MgO(5)HA(45) showed a larger increase in mass with a 37% 

mass increase in the first day. A drop in the mass increase in the 5wt% MgO composite is most likely due 

to its faster degradation compared to the other composites. Again, this response is not ideal and indicates 

the 5wt% MgO composite is less suitable. 

Figure 15: Swelling response of MgO containing composites in distilled water Figure 15: Swelling response of MgO containing composites in distilled water. 1wt% and 

2.5wt% MgO groups have similar response to the POC.HA control, while 5wt% MgO shows high 

swelling and then fast degradation. This indicates that 5wt% MgO is a good upper limit for MgO 

amount. Control is a POC/HA 50wt% composite. 
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3.9 Physical Characterization 

The physical composition of POC-MgO and POC-MgO/HA composites was determined using 

FTIR spectroscopy and indicated the chemical binding of magnesium ions to the carboxylic acid groups 

of citrate in the polymer. Fig. 16 shows the spectra for POC, POC-MgO(15), magnesium citrate tribasic, 

and magnesium oxide. The most notable changes in the spectra from the POC to POC-MgO are the 

rounded peaks at 1600 cm-1 and 1400 cm-1, and the large spread peak at the low end of the spectrum. The 

two peaks in the 1600-1400 cm-1 range correspond to deprotonated –COOH groups, indicating the 

binding of magnesium ions to the free citrate carboxylic acid groups in the polymer. This is confirmed by 

comparing to the magnesium citrate tribasic spectrum which also has these characteristic peaks. The large 

peak in the 400 cm-1 range is due to magnesium oxide; although magnesium citrate tribasic has some 

artifacts in that region, the large sloping peak is clearly that of MgO. This indicates the presence of both 

magnesium ions and magnesium oxide in the POC-MgO material, lending some information as to the 

binding mechanism of the particles in the polymer. We propose that MgO reacts with the pendant 

geometry of the citrate –COOH groups in the form of magnesium ions, and once those groups have been 

saturated the remaining magnesium exists as the magnesium oxide species. This explains the self-setting 

ability of MgO in POC and indicates that this same mechanism would allow for the setting of all other 

citrate-based polymers, suggesting a much broader impact of this research than just doping POC/HA 

composites. 
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3.10 Mineralization 

Mineralization results show unique mineral growth morphology on MgO containing composites 

when compared to POC/HA controls. POC/HA control disks showed characteristic rounded mineral 

growth continuing from day 1 to day 7 (Fig. 17). In all three groups containing MgO (1/49, 2.5/47.5, and 

5/45), day 1 results show cube-like mineral growth in addition to the rounded growth seen on the control 

(Fig. 18A). Additionally, by day 7, MgO doped disks show long, thread-like mineral deposition on top of 

the layered rounded and cube growth (Fig. 18C,D). This type of mineralization was not seen on the 

Figure 16: FTIR spectrum of POC, POC-MgO(15), magnesium citrate tribasic, and MgO Figure 16: FTIR spectrum of POC, POC-MgO(15), magnesium citrate tribasic, and magnesium oxide. Characteristic 

peaks in the 1400-1600 cm-1 range indicates magnesium ion binding to citrate, while a large peak in the 400 cm-1 range 

indicates the presence of MgO in the system. This suggests a saturation of the citrate with magnesium, explaining the 

diminishing returns of decrease in setting time with increased MgO amount. 
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POC/HA control plates.  A higher magnification of the mineral growth also shows a honeycomb-like 

pattern surrounding the cube minerals at day 1, and this same porous growth layered with strand growth at 

day 7. (Fig. 18B,D). This unique mineral morphology could prove to be excellent for cell growth and 

attachment, as the porous nature of the mineral growth could encourage cell infiltration, and micro 

threads are often used in biomaterials to improve cell attachment. The difference in morphology could be 

due to release of MgO from the material which then redeposits as MgO crystals (cubic), and threads or 

porous platelets (Ca/Mg-phosphate). 

 

 

 

 

Figure 17: Mineralization of MgO doped POC/HA composites Figure 17: Mineralization of MgO doped POC/HA composites. Control (POC/HA 50wt%) shows rounded amorphous 

mineral growth while MgO doped composites show thread-like, cube-like porous growth. Porous and thread-like growth on 

MgO doped POC/HA could encourage cell attachment and growth, indicating a potential imrpvoement on the control 

POC/HA material. Scale bar 20um. 
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3.11 Cytotoxicity 

The cytotoxicity of MgO doped films was determined via a 24hr CCK-8 cytotoxicity assay and 

was shown to be comparable to both POC/HA control films and PLGA 75:25 control films. Fig. 19 shows 

the normalized cell viability on POC-MgO(1)HA(49), POC-MgO(2.5)HA(47.5), and POC-

MgO(5)HA(45) vs controls of POC/HA 50wt% and PLGA films. In all groups the cell viability did not 

drop below 75%, with the PLGA control displaying the highest viability along with POC-

MgO(1)HA(49). POC-MgO(5)HA(45) showed the lowest cell viability of the experimental groups, 

Figure 18: Cubic, thread-like, and porous mineral growth on MgO doped POC/HA Figure 18: Cubic, thread-like, and porous mineral growth on 5wt% MgO doped POC/HA. Subfigures A, B taken after 1 

day of mineral growth and clearly illustrate the cubic growth of magnesium oxide and deep pores. Subfigures C, D taken at day 7 

show the layering of threads over the porous minerals. 
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indicating that increasing MgO may increase cytotoxicity. However, at the levels used in these 

experimental composites, the overall viability was high enough in all cases to suggest that MgO in lower 

concentrations does not limit cell viability. 

 

 

3.12 Translation to Other Citrate-Based Polymers 

 In addition to exploring the applicability of MgO to POC/HA bone composites, the ability of 

MgO to self-set other polymers in the citrate family was briefly examined to determine other potential 

applications for MgO use. Fig. 20 shows the setting times for POC-click 0.03-Al, POC-click 0.03-N3, 

POC-click 0.03 2:1 Al:N3, BPLP-ser 0.02, and BPLP-cys 0.02 all with 5wt% MgO and at 75oC. 

Additionally, POC-click 0.03 2:1 Al:N3, BPLP-ser 0.02, and BPLP-cys 0.02 with 5wt% MgO and 45wt% 

HA were also tested.  These setting times are all reported in Fig. 20.  The ability of MgO to set these other 

Figure 19: 24-hour film cytotoxicity against 3T3 cells Figure 19: 24-hour film cytotoxicity against 3T3 cells. Normalized cell viability is shown for all groups 

including PLGA and POC-HA 50wt% controls, with MgO doped POC/HA composites showing comparable cell 

viability to both controls. A slight decrease in viability was seen at the 5wt% MgO composite, indicating that 

there is an upper limit for MgO in these materials with respect to cell viability. 
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polymers in a similar amount of time to POC indicates a similar, if not identical mechanism of setting. 

MgO was also doped into CUPE/HA composites and the mechanical properties of the CUPE-MgO/HA 

material were shown to be similar to POC-MgO/HA composites (Appendix B, Fig. 24). The wide-ranging 

applications of these other polymers, including imaging, vascular tissue regeneration, and nerve tissue 

regeneration indicates the potential use of MgO in these areas as well.  Although this preliminary data 

does little other than to show the ability of MgO to self-set these polymers, this is a promising area of 

future research, albeit not related to orthopedic engineering. 

 

  

 

 

 

 

Figure 20: Setting times for other citrate-based polymers Figure 20: Setting times for other citrate-based polymers. Setting times were similar to setting times at the same conditions 

for POC, indicating a similar mechanism of setting. Ability of MgO to set these other citrate-based polymers indicates potential 

applications in areas of biomaterial research other than orthopedic biomaterials. 
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Chapter 4  
 

Discussion 

We proposed that MgO could act as a setting agent for POC/HA composites, improving the 

mechanical properties, enhancing mineralization, pH response, and degradation rate, and most 

importantly, providing a way to manufacture the material through previously unattainable techniques such 

as injection molding and 3D printing.  In this work we have confirmed these characteristics of MgO 

doped POC/HA, illustrating the high potential for this novel material to be used in orthopedic 

engineering.  

In exploring the self-setting ability of POC-MgO materials, it is abundantly clear that there are 

some factors on which the setting time is highly dependent on; these major factors appear to be 

temperature, POC prepolymer solution concentration, MgO concentration, POC monomer ratio, and, to 

some extent, the inclusion of HA in the material. By modulating these factors, the setting time of the 

material can be adjusted from over 300 minutes to less than 2 minutes.  The most significant factor in 

changing the setting time was the temperature, with temperatures at and above 75oC showing setting 

times of less than 5 minutes in almost all material formulations.  As raw data, the setting time data can be 

difficult to understand comprehensively; thus, the processing of the data by factor analysis was an 

important step for better interpreting the trends in setting time.  By developing a factor analysis model for 

the setting time as a function of four different variables (temperature, monomer ratio, POC concentration, 

MgO concentration) we can now computationally predict setting time for any combination of these 

factors. In verifying the accuracy of this predictive model, we show that at 37oC and 75oC the model is 

very accurate to the experimentally measured setting time (Fig. 23). At lower temperature, the predictive 

model is less accurate, with a statistically different predicted setting time than the measured value. This 

inaccuracy is most likely due to the high variability in the measurement of the data at room temperature, 

reducing the accuracy of the computational model. Although at room temperature the model lacks 

accuracy, at higher temperatures it is very accurate, providing a valuable tool for processing the material 
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and for translating from the small-scale research setting to a more industrially scaled setting geared 

towards producing composites for clinical applications.   

Mechanical testing data shows that, in addition to providing a self-setting mechanism for citrate 

polymers, MgO can also significantly improve the mechanical properties of POC/HA by both increasing 

the peak compressive stress and by increasing the Young’s modulus. At 5wt% MgO, 55wt% HA 

(POC(50)-MgO(5)HA(55)), cylinders showed a significant improvement over the non-thermally 

crosslinked POC-HA control in terms of modulus, but still lacked high compressive stress. For all three 

mold times (1 hr, 1d, 3d), and for both thermally and non-thermally crosslinked, the MgO containing 

composites shows peak stresses around 25-30 MPa. When compared to the thermally crosslinked POC-

HA control (23 MPa), these cylinders did not see an improvement. The compressive modulus was 

significantly improved versus the POC-HA control, with values reaching above 1 GPa, compared to the 

0.1-0.2 GPa modulus of the control.  To better balance the added brittleness of the MgO in the composite, 

the MgO amount was reduced to 2.5wt% and the new system, POC(50)-MgO(2.5)HA(57.5) was tested. 

In this case, the compressive peak stress was much higher, with values reaching about 50 MPa. This was 

again a significant improvement on both the previous iteration of MgO containing composites, and the 

MgO free POC-HA control.  Although the peak stress was much improved, by reducing the amount of 

MgO in the system, the modulus was also slightly decreased to about 0.9 MPa. This was still higher than 

the control, and closer to the goal of reaching the modulus of natural bone. From this initial data, the 1-

day mold time was chosen as the only mold time to use for future tests, and the 3d 80oC, 3d 120oC 

vacuum crosslinking condition was chosen as it displayed the best mechanical properties.  To again 

counter the brittleness of the 60wt% ceramic composites, the total ceramic amount was decreased to 

50wt% and MgO was doped at 1wt%, 2.5wt%, and 5wt%. The reduction of total ceramic amount helped 

to significantly increase the peak stress of the material, reaching over 200 MPa in the case of POC-

MgO(1)HA(49) and POC-MgO(2.5)HA(47.5) at the crosslinking condition of 1dm, 3d 80oC, 3d 120oC 

vacuum. These two formulations showed the best mechanics of all the POC-MgO/HA compositions, 
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almost doubling the peak stress of the control composite, and maintaining a significantly improved 

Young’s modulus.  Improving the mechanical properties of orthopedic biomaterials is an important hurdle 

to engineering materials which are clinically available for load bearing applications. Current materials are 

confined to non-loadbearing areas of bone regeneration due to low peak stress and modulus; the results 

seen with MgO doped POC/HA indicated that this type of material may reach the needed mechanical 

properties for loadbearing applications in the future, indicating a major step forward in orthopedic 

biomaterials. 

Demonstrating easier fabrication via injection molding was a major goal of this project.  Previous 

attempts to injection mold POC/HA have shown that this fabrication technique is near impossible with the 

material. However, with the self-setting ability of MgO in POC/HA composites, injection molding is now 

not only possible, but incredibly easy, practical, and accurate. Additionally, translating complex 

physiological geometries directly to the material is now quick, easy, and accurate, indicating the 

customizability of the material for clinical applications.  In this project, the coronoid process and 

temporomandibular joint of the mandible were extracted from an x-ray of a human skull using MIMICS 

and a CAD model of an injection mold was created and 3D printed (Fig. 10).  POC(50)-

MgO(2.5)HA(57.5) was then injected into the mold and set for 24 hours. After setting, the material was 

removed from the mold and was shown to have retained the desired geometry with high accuracy. The 

material also retained the resolution of the 3D printed filaments in its surface, indicating a strong potential 

for purposeful surface modification with micro or nanoarchitecture to better improve cell attachment and 

proliferation. The resolution of the printer used was 200um, and this was easily retained by the material in 

the injection molding process. A second, higher resolution print of the mold illustrates the ability to create 

a more finely detailed composite.  The ability to injection mold other important geometries, including 

screws, porous scaffolds, and micro-ridged plates was also easily demonstrated. Microridges on the 

surface of a plate were retained with high accuracy at a scale of less than 100um, indicating a potential for 

even smaller surface architecture designed to encourage cell attachment and growth. The improved ease 
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of fabrication with MgO allows for the fabrication of unique geometries which are not possible with 

previously used POC/HA; without MgO, POC/HA screws or complex geometries must be machined out 

of blocks of the material, increasing the waste and decreasing the overall efficiency of the process. For 

these materials to be viable on an industrial scale, developing more efficient pathways of fabrication is an 

important area; doping POC/HA with MgO allows for new ways of creating complex geometries, a 

definitive improvement in this area. 

Accelerated degradation of POC-MgO/HA composites showed a similar degradation curve shape 

to POC/HA control composites, with a slightly increased degradation rate at later time points. By day 10, 

all three MgO containing composites (1/49, 2.5/47.5, and 5/45) showed a slightly higher rate of 

degradation, with almost 90% of the original composite mass degraded by day 14. Because this was an 

accelerated degradation test (sped up by using a low concentration NaOH solution) the degradation rates 

are only relative to one another, not to the true degradation time in vivo. Despite this, the results indicate 

the degradation of MgO doped POC/HA composites is not different enough from the degradation of non 

MgO containing composites to preclude their use in the body.  In fact, a slightly increased degradation 

rate in the MgO doped POC/HA composites may improve the tissue ingrowth in vivo. A major 

consideration in degradable biomaterials is tuning the rate of degradation of the material to the rate of cell 

ingrowth and regeneration of the desired tissue. By modulating the amount of MgO in the system, the 

degradation rate may see a tunable nature in much the same way as the tuning of the setting time with 

MgO. The customizability of MgO doped POC/HA composites is an added benefit of incorporating MgO 

that is not seen with POC/HA. 

The pH response of PBS solution to MgO doped POC/HA composites was shown to be a slight 

improvement on POC/HA control composites by buffering the pH at 7.4. Because POC contains 

carboxylic acid side chain groups, the polymer is slightly acidic; this acidity is clear in the first day of the 

pH testing for the control group. However, in the case of the 1/49 and 2.5/47.5 MgO doped composites, 

the pH was maintained at almost exactly the same level as in normal PBS (7.4).  The 5/45 POC-MgO/HA 
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composite showed an increase in pH, likely due to the basic nature of Mg/carboxyl bonds and remaining 

MgO in the composite matrix. By day 10, all groups had returned to the same level, slightly above the 

initial 7.4 pH of the PBS. These results indicate that while the 5/45 MgO group may be too basic for use, 

the 1/49 and 2.5/47.5 showed an improvement in the ability of the material to maintain a physiological 

pH.  

The swelling response of MgO-doped POC/HA composites showed again the relatively 

unchanged response in the 1/49 and 2.5/47.5 groups, and a slight decrease in applicability of the material 

in the 5/45 group.  There was a slight increase in swelling between POC/HA controls and the 1/49 and 

2.5/47.5 groups, however the 5/45 group showed a much higher swelling ratio which then decreased 

significantly over time. This decrease can most likely be attributed to the faster degradation of the 5/45 

material. The high initial swelling at days 1-7 for POC-MgO/HA 5/45 suggests, as with the pH data, that 

this formulation may not be ideal for biomaterial use. However, in the case of the lower MgO 

concentration formulations (1wt% and 2.5wt%), the slight increase in swelling is not likely to pose a 

problem for implantation.  

As with any biomaterial, the interaction between cells and the material must be examined for 

cytotoxicity and biocompatibility. The 24-hour cytotoxicity of MgO doped POC/HA composites was 

shown to be comparable to that of PLGA and POC/HA controls. As was expected, increasing the MgO 

amount in the composite caused a decrease in the cell viability, however even at POC-MgO(5)HA(45), 

the cell viability was still above 75% and comparable to the POC/HA control. Increasing MgO amount 

above 5wt% may cause a significant decrease in cell viability, but these higher levels of MgO are 

undesirable for other reasons (swelling, degradation, etc.).  Although more work in the future, specifically 

with a bone cell line or hMSCs, would give a better understanding of the role MgO plays in cell growth, 

this initial data suggests that with lower levels of MgO, cytotoxic effects are minimal. 

FTIR spectroscopy of the various MgO doped materials shows the mechanism of chemical 

crosslinking of MgO into the polymer matrix. Magnesium citrate shows a similar peak to that of POC-
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MgO in the 400 cm-1 range, but there also exist clear peaks for the –COO- groups of the magnesium 

citrate tribasic, indicating that both MgO and magnesium ions exist in the composite. Because the MgO 

used was ~50um particle size, it is likely that these particles may react on the surface with the citrate 

carboxyl groups, but that there remains some unreacted MgO within the particles. It is also possible that 

the –COO- groups are saturated at low levels of MgO, which would explain why the size of these peaks in 

POC-MgO(15) are not significantly larger than in POC-MgO(5). This supports the theory that magnesium 

oxide has some mechanism of binding with citrate in the polymer, resulting in the setting that is observed. 

Although the preliminary FTIR data does support the hypothesis that the MgO binding mechanism is 

chemically resulting in both MgO and magnesium ions, more testing should be done to better determine 

exactly what this mechanism is. UV-vis spectroscopy could be used to determine the lower range of 

frequency (<400 cm-1).  

The mineralization of inorganic crystals on the surface of MgO doped composites was 

significantly different in morphology than the mineralization on the surface of POC/HA control 

composites. The characteristic cube shaped mineral deposition seen in all three MgO containing 

composites could possibly be attributed to magnesium cations and/or MgO leaching from the surface of 

the composite and then redepositing in cubic crystals. This early magnesium deposition likely alters the 

morphology of the crystals that are deposited through days 3-7, and results in the unique porous honey 

comb/strand morphology seen by day 7. It’s possible that the porous platelets and thread growth are a 

different species of phosphate mineral, either in the form of Ca/Mg phosphate or a magnesium phosphate. 

Fig. 21 shows a proposed mechanism for the mineralization on MgO doped POC/HA composites. This 

type of mineralization pattern could provide an environment which is very conducive to cell growth and 

osseous tissue generation. The honeycomb shape of the mineral deposits is similar in structure to that of 

decellularized bone matrix, and significant recent research has examined the role that microfibers play in 

cell attachment and growth. If this type of mineralization could be controlled and better understood, it 
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may provide a massive improvement on the amorphous, spherical mineralization seen in POC/HA 

controls.  

In addition to characterizing the ability of POC-MgO/HA composites to act as a potential 

orthopedic biomaterial, it was also important to demonstrate the broader impact of MgO as a self-setting 

doping agent in other citrate-based polymers. The citrate-based polymer family includes several other 

important biocompatible polymers with applications ranging from neurological tissue engineering to 

vascular graft repair. Additionally, many citrate-based polymers offer fluorescent character which can be 

used for a variety of applications, including bio sensing and imaging. MgO was combined with several of 

these polymers, including POC-click, BPLP, and CUPE to develop a preliminary understanding of how 

MgO could be applied in other areas of citrate biomaterial development. In all of the polymer 

combinations attempted, MgO was able to self-set the material in a comparable time to that of the original 

POC-MgO formulations (Fig. 20). Additionally, when MgO doped into CUPE/HA composites, the 

mechanical properties of the material were similar to POC-MgO/HA composites (Fig. 24, Appendix B). 

Figure 21: Proposed mechanism for mineralization on MgO doped POC/HA Figure 21: Proposed mechanism for mineralization on MgO doped POC/HA. MgO is released from the material soon after 

being placed in SBF and is then redeposited on the surface of the composite in the form of cubic crystals. Ca/Mg phosphate 

nucleates and grows in wire morphology and then later as smaller porous platelets. 
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This is an important confirmation of the universal ability of MgO to set citrate-based polymers, indicating 

broader applications than just orthopedic biomaterials for MgO doping.  

In summary, this project has shown great potential for MgO doped POC/HA composites, and for 

the expansion of MgO use in other areas of citrate-based biomaterials. In addition to developing a 

quantitative predictive setting time model through our understanding of the factors involved in setting 

time, we have characterized the basic mechanical properties of the material and shown a significant 

improvement in the peak stress and compressive modulus of the material. Additionally, we have shown 

an improved ease of fabrication of the material by injection molding with little extra time or effort; this 

method of fabrication was previously impossible with POC/HA, which required the machining of blocks 

of the material to develop complex geometries. Improving the fabrication methods of the material is an 

important step for moving from research to industry and scaling the manufacturing process. With the 

ability to rapidly self-set and maintain shape and specific geometry, the MgO doped materials allow for 

quick injection molding, which could allow clinicians to move quickly from a scan of a defect or injury, 

to a solid, 3D scaffold which can be implanted immediately. We have also demonstrated that the pH, 

swelling, degradation, and cytotoxicity of MgO doped materials either maintain or improve the properties 

of POC/HA. Additionally, we showed the unique ability of MgO doped POC/HA to precipitate cubic, 

porous, and strand morphology minerals onto the surface of the material, indicating an interesting area of 

further exploration with respect to cell attachment and growth. Finally, preliminary exploration of MgO 

doping of other citrate-based polymers showed that MgO has a so far universal ability to set polymers 

synthesized from citric acid. These results indicate a potential for MgO doping in other areas of citrate 

biomaterial development, including applications in bio imaging and vascular repair. 
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Chapter 5  
 

Conclusion 

In this thesis we have demonstrated the use of magnesium oxide as a self-setting agent in citrate-

based polymer composites for orthopedic applications.  By modulating the composition of POC-MgO 

materials, the setting time can be tuned to the specific need for fabrication of more complicated scaffolds. 

From this raw setting time data, a factor analysis setting model was developed to predict the setting time 

of untested compositions, providing an important tool for scaling material fabrication, and translating it to 

other fabrication techniques reliant on self-setting. Simple and complex mold geometries, porous 

scaffolds, screws, and micro-ridged plates of POC-MgO/HA were all fabricated through injection 

molding, a technique previously incompatible with POC/HA materials. Additionally, magnesium oxide 

doped composites showed improved mechanical strength, with peak compressive stress almost double 

that of POC/HA control composites, and Young’s moduli much closer to that of natural cortical bone.  

Degradation studies of the magnesium containing composites showed a slightly accelerated degradation 

over POC/HA control composites, and cell proliferation testing showed a comparable viability to that of 

POC/HA and PLGA controls. Swelling and pH testing confirmed that lower concentration MgO doped 

composites would be suitable for physiological use. Mineralization on MgO doped composites showed 

unique morphology which may improve the bioactivity of the material. Physical characterization of 

composite films carried out via FTIR illustrated that magnesium oxide plays a chemical role in the setting 

of citrate polymers by interacting with carboxyl groups in the polymer. In addition to testing with POC 

polymer only, magnesium oxide’s self-setting ability was tested with a range of other citrate-based 

polymers including BPLP, CUPE, and POC-click. Magnesium oxide was a viable setting agent in all 

tested citrate polymers, indicating the applicability of the setting mechanism in areas other than bone 
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substitute materials. The results of this work show that magnesium oxide is a promising and novel doping 

component for both orthopedic POC/HA composites, and citrate-based materials in general. 
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Appendix A 

Supplemental Setting Time Model 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4: ANOVA Coefficients for Factor Analysis Model 

Figure 22: Design-Ease predictive setting times for untested MgO doped formulation  Figure 22: Design-Ease predictive setting times for untested MgO doped formulation. Red dots are experimentally measured 

setting times while bar height is model predicted setting time.  
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Table 5: Setting Time Factor Coefficients 
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Equation 3: Setting Time Predictive Equation 
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Figure 23: POC-MgO 1.3:1 50wt% POC, 5wt% MgO setting time Figure 23: POC-MgO 1.3:1 50wt% POC, 5wt% MgO setting time. Red dot is model predicted value, bar 

height it measured value. (* indicates p<0.05) 
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Appendix B 

Supplemental Mechanical Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: CUPE-MgO/HA mechanical properties at 3d 80oC, 3d 120oC vacuum Figure 24: CUPE-MgO/HA mechanical properties at 3d 80oC, 3d 120oC vacuum. Subfigure A shows peak stress, subfigure B shows Young’s 

modulus, and subfigure C shows peak strain. CUPE-MgO/HA composites show similar properties to POC-MgO/HA composites, indicating the 

potential for the use of MgO in other citrate-based polymers while maintaining mechanical properties. (* indicates p<0.05) 
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