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ABSTRACT OF THE DISSERTATION 
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Dr. Huinan Liu, Chairperson 

 

 

 

Magnesium oxide (MgO) is a bioactive ceramic of increasing interest for bone 

applications. However, as MgO is relatively new to medical applications, there are 

limited publications on the cytocompatibility and bioactivity of MgO. In this work, we 

explore the properties of MgO nanoparticles (nMgO) in both bare form and as a 

component of polymeric composites.   

Bare nMgO was reactive in simulated physiological environments, creating 

concentration-dependent effects. Specifically, nMgO has dynamic effect on bone marrow 

derived mesenchymal stem cells (BMSCs) and cell culture medium, Dulbecco’s 

Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S). At low concentrations, nMgO enhanced the proliferation of 

BMSCs, but in concentrations exceeding 500 µg/mL there was significant cell death. 

However, increasing nMgO caused decrease in Ca2+ in DMEM, indicating that nMgO 

may enhance deposition of calcium salts. Much of this activity may be attributed to the 

dissociation of nMgO which resulted in release of Mg2+ and OH-. MgO nanoparticles 
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readily dissociated in DMEM and simulated body fluid (SBF) due to pH and biological 

buffering effects. Developing polymeric nanocomposites with nMgO provided a way to 

mitigate dissociation of nMgO while maintaining beneficial effects to cells.  

Several nMgO nanocomposites were evaluated. First, a method to increase 

dispersion of nMgO in poly (lactic-co-glycolic acid) (PLGA) using purely mechanical 

stimulation was developed. These composites were compared with composites of 

nanophase hydroxyapatite (nHA) in PLGA. Hydroxyapatite is a naturally occurring 

calcium phosphate, well-established for bone applications. Optical transparency 

measurements confirmed increased dispersion.  However, the release of nMgO from 

nMgO/PLGA was found to exceed tolerable levels for BMSCs. Less nMgO was utilized 

in subsequent studies but to maintain the mechanical support from nanoparticle filling in 

PLGA, triphasic composites of PLGA/HA/MgO were developed. Improved cell response 

was observed when the amount of nMgO was decreased to 1-5 wt% compared to 

composites with 30 wt% nMgO, but we did not observe improved cell response when 

compared to PLGA/HA composites with 30 wt% nHA. However, these solvent-casted 

nanocomposites served as a guideline for the development of a thermogelling hydrogel 

containing nHA and nMgO. 

PLGA-PEG-PLGA (PLGA block linkage with PEG, PbP) was utilized for its 

thermogelling properties. The presence of nMgO initially helped to stabilize the 

hydrogel. However, this property was lost as nMgO hydrated and eventually dissociated 

leading to loss of structural integrity of the hydrogel. As such, nMgO can be a useful 



 ix 

additive to materials for bone regeneration but its reactivity means that it should be 

coated to preserve its beneficial properties and mitigate dissociation.  

 

 

 

 

 

  



 x 

Table of Contents 

 
ACKNOWLEDGMENTS ................................................................................................. iv 

DEDICATION ................................................................................................................... vi 

ABSTRACT OF THE DISSERTATION ......................................................................... vii 

Table of Contents ................................................................................................................ x 

List of Figures .................................................................................................................. xiv 

List of Tables .................................................................................................................... xv 

Chapter 1: Introduction ....................................................................................................... 1 

1.1 Need for Bone Regeneration ..................................................................................... 1 

1.2 Magnesium Oxide for bone regeneration ................................................................. 2 

1.2.1 Properties of Magnesium oxide ......................................................................... 2 

1.2.2 Magnesium oxide and bone applications ........................................................... 3 

1.3 Hydroxyapatite as a model ceramic for bone regeneration ...................................... 4 

1.4 Poly (lactic-co-glycolic acid) as a matrix for MgO .................................................. 4 

1.5 Overview ................................................................................................................... 5 

1.6 References ................................................................................................................. 6 

Chapter 2: Concentration-dependent behaviors of BMSCs and infectious bacteria toward 

magnesium oxide nanoparticles .......................................................................................... 9 

2.1 Introduction ............................................................................................................... 9 

2.2 Materials and Methods ............................................................................................ 12 

2.2.1 Preparation and Characterization of MgO Nanoparticles ................................ 12 

2.2.2 BMSC Culture with MgO Nanoparticles and Analyses .................................. 13 

2.2.3 Bacterial Culture with MgO Nanoparticles and Analyses ............................... 17 

2.2.4 Statistical Analysis ........................................................................................... 21 

2.3 Results ..................................................................................................................... 23 

2.3.1 Characterization of MgO Nanoparticles .......................................................... 23 

2.3.2 BMSC Morphology, Adhesion Density and Respective Media Analyses ...... 23 

2.3.3. Bacteria Adhesion, Viability, and Respective Broth Analyses ....................... 34 

2.4 Discussion ............................................................................................................... 47 

2.4.1 BMSC Viability ............................................................................................... 47 

2.4.2 Bacteria Viability ............................................................................................. 53 



 xi 

2.5 Conclusions ............................................................................................................. 57 

2.6 Acknowledgement .................................................................................................. 58 

2.7 References ............................................................................................................... 59 

Chapter 3: Dissociation of MgO and Mg(OH)2 in Physiologically Relevant Solutions... 62 

3.1 Introduction ............................................................................................................. 62 

3.2 Materials and Methods ............................................................................................ 65 

3.2.1 Preparation of MgO and Mg(OH)2 Nanoparticles ........................................... 65 

3.2.2 Preparation of Biologically Relevant Solutions ............................................... 66 

3.2.3 Dissociation of MgO and Mg(OH)2 Nanoparticles within Solution ................ 69 

3.2.4 Analysis of Solutions after MgO and Mg(OH)2 Dissociation ......................... 70 

3.2.5 Characterization of MgO and Mg(OH)2 Particles post-incubation.................. 71 

3.2.6 Statistical Analysis ........................................................................................... 72 

3.3 Results ..................................................................................................................... 72 

3.3.1 Morphological change in remaining MgO and Mg(OH)2 particles ................. 72 

3.3.2 Elemental and Crystalline phase change in MgO and Mg(OH)2 ..................... 74 

3.3.3 Mg2+ release and pH change in physiological media ....................................... 77 

3.4 Discussion ............................................................................................................... 80 

3.4.1 Morphological change in remaining MgO and Mg(OH)2 particles ................. 80 

3.4.2 Elemental and Crystalline phase change in MgO and Mg(OH)2 ..................... 80 

3.4.3 Mg2+ release and pH change in physiological media ....................................... 83 

3.5 Conclusion .............................................................................................................. 86 

3.6 Acknowledgements ................................................................................................. 86 

3.7 References ............................................................................................................... 88 

Chapter 4: Use of Dual-Asymmetric Centrifugal Mixing to Increase Dispersion of 

Ceramic Nanoparticles in Polymer Solutions ................................................................... 90 

4.1 Introduction ............................................................................................................. 90 

4.2 Materials and Methods ............................................................................................ 93 

4.2.1 Preparation and Characterization of Nanoparticles ......................................... 93 

4.2.2 Preparation of Polymer-based Nanocomposites with nMgO or nHA 

nanoparticles ............................................................................................................. 95 

4.2.3 Characterization of Dispersed versus Agglomerated Nanocomposites ........... 99 

4.2.4 Cytocompatibility of the Nanocomposites with BMSCs In Vitro ................. 100 

4.3 Results ................................................................................................................... 103 



 xii 

4.3.1 Characterization of nMgO and nHA .............................................................. 103 

4.3.2 Macroscopic and Microscopic Comparison of the Nanocomposites with 

Dispersed versus Agglomerated Nanoparticles ...................................................... 107 

4.3.3 Optical Properties of the Nanocomposites with Dispersed versus 

Agglomerated Nanoparticles .................................................................................. 110 

4.3.4 Biological Properties of the Nanocomposites with Dispersed versus 

Agglomerated Nanoparticles .................................................................................. 112 

4.4. Discussion ............................................................................................................ 119 

4.4.1 Methods for Dispersion of Nanoparticles in Polymers .................................. 119 

4.4.2 Comparison of the Nanocomposites with Dispersed versus Agglomerated 

Nanoparticles .......................................................................................................... 120 

4.4.3 Optical Properties of the Nanocomposites with Dispersed versus 

Agglomerated Nanoparticles .................................................................................. 122 

4.4.4 The Effects of Dispersion on Biological Properties of the Nanocomposites. 124 

4.5 Conclusion ............................................................................................................ 127 

4.6 Acknowledgements ............................................................................................... 128 

4.7 References ............................................................................................................. 130 

Chapter 5: Cell Response to Triphasic Polymer/Ceramic Nanocomposites with 

Hydroxyapatite and Magnesium Oxide .......................................................................... 133 

5.1 Introduction ........................................................................................................... 133 

5.2 Materials and Methods .......................................................................................... 134 

5.2.1 Preparation of MgO ....................................................................................... 134 

5.2.2 Preparation of HA .......................................................................................... 134 

5.2.3 Nanocomposites ............................................................................................. 137 

5.2.4 BMSC culture ................................................................................................ 139 

5.2.5 Statistical Analysis ......................................................................................... 141 

5.3 Results ................................................................................................................... 141 

5.3.1 Characterization of Nanocomposites ............................................................. 141 

5.3.2 BMSC culture ................................................................................................ 143 

5.3.3 Post-culture Media Analysis .......................................................................... 152 

5.4 Discussion ............................................................................................................. 158 

5.4.1 BMSC culture ................................................................................................ 158 

5.4.2 Media Analyses .............................................................................................. 161 

5.5 Conclusion ............................................................................................................ 163 



 xiii 

5.6 Acknowledgements ............................................................................................... 163 

5.7 References ............................................................................................................. 164 

Chapter 6: Thermogelling PLGA-PEG-PLGA Hydrogel Loaded with Hydroxyapatite and 

Mangesium Oxide for Bone Repair ................................................................................ 166 

6.1 Introduction ........................................................................................................... 166 

6.2 Materials and Methods .......................................................................................... 168 

6.2.1 Preparation of MgO ....................................................................................... 168 

6.2.2 Preparation of HA .......................................................................................... 168 

6.2.3 Hydrogel Composites..................................................................................... 169 

6.2.4 Gelation Temperature .................................................................................... 171 

6.2.5 Effect of PbP/HA/MgO on BMSCs ............................................................... 172 

6.2.6 Statistical Analysis ......................................................................................... 174 

6.3 Results ................................................................................................................... 175 

6.3.1 Gelation Behavior of PbP/HA/MgO .............................................................. 175 

6.3.2 Gel Behavior in Cell Culture ......................................................................... 176 

6.3.3 BMSC culture with PbP/HA/MgO ................................................................ 176 

6.3.4 Post-culture Media Analyses ......................................................................... 179 

6.4 Discussion ............................................................................................................. 182 

6.4.1 Gelation Behavior of the PbP/HA/MgO ........................................................ 182 

6.4.2 Gel Behavior in Cell Culture ......................................................................... 183 

6.4.3 BMSC culture with PbP/HA/MgO ................................................................ 185 

6.4.4 Post-culture Media Analyses ......................................................................... 186 

6.5 Conclusion ............................................................................................................ 188 

6.6 Acknowledgements ............................................................................................... 188 

6.7 References ............................................................................................................. 190 

Appendix A: Supplementary Figures for Chapter 4 ....................................................... 193 

Appendix B: Supplementary Tables for Chapter 5 ......................................................... 197 

 

 

 

 

 

 

 



 xiv 

List of Figures 

 

Chapter 2: Concentration-dependent behaviors of BMSCs and infectious bacteria 

toward magnesium oxide nanoparticles  

2.1  Characterization of MgO nanoparticles by SEM, TEM, EDS, XRD 22 

2.2  Cell Morphology and Adhesion after Co-Seeding with MgO 24 

2.3 Post-Culture Media Analyses of Co-seeded BMSCs 25 

2.4 Cell Morphology of Sequentially-Seeded BMSCs 27 

2.5 Cell Adhesion Density of Sequentially-Seeded BMSCs 29 

2.6 Post-Culture Media Analyses of Sequentially-Seeded BMSCs 31 

2.7 Acellular Post-Culture Media Analyses after Exposure to MgO 33 

2.8 Time-Dependent pH Change after Exposure to MgO 34 

2.9 SEM images of Bacteria after Exposure to MgO 36 

2.10 CFU of Bacteria after Exposure to MgO 37 

2.11 Post-Culture Broth Analyses after Bacteria Exposure to MgO 39 

2.12 Acellular Broth Analyses after Exposure to MgO 40 

2.13 CFU of Bacteria after Exposure to Mg2+ 42 

2.14 Post-Culture Broth Analyses after Exposure to Mg2+ 43 

2.15 CFU of Bacteria after Exposure to Varying pH 45 

2.16 Post-Culture Broth Analyses after Exposure to Varying pH 46 

2.17 Summary of Effects of MgO on Bacteria and BMSCs 49 

2.18 Correlation Plots of Mg2+ Concentration and Cell and Bacteria Viability 52 

 

Chapter 3: Dissociation of MgO and Mg(OH)2 in Physiologically Relevant Solutions 

3.1 SEM images of MgO and Mg(OH)2 after Dissociation 73 

3.2 XRD Analysis of MgO after Submersion in Physiological Solutions 75 

3.3 XRD Analyses of Mg(OH)2 after Submersion in Physiological Solutions 76 

3.4 Mg2+ ion release from MgO and Mg(OH)2 after Submersion  77 

3.5 Change in pH from MgO and Mg(OH)2 after Submersion 79 

 

Chapter 4: Optical and Biological Properties of Polymer-based Nanocomposites 

with Dispersed Ceramic Nanoparticles 

4.1 Characterization of MgO and HA Nanoparticles by SEM, EDS, XRD 104 

4.2 Macrographs of Dispersed and Agglomerated Nanocomposites 105 

4.3 SEM Micrographs of Dispersed and Agglomerated Nanocomposites 106 

4.4 Optical Transmission through Nanocomposites 108 

4.5 FTIR Analyses of Dispersed and Agglomerated Nanocomposites 109 

4.6 Morphology of BMSCs Adhered to Nanocomposites 111 

4.7 Normalized BMSC Density on Nanocomposites 114 

4.8 Media Analyses after Culture on Nanocomposites 117 

 

Chapter 5: Initial Cytocompatibility of PLGA/HA/MgO Nanocomposites 

5.1 SEM Micrographs of PLGA/HA/MgO Nanocomposites 142 

5.2 EDS Analyses of PLGA/HA/MgO Nanocomposites  143 



 xv 

5.3 Morphology of Cells Adhered to Nanocomposites after 24 Hour Culture 144 

5.4 Morphology of Cells Adhered to the Plate after 24 Hour Culture 145 

5.5 Cell Density on Nanocomposites and Plate after 24 Hour Culture 146 

5.6 Morphology of Cells Adhered to Nanocomposites after 48 Hour Culture 149 

5.7 Morphology of Cells Adhered to the Plate after 48 Hour Culture 150 

5.8 Cell Density of Nanocomposites and Plate after 48 Hour Culture 151 

5.9 Media pH after Cell Culture on PLGA/HA/MgO for 24 and 48 Hours 154 

5.10 Mg2+ Concentration after Cell Culture on PLGA/HA/MgO 155 

5.11 Ca2+ Concentration After Cell Culture on PLGA/HA/MgO 156 

 

Chapter 6: Thermogelling PLGA-PEG-PLGA Hydrogel Loaded with 

Hydroxyapatite and Magnesium Oxide for Bone Regeneration 

6.1 Diagram of Silicone Mold Used to Form Hydrogels 171 

6.2 Photographs Hydrogels in Solution and Gel Phase 174 

6.3 Photographs of Hydrogels Before and After Culture 177 

6.4 Morphology of BMSCs after Exposure to Hydrogels 178 

6.5 BMSC Density after Exposure to Hydrogels 179 

6.6 Media Analyses after Culture with Hydrogels 181 

 

Appendix A: Supplementary Figures for Chapter 4 

A1 Macrographs of Large Area of Well-Dispersed Composites 193 

A2 Morphology of BMSCs on Agglomerated Composites up to 72 Hours 194 

A3 BMSC Density on Agglomerated Composites up to 72 Hours 195 

A4 Media Analyses after Culture on Agglomerated Composites 196 

 

 

List of Tables 

Chapter 3: Dissociation of MgO and Mg(OH)2 in Physiologically Relevant Solutions 

3.1  EDS analysis of MgO and Mg(OH)2 after Submersion in Solutions  74 

 

Chapter 5: Initial Cytocompatibility of PLGA/HA/MgO Nanocomposites 

5.1 Composition of PLGA/HA/MgO and Controls 136 

 

Chapter 6: Thermogelling PLGA-PEG-PLGA Hydrogel Loaded with 

Hydroxyapatite and Magnesium Oxide for Bone Regeneration 

6.1 Composition of PbP/HA/MgO and Hydrogel Controls 172 

 

Appendix B: Supplementary Tables for Chapter 5 

B1 Numerical Cell Density for 24 and 48- hour Cultures 197 

B2 Numerical Media Analysis data for 24 and 48-hour Cultures 198



 1 

Chapter 1: Introduction 

 

1.1 Need for Bone Regeneration 

 

In 2011, the life expectancy of men and women in the US was reported to be 76.3 

and 81.1 years, respectively [1]. Just eleven years prior, the life expectancy of men and 

women in the US was reported to be 74.1 and 79.5 years respectively [2]. There has been 

a consistent increase in life expectancy since 1930 and this trend is likely to continue. As 

life expectancy increases, doctors and researchers face increasing challenges in treating 

loss of tissue function due to aging, with a particular emphasis on bone health. Bone 

mineral density has been found to be relatively stable until age 50, at which point women 

and men are at risk for developing osteoporosis [3]. Osteoporosis is a degenerative 

disease that results in a decrease in bone density and an increased risk of fracture. 

Complications from osteoporosis and similar conditions often lead to the need for bone 

implants, including fixation devices and joint replacements. Osteoporosis causes more 

than 8.9 million fractures annually [4]. The increasing aging population creates a great 

need for methods of bone regeneration to prevent costly and potentially damaging 

surgeries. 

The ability of bone to heal itself can be disrupted by degenerative diseases like 

osteoporosis or in cases of large defects from trauma [5-8]. Treatments for osteoporotic 

fractures include invasive procedures such as surgical implants [7, 8]. In the case of large 

defects, treatments include autografts and allografts. Autografts are bone transplants that 

take healthy bone from a patient and implant it into a defect site. Allografts are a similar 

treatment, except the healthy bone tissue comes from a donor or cadaver instead of the 
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patient, themselves. Autografts result in faster healing and lower immune response as 

patients are their own donors. However, autografts require two surgical sites. Allografts 

result in only one surgical site for the patient but require much more time to heal due to 

immune response to the implanted tissue. Allografts are also in very limited supply due to 

limited donors and tissue match requirements. Synthetic grafts are an increasingly 

popular prospect for treatment of bone defects because there is no need for additional 

surgical sites, they have lower chance of immune response, and they do not require 

components from biological tissues, which are in limited supply [9, 10]. 

Successful synthetic scaffolds mimic the native tissue they are meant to help repair. 

Bone extracellular matrix (ECM) consists of collagen type 1, apatite, and matrix proteins 

including glycoproteins and proteoglycans [9, 10]. The collagen provides high fracture 

toughness, the apatite provides compressive strength, and the matrix proteins are involved in 

extracellular signaling. A synthetic scaffold for bone regeneration should incorporate 

materials that can mimic each of these properties. This dissertation focuses on the use of 

magnesium oxide nanoparticles to add bioactivity to synthetic biomaterials for bone 

regeneration. 

1.2 Magnesium Oxide for bone regeneration 

 

1.2.1 Properties of Magnesium oxide 

Magnesium oxide (MgO) is a metal oxide ceramic with near perfect cubic crystal 

structure. It is rarely found in nature due to its hygroscopic nature, as it can hydrate to 

form magnesium hydroxide (Mg(OH)2) [11-14]. Magnesium oxide has a long history in 

industrial applications due to its high thermostability. It is often produced by first 

precipitating magnesium hydroxide from solutions of sodium hydroxide and magnesium 



 3 

chloride. The magnesium hydroxide can then be converted to magnesium oxide through 

dehydration at 400 ºC [11]. As a result, the activity of magnesium oxide and magnesium 

hydroxide in physiological settings is inherently linked. Both MgO and Mg(OH)2, 

however, are widely considered insoluble. 

1.2.2 Magnesium oxide and bone applications 

Use of magnesium oxide for medical applications is relatively new. MgO 

nanoparticles have a history as an antimicrobial agent [15-17]. However, use of MgO for 

bone applications is fairly recent and as a result, it is still not fully understood.  

Magnesium oxide has been used as a dietary supplement to improve bone density. 

Studies confirm increase in bone density in women who consume MgO and Mg(OH)2 

regularly [18, 19]. However, when consuming MgO or Mg(OH)2, the acidic environment 

of the stomach causes rapid dissociation of MgO and Mg(OH)2 resulting in delivery of 

Mg2+ ions. Magnesium ions have been shown to be cytocompatible and promote 

osteogenesis [20, 21]. However, the beneficial effects of dietary MgO supplementation is 

related to its dissociation products, instead of the MgO itself.  

Few studies exist on the in vitro and in vivo activity of MgO in direct contact with 

bone forming cells. Implantation of MgO powder paste in the bone marrow cavity of rat 

tibia has been shown to result in a 25% increase in the thickness of compact bone [22]. 

However, use of bar MgO nanoparticles is limited by the low fracture toughness of MgO. 

Incorporation into polymer composites is a viable method for delivering MgO while 

increasing fracture toughness. MgO has been incorporated into poly (methyl 

methacrylate) cements and carrageenan hydrogels to increase mechanical properties of 
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these materials [23, 24]. Additionally, a few studies also show increased osteoblast 

proliferation and alkaline phosphatase expression when cultured on polymer/MgO 

composites, indicating that this family of composites is viable for further study [25-27]. 

1.3 Hydroxyapatite as a model ceramic for bone regeneration 

 

Hydroxyapatite (HA) is a naturally occurring form of calcium phosphate that is 

well-established as a material for bone applications [28-30]. It has been shown to be both 

osteoconductive and osteoinductive. As a result, HA is a prime candidate for comparison 

with MgO as well as use with MgO for bone applications. 

Naturally occurring bone mineral is a calcium deficient form of HA. In contrast, 

synthetic HA has a Ca:P ratio of 1.6. As a result, dopants are used to produce HA mineral 

more similar to natural bone [28-30]. Use of both HA and MgO in composites may result 

in chemistry more similar to natural bone and therefore aid in bone healing and 

mineralization. 

1.4 Poly (lactic-co-glycolic acid) as a matrix for MgO 

  

Poly (lactic-co-glycolic acid) (PLGA) is a synthetic co-polymer of lactic acid 

(LA) and glycolic acid (GA). Degradation properties of PLGA can be tuned by altering 

LA:GA ratio and total chain length, which affects crystallinity and water permeability of 

PLGA. As a biodegradable polyester, PLGA degrades through hydrolysis of its ester 

bonds. As a result, PLGA is completely bioresorbable. PLGA is well-established as a 

biocompatible material and is approved for specific clinical use by the Food and Drug 

Association (FDA) [31-33]. The tunability of PLGA and the status of PLGA as a well-

established biodegradable polymer make it an ideal matrix material for implantable 
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scaffolds [31-34]. While PLGA is biocompatible, it is not particularly bioactive. Addition 

of bioactive nanoparticles, such as MgO and HA, is a well-established method to develop 

scaffolds for tissue engineering. We utilized PLGA and PLGA-based hydrogels as 

matrices for MgO and HA composites for bone regeneration. 

1.5 Overview 

 

This work aims to develop MgO and MgO-based nanocomposites as materials for 

bone regeneration. Due to the limited publications on MgO as a material for bone 

regeneration, in Chapter 2, we explored the effects of bare MgO nanoparticles on bone 

marrow derived mesenchymal stem cells (BMSCs). We also evaluated MgO 

nanoparticles as an antimicrobial agent against gram positive and gram negative bacteria. 

This study showed that MgO dissociated in biological media, despite the fact that MgO is 

widely considered insoluble. In Chapter 3, we sought to better understand the potential 

reactions of bare MgO in a physiological setting. We evaluated the dissociation of MgO 

and Mg(OH)2 in a variety of physiologically relevant medias including Dulbecco’s 

Modified Eagle’s Medium (DMEM) and simulated body fluid (SBF). The bare MgO 

nanoparticle studies were used to inform the development of subsequent polymeric 

composites. 

Several PLGA composites with MgO were developed. The first challenge we 

faced was homogeneous dispersion of MgO and HA nanoparticles in PLGA. In Chapter 

4, we discuss a method of utilizing exclusively mechanical stimulation to improve 

dispersion of both MgO and HA in PLGA. This study also showed increased toxicity of 

MgO in PLGA with increased dispersion. It was then necessary to develop composites 
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with less MgO. To maintain the mechanical benefits of ceramic nanoparticles to PLGA, 

we developed composites containing both HA and MgO to reduce the amount of MgO 

without reducing the total amount of nanoparticles, as discussed in Chapter 5. We found 

that PLGA/HA/MgO composites with 29% HA and 1% MgO, by weight, were a viable 

candidate for further study. However, solvent-casted PLGA scaffolds, such as the ones 

we developed, would require surgery to implant and would need to be manufactured for 

each uniquely shaped defect. In Chapter 6, we addressed this issue by developing an 

injectable, in situ-forming hydrogel using triblock polymers of PLGA and polyethylene 

glycol. The final study presented is PLGA-PEG-PLGA hydrogel loaded with HA and 

MgO. 
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Chapter 2: Concentration-dependent behaviors of BMSCs and infectious bacteria 

toward magnesium oxide nanoparticles 

 

2.1 Introduction 

 

This article reports the quantitative relationship between the concentration of 

magnesium oxide (MgO) nanoparticles and its distinct biological activities towards 

mammalian cells and infectious bacteria for the first time. The effects of MgO 

nanoparticles on the viability of bone marrow derived mesenchymal stem cells (BMSCs) 

and infectious bacteria (both gram-negative and gram-positive) showed a concentration-

dependent behavior in vitro. The critical concentrations of MgO nanoparticles identified 

in this study provided valuable guidelines for biomaterial design toward potential clinical 

translation. 

The bioactivity and mechanical properties of MgO have recently attracted 

significant interest for potential biomedical applications, from bone repair to biosensing 

[1-5]. For bone repair, Nygren et al. observed that the thickness of compact bone 

increased by 25% after implanting MgO powder paste into bone marrow cavity of rat 

tibia for 3 weeks as compared with sham-operated controls. This suggested that MgO had 

stimulatory effects on bone healing and regeneration [6]. Clinically, MgO has also been 

used to improve bone mineral density when taken orally as a dietary supplement [7]. 

Moreover, MgO is beneficial for improving mechanical properties of poly (methyl 

methacrylate) (PMMA)-based bone cement. For example, MgO was incorporated into 

PMMA cement to enhance the fracture toughness of bone-PMMA interface [8]. 

Additionally, MgO powder was reported to exhibit antimicrobial properties against both 

gram-negative and gram-positive bacteria in vitro, such as Escherichia coli (E. coli) and 
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Staphylococcus aureus (S. aureus) [9, 10]. These appealing properties of MgO make it a 

promising material for treating bone-related diseases and injuries, such as osteoporosis (a 

disease that decreases bone density and increases risk for bone fracture), osteomyelitis 

(bone infection), bone fracture, or other bone loss induced by trauma or disease.  

MgO nanoparticles can further enhance the aforementioned properties considering 

its high surface area to volume ratio due to its nanometer size, as has been shown for 

other metal oxide nanoparticles [11]. Before taking advantage of their desirable 

properties for clinical applications, it is important to determine how MgO nanoparticles 

affect cellular functions, specifically the functions of relevant bone cells. BMSCs are 

multipotent stem cells that can differentiate into a variety of mesodermal cells, including 

osteoblasts (bone forming cells), and play critical roles in bone healing [12, 13]. Thus, 

BMSC culture provides an excellent model system for studying the cytocompatibility of 

MgO nanoparticles and determining clinically relevant concentration range.  

The culture methods to determine material-cell interactions are not yet 

standardized. Previous studies have used co-seeding and sequential seeding to study the 

interactions between BMSCs and other cell lines [14-16]. We were interested in applying 

the same techniques to study the interactions between BMSCs and MgO nanoparticles. 

Co-seeding involves seeding the BMSCs with MgO simultaneously. Sequential seeding 

involves culturing BMSCs for 24 hours prior to exposure to MgO. Through these 

methods we aimed to model two analogous in vivo scenarios: the interactions between 

MgO nanoparticles and migrating cells (co-seeding) and the interaction between MgO 
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nanoparticles and well-established cells within the extracellular matrix (sequential 

seeding). 

In addition, to realize the coupled benefits of MgO nanoparticles in promoting 

bone growth and antimicrobial activity, it is essential to determine how MgO 

nanoparticles affect viability of infectious bacteria, especially the species causing 

orthopedic implant infection and osteomyelitis. E. coli is one of the most common gram-

negative bacteria that cause orthopedic implant infection [17]. Staphylococcus 

epidermidis (S. epidermidis) is one of the most common gram-positive infectious bacteria 

found in osteomyelitis [17, 18]. Thus, we are interested in evaluating the antimicrobial 

activity of MgO nanoparticles with both bacteria types. It is also important to include 

both gram-negative and gram-positive bacteria in the study to comprehend overall 

antimicrobial properties of a material. Minimum bactericidal concentration (MBC) is 

crucial for fighting clinically relevant bacterial infections and developing antimicrobial 

biomaterials and surfaces because MBC indicates the lowest concentration required to 

kill bacteria. Specifically, the MBC is the concentration that results in ≥ 90% decrease in 

the colony forming units (CFU), with respect to the seeding density. MBC is not yet 

established for MgO nanoparticles. Krishnamoorthy et al. reported that the  minimum 

inhibitory concentration (MIC) of MgO nanoparticles was 500 µg/mL for E. coli and 

1000 µg/mL for S. aureus using a microtitre plate-based assay with resazurin (7-hydroxy-

10-oxidophenoxazin-10-ium-3-one, C12H7NO4) as an indicator for bacterial growth [19]. 

The previously reported MIC provided the basis for our study to determine the MBC of 

MgO nanoparticles for E. coli and S. epidermidis.  
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Therefore, the objective of this study was to investigate the effects of MgO 

nanoparticles on the viability of BMSC, E. coli, and S. epidermidis, and to determine the 

critical cytotoxic concentrations (CCC) for BMSCs and MBCs for bacteria.  

2.2 Materials and Methods 

 

2.2.1 Preparation and Characterization of MgO Nanoparticles 

MgO nanoparticles were procured from US Research Nanomaterials Inc. 

(US3310). The vendor reported that MgO nanoparticles had a 99+% purity, a diameter of 

20nm, a specific surface area of > 60 m2/g, a polyhedral morphology, a bulk density of 

0.145 g/cm3, and a true density of 3.58 g/cm3. The MgO nanoparticles for BMSC and 

bacterial cultures were sterilized through heating at 200°C in an oven for one hour. MgO 

cannot be sterilized through UV irradiation because the UV affects the surface chemistry 

of the MgO particles by causing adsorption of O2 and production of superoxide ions [25, 

26]. MgO nanoparticles were sterilized prior to characterization so that the particles 

would be in the same condition during characterization as they were in in vitro 

experiments. 

MgO nanoparticles were characterized before their use in cell and bacteria 

cultures. The morphology of MgO nanoparticles was visualized using a field emission 

scanning electron microscope (SEM; Philips XL30), with a secondary electron detector, 

at an accelerating voltage of 30 kV, a working distance of 10 mm, and an original 

magnification of 250,000x. MgO particle size and distribution were quantified based on 

SEM images using the quantitative image analysis tools in ImageJ. We also confirmed 

morphology and crystal structure of the MgO nanoparticles with transmission electron 
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microscopy (TEM; Titan Themis 300) at an accelerating voltage of 120 kV. Elemental 

composition of the MgO nanoparticles was confirmed using the energy dispersive X-ray 

spectroscopy (EDS; EDAX Leap detector attached to Philips XL30 SEM) at a spot size 

of 3 and an accelerating voltage of 30 kV. Crystalline phase of MgO nanoparticles was 

characterized using x-ray diffraction (XRD; Empyrean, PANalytical). The XRD 

spectrum for MgO was obtained using Cu Kα radiation (45 kV, 40 mA) at a step size of 

0.006o and dwelling time of 50 seconds using a PIXcel 1D detector (PANalytical). Phase 

identification was performed using the HighScore software (PANalytical). 

2.2.2 BMSC Culture with MgO Nanoparticles and Analyses 

2.2.2a: Bone Marrow Derived Mesenchymal Stem Cell Culture 

Rat BMSCs were extracted from the femur and tibia of juvenile Sprague Dawley 

rats according to the established protocol approved by the Institutional Animal Care and 

Use Committee (IACUC) at the University of California at Riverside [27, 28]. Briefly, 

the ends of the dissected long bones were cut using a scalpel and cell-containing bone 

marrow was flushed out of the marrow cavity using Dulbecco’s Modified Eagle Medium 

(DMEM; Corning) supplemented with 10 v/v % fetal bovine serum (FBS; Hyclone) and 

1 v/v % penicillin/streptomycin (P/S; Hyclone). Hereafter, DMEM with 10 v/v % FBS 

and 1 v/v % P/S will be referred to as DMEM. The bone marrow was collected into a 

sterile 15 mL tube with DMEM and large clusters were broken up using a syringe. The 

cell suspension was then filtered using a 70 µm nylon strainer (Fisher Scientific, 

FisherbrandTM 22363548) to remove aggregates. The filtered cells were centrifuged and 

cultured in fresh DMEM in a T-75 flask under standard cell culture conditions (that is, a 
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sterile, 37 °C, 5% CO2/95% air, humidified environment). After 3 days, the media was 

changed to wash away non-adhered hematopoietic stem cells, leaving only the adherent 

mesenchymal stem cells to be cultured until they reached confluency. The pH of DMEM 

was adjusted to 7.4 before being used in cell culture and addition of MgO nanoparticles. 

BMSCs at their second passage were used for in vitro experiments with MgO 

nanoparticles. 

All the experimental procedures were conducted under sterile conditions using a 

biosafety II laminar flow hood (Class II Type A2, Labconco) and a cell culture incubator 

(MCO-19AIC, Sanyo Scientific) in a certified cell culture room. 

2.2.2b Co-seeding and Sequential-seeding Methods for Culturing BMSCs with MgO 

Nanoparticles 

Two culture methods, i.e., co-seeding and sequential-seeding, were used to study 

the effects of MgO nanoparticles on BMSCs in vitro. For the co-seeding method, MgO 

nanoparticles were introduced concurrently into the culture when BMSCs were seeded. 

Specifically, BMSCs were seeded at a density of 10,000 cells/cm2 in 2 mL DMEM into 

each well of a 12-well tissue culture treated plate (Corning, Falcon® 353043). 

Immediately following, MgO nanoparticle allocations of 0.6, 0.9, 1.5, 2.1, 3.0, 3.6, 4.2, 

4.8, and 6.0 mg were suspended in 1mL of DMEM and added into the respective wells. 

Each well had a total volume of 3mL. The resulting concentrations of MgO nanoparticles 

in the respective wells were 200, 300, 500, 700, 1000, 1200, 1400, 1600, and 2000 

µg/mL.  

For the sequential-seeding method, BMSCs were first seeded at a density of 

10,000 cells/cm2 into each well with 3mL of media in the 12-well tissue culture treated 
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plates, and cultured for 24 hours to allow the BMSCs to attach. Afterwards, the DMEM 

was replaced with 3mL of fresh media containing the prescribed 200-2000 µg/mL of 

MgO nanoparticles. The BMSCs were then cultured with MgO nanoparticles at 

concentrations of 200- 2000 µg/mL for additional 24, 48, and 72 hours. Every 24 hours, 

2.5mL of media were collected and replaced with the same volume of fresh media; the 

rest 0.5 mL of media were not collected in order to avoid disturbing the MgO 

nanoparticles at the bottom of the wells.  

The BMSC cultures without MgO nanoparticles were included as the Cells Only 

positive control and the DMEM without cells and MgO as the Media Only control (blank 

reference). All the experimental and control groups were run in triplicate. 

2.2.2c Post-culture BMSC Characterization and Media Analyses 

After each prescribed culture period, 3mL of media was collected for media 

analysis and the cells were prepared for fixation and staining. Each culture well was 

washed with phosphate-buffered saline (PBS) to remove non-adherent or dead cells. 

Adherent cells were fixed using 4% paraformaldehyde (Electron Microscopy Sciences, 

15714-S). The paraformaldehyde was diluted with PBS from a stock of 32% to 4 v/v % 

prior to fixing. The fixed cells were then stained with 4',6-diamidino-2-

phenylindoledilactate (DAPI; Life Technologies) for the nuclei of the cells and Alexa 

Fluor® 488-phalloidin (Life Technologies) for F-actin. The stained cells in each well 

were imaged using a fluorescence microscope (Nikon Eclipse Ti-S) at 10 random 

locations. For each well, the number of adherent cells was counted using the analysis 

tools in ImageJ. BMSC adhesion density was calculated as the number of adhered cells 
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per unit area. Each image represents a known area of the culture plate. We divided the 

cell count in an image by the area of the image to calculate the cell density. The average 

cell density calculated from all the images for one sample type was used to represent the 

cell density of that sample type. 

The pH of the post-culture media was measured immediately after collection 

using a pre-calibrated pH meter (Symphony SB70P, VWR). The concentrations of Mg2+ 

and Ca2+ ions were measured using inductively coupled plasma optical emission 

spectrometry (ICP-OES; PerkinElmer Optima 8000). For the ICP-OES analysis, the 

collected post-culture media was first diluted to 1:100 in deionized (DI) water, and then 

fed into the instrument for the measurement using an auto sampler. Concentrations of 

Mg2+ and Ca2+ ions were calculated based on the calibration curves generated using Mg 

and Ca standards (Perkin Elmer) diluted to the ranges of 0.5–5.0 and 0.1–1.0 mg/L, 

respectively. 

2.2.2d Behavior of MgO Nanoparticles in DMEM without BMSCs 

MgO nanoparticles were cultured in DMEM in acellular conditions to determine 

their effects on the media. Specifically, MgO nanoparticles at the prescribed 200-2000 

µg/mL concentration were incubated in DMEM without cells under standard cell culture 

conditions for 24 hours. Subsequently, the media were collected for pH measurements 

and analyses of Mg2+ and Ca2+ concentrations using ICP-OES, as described earlier. 

Considering the buffering effects of DMEM under standard cell culture 

conditions, it is necessary to monitor the media pH more frequently within the first 24 

hours of incubation. To evaluate the effect of MgO nanoparticles on pH, concentrations 
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of 0, 200, and 1000 µg/mL of MgO nanoparticles in 3mL of DMEM were selected. The 

media pH was measured after incubation for 5 minutes, 15 minutes, 30 minutes, 1 hour, 2 

hours, 4 hours, and 24 hours. The pH at 0 minutes was the media pH measured 

immediately after adding MgO nanoparticles but before placing them into the cell culture 

incubator.  

2.2.3 Bacterial Culture with MgO Nanoparticles and Analyses 

2.2.3a Bacterial Culture 

E. coli (ATCC® 25922) and S. epidermidis (ATCC® 35984) were cultured in 

Luria-Bertani Broth (LBB; Sigma Aldrich, L3022) and Tryptic Soy Broth (TSB; Sigma 

Aldrich, 22092), respectively. Frozen stocks of each bacterial type were stored at -80oC. 

A sterile loop was used to transfer a portion of the frozen stocks to their respective 

broths. The bacteria were cultured in a shaker incubator (Incu-shaker Mini, Benchmark 

Scientific) at 37°C and 250 rpm for 16 hours. For S. epidermidis, an aliquot of 100 µL 

from the culture grown overnight was added to 5 ml of fresh broth and cultured for 

another 4-6 hours. Afterwards, the bacteria were counted using a hemocytometer 

(Hausser Bright-Line 3200, Hausser Scientific) and diluted to a concentration of 5x105 

cells/mL in LBB or TSB because this is the clinically relevant concentration for 

orthopedic infections [29]. Subsequently, 3 mL of E. coli in LBB or S. epidermidis in 

TSB were added to each well of a 12 well non-tissue culture treated polystyrene plate 

(Corning, Falcon® 351143), and MgO nanoparticles with the prescribed mass of 0.6, 0.9, 

1.5, 2.1, 3.0, 3.6, 4.2, 4.8, and 6.0 mg were added immediately after. As a result, E. coli 

and S. epidermidis were cultured with 200-2000 µg/mL of MgO nanoparticles, and 
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incubated for 24 hours in a shaker incubator at 37°C and 120rpm. The co-seeding of the 

bacteria and MgO mimics the in vivo scenario in which bacteria are introduced with 

medical devices or implants. The shaking speed for the culture plates was reduced from 

the initial speed of 250 rpm to 120 rpm to prevent spillage between wells. After 24 hours, 

the respective bacteria in the LBB or TSB were collected for analyses. The Bacteria Only 

group without MgO nanoparticles and the Broth Only group without MgO nanoparticles 

and bacteria were included as the positive control and blank reference, respectively. 

2.2.3b Post-culture Bacterial Viability and Broth Analyses 

After the respective bacteria were cultured with MgO nanoparticles, the bacterial 

concentrations in the collected broth were analyzed using two different methods, i.e., 

measuring optical absorbance using a microplate reader (Infinite M200 Pro, Tecan) and 

measuring the colony forming units (CFU) plated on agar plates.  

Viability of the suspended E. coli and S. epidermidis was determined through 

evaluation of colony forming units (CFU) on Luria Bertani (LB) and Tryptic Soy (TS) 

Agar (Sigma Aldrich) plates, respectively. The E. coli in the LBB was serially diluted to 

1:106 for the control group and the experimental groups cultured with 200-1200 µg/mL 

MgO nanoparticles, while the groups with 1400-2000 µg/mL MgO nanoparticles were 

not diluted. The S. epidermidis in the TSB was serial diluted to 1:106 for the control 

group and the experimental groups cultured with 200 or 300 µg/mL MgO nanoparticles, 

1:104 for the groups with 500 µg/mL MgO nanoparticles, 1:102 for the groups with 700 

µg/mL MgO nanoparticles, and 1:10-1 for the groups with 1000-2000 µg/mL MgO 

nanoparticles. The dilution factor was selected to give a reasonably countable number of 
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CFUs. Each bacterial suspension was diluted with its respective broth and 100 µL of the 

diluted suspension was pipetted onto the respective agar plates. The bacterial suspension 

was then evenly spread across the respective agar plates. The agar plates were inverted so 

that the agar was on the top side, and then incubated for 16-18 hours. The number of 

colonies formed on the respective agar plates was counted, and multiplied by the dilution 

factor to obtain the CFU/ml values.  

The pH of the post-culture LBB and TSB was measured using a pre-calibrated pH 

meter (Symphony SB70P, VWR). The post-culture LBB and TSB was diluted to 1:50 

with DI water and analyzed using ICP-OES to determine the Mg2+and Ca2+ ion 

concentrations in each broth. All the experimental and control groups were run in 

triplicate. 

2.2.3c Characterization of Bacterial Adhesion and Morphology by SEM 

To characterize the bacterial adhesion and morphology after they were cultured 

with MgO nanoparticles, E. coli and S. epidermidis was cultured with 200 to 2000 µg/mL 

MgO nanoparticles and prepared for SEM imaging. Before placing the bacteria or MgO 

into each culture well, a sterilized 1cm2 square borosilicate glass slide (Fisher Scientific, 

FisherbrandTM cover glass 12-542-B) was placed into the bottom of each well. The glass 

slides were previously cut to 1 cm x 1 cm squares, using a diamond saw (DynaCut 

1500HD). The bacterial culture method was similar as described above. After the 

respective bacteria were cultured with the prescribed concentrations of MgO 

nanoparticles on the glass slides for 24 hours, each well was rinsed with Tris-buffered 

saline (Sigma Aldrich) to remove the bacteria that did not attach. The bacteria were then 
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fixed in 10% glutaraldehyde for 1 hour. The 10% glutaraldehyde solution was previously 

diluted from a 25% glutaraldehyde solution (Sigma-Aldrich) in a Tris-buffered saline. 

Each sample was then rinsed 3 times with a Tris-buffered saline, and dried in air at room 

temperature for at least 24 hours. These dried glass slides with adherent bacteria were 

then coated with Pt/Pd using a sputter coater (108 Auto Sputter Coater, Cressington 

Scientific.) at 20mA for 60 seconds, in preparation for scanning electron microscopy 

(SEM; Philips XL30). Representative images were taken using a secondary electron 

detector, at an accelerating voltage of 10 kV, a working distance of 10 mm, and an 

original magnification of 10,000x. The bacterial culture with glass and subsequent 

fixation procedure were intended for SEM imaging of bacterial adhesion and 

morphology, and were not used for bacterial quantification. 

2.2.3d The Effects of MgO Nanoparticles on LBB and TSB without Bacteria 

MgO nanoparticles ranging from 200 to 2000 µg/mL were incubated in LBB or 

TSB in acellular conditions for 24 hours to determine their specific effects on the pH of 

broth and the ionic concentrations in broth. At the end of 24 hours, the broth was 

collected for pH measurements and analyses of Mg2+ and Ca2+ concentrations using ICP-

OES, similarly as described earlier.  

2.2.3e Bacterial Culture with Increasing pH and Mg2+ ion Concentrations 

To determine whether the ionic byproducts of MgO nanoparticles (OH- and Mg2+) 

contributed to its antimicrobial properties, we cultured E. coli and S. epidermidis in the 

respective broth with initial pH adjusted to 7, 7.5, 8, 8.5, 9, 9.5, and 10 or in the 

respective broth supplemented with 1, 5, 10, 15, 20, 30, 40, and 50 mM of Mg2+ ions. For 



 21 

the pH study, the broth pH was intentionally adjusted to 7-10 using sodium hydroxide 

(NaOH, Strem Chemicals). For the Mg2+ ion dosage study, Mg2+ ions were added into the 

respective broth using a stock solution of magnesium chloride hexahydrate 

(MgCl2·6H2O, Sigma Aldrich). The stock solution was prepared by dissolving 1.525g of 

MgCl2·6H2O in 50mL of LBB or TSB respectively, to achieve the Mg2+ ion 

concentration of 150mM. The 150mM stock solution was diluted with the respective 

broth to obtain the doping solutions with Mg2+ ion concentrations from 1 to 50mM. The 

doping solutions were added into the respective bacterial culture to give the supplemental 

Mg2+ ion dosages of 1-50 mM. To clarify, the values reported as supplemental Mg2+ 

dosages do not include the Mg2+ ions already present in the broth. It is important to note 

that 0mM does not actually mean there were no Mg2+ ions present in the broth, but rather 

that no additional Mg2+ ions were added into the broth to serve as a control group. 

After 24 hours of culture, the bacteria and respective broth were analyzed to 

determine the specific effects of each soluble factor on the total bacterial concentration 

and bacteria viability, as well as the changes in broth pH and ionic concentrations, using 

the same method as described earlier. 

2.2.4 Statistical Analysis 

All experiments were run in triplicate. All data sets were analyzed using one-way 

analysis of variance (ANOVA) followed by the Tukey highest significant difference post 

hoc test. Statistical significance was considered at P < 0.05. 
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  Figure 2.1: Characterization of MgO nanoparticles. (A) SEM image, (B) TEM 

image, (C) EDS analysis, (D) particle size distribution, and (E) XRD spectrum. 
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2.3 Results 

 

2.3.1 Characterization of MgO Nanoparticles 

SEM images of MgO were taken immediately after sterilization and before 

BMSC and bacterial culture (Figure 2.1A). The TEM image of MgO revealed that the 

particles mostly had near spherical morphology and crystalline structure (Figure 2.1B), in 

agreement with the vendor’s characterization [30]. EDS results confirmed the atomic 

composition was close to MgO (Figure 2.1C). The average particle diameter for MgO 

was 23 ± 5 nm (Figure 2.1D). The standard peaks for MgO were observed in the XRD 

spectrum, indicating that the expected crystalline form of MgO was present (Figure 

2.1E). Additional peaks in the XRD pattern of the MgO sample also indicated the 

presence of crystalline phases matching Mg(OH)2. MgO is hygroscopic and can readily 

react with water in the atmosphere to form Mg(OH)2, which is most likely the reason for 

the presence of Mg(OH)2 peaks in the XRD spectrum. 

2.3.2 BMSC Morphology, Adhesion Density and Respective Media Analyses 

2.3.2a BMSC Adhesion Density and Media Analyses with Co-seeding 

Based on the prior research, the 0 to 2000 µg/mL concentration range of MgO 

nanoparticles was studied to determine the CCC for BMSCs [19]. Morphology and 

density of BMSCs that were cultured with MgO nanoparticles through the co-seeding 

method was characterized using fluorescence microscopy (Figure 2.2). The BMSC 

viability significantly reduced after 24 hours of incubation with 200 µg/mL of MgO 

nanoparticles and near to complete cell death at or above 300 µg/mL, when compared 

with the positive control (Cells Only), as quantified in Figure 2.2D. Surviving cells 
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exhibited abnormal morphology after co-seeding with 200 to 300 µg/mL of MgO 

nanoparticles, appearing smaller and exhibiting signs of possible membrane damage, as 

highlighted in Figure 2.2 A-B. 

 
Figure 2.2: Morphology and adhesion density of BMSCs co-seeded in DMEM with 

MgO nanoparticles at concentrations of 200 – 2000 μg/mL. (A-C) Fluorescence 

images of BMSCs after 24 hours of incubation with MgO nanoparticles at a 

concentration of (A) 200 μg/mL and (B) 300 μg/mL, as compared with (C) the Cells 

Only control. BMSCs were seeded at a density of 10,000 cells/cm2 at time zero (t0) as 

indicated by dashed line and incubated for 24 hours with 200 to 2000 μg/mL of MgO 

nanoparticles. Examples of cells with abnormal morphology are circled with a dashed 

yellow line. Blue stain indicates nuclei and green stain indicates F-actin. (D) BMSC 

adhesion density quantified from fluorescence images. Values are mean ± standard 

error; n=30. *p<0.05 compared to the Cells Only control, **p<0.05 compared to 300-

2000 μg/mL. 
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Figure 2.3: Media analyses after co-seeding and 24 hours of incubation of BMSCs 

with MgO nanoparticles at concentrations of 200 – 2000 μg/mL. (A) post-culture 

media pH, (B) Mg2+ ion concentration in the post-culture media, and (C) Ca2+ ion 

concentration in the post-culture media. Red dashed line indicates the linear fit for the 

data corresponding to 200-2000 μg/mL MgO nanoparticles. Values are mean ± 

standard deviation; n=3. *p<0.05 compared to the Cells Only control. 
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For the co-seeding method, the trends of media analyses were highlighted using 

linear regression, as shown in Figure 2.3. The average pH of the culture media showed an 

increasing trend with increasing concentrations of MgO nanoparticles (Figure 2.3A). The 

average pH of the culture media with 200 and 300 µg/mL MgO nanoparticles were 

higher than that of the Cells Only control, but not statistically significant; the pH for the 

rest of experimental groups was significantly higher than the Cells Only control. Mg2+ 

concentration showed a similar increasing trend with increasing concentrations of MgO 

nanoparticles (Figure 2.3B). The average Mg2+ concentration in the culture media with 

200 µg/mL MgO nanoparticles were higher than that of the Cells Only control, but not 

statistically significant; Mg2+ concentration for the rest of experimental groups was 

significantly higher than the Cells Only control. In contrast, Ca2+ concentration showed a 

decreasing trend with increasing concentrations of MgO nanoparticles (Figure 2.3C). 

Ca2+ concentration for all experimental groups was statistically lower than that of the 

Cells Only control.  
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Figure 2.4: Fluorescence images of BMSCs that were sequentially cultured in DMEM 

with MgO nanoparticles at concentrations of (A-D) 200 – 700 μg/mL for (A-D) 24, 

(A′-D′) 48, and (A′′-D′′) 72 hours compared to (E-E′′) the respective Cells Only 

control at each time point. MgO nanoparticles at concentrations of 1000 - 2000 μg/mL 

caused complete cell death and images are not shown since no viable cells were found. 

The Cells Only group did not have any MgO nanoparticles. Examples of cells with 

abnormal morphology are circled with a dashed yellow line. Blue stains nuclei and 

green stains F-actin. Scale bar = 100 μm. 
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2.3.2b BMSC Adhesion Density and Media Analyses with Sequential-Seeding 

The morphology of BMSCs that were cultured with MgO nanoparticles through 

the sequential-seeding method was observed using fluorescence microscopy (Figure 2.4). 

Qualitatively, cells cultured with 200µg/mL MgO exhibited healthy morphology and 

grew to confluency (Figure 2.4A-A"), similar to the Cells Only control group (Figure 

2.4E-E"). At or above 300 µg/mL, the cells appeared smaller and some showed signs of 

membrane damage, similar to the experimental groups under the co-seeding method. The 

sequential-seeding method closely represents how cells in the body would react to the use 

of MgO nanoparticles, since BMSCs in our body would be well established in their 

extracellular matrix before the introduction of implant materials such as MgO. 

The BMSC adhesion density was quantified based on the fluorescence images of 

sequentially seeded cultures (Figure 2.5). The cell density significantly increased after the 

cells were incubated with 200 µg/mL of MgO nanoparticles for 72 hours, when compared 

with all the other conditions. All samples sequentially-seeded with 300 µg/mL or more of 

MgO showed significant decrease in cell density during the first 24 hours. At 300 µg/mL, 

no statistical difference was detected at 48 and 72 hours when compared with the Cells 

Only control. This indicated that the cells were able to recover from MgO exposure at 

300 µg/mL. The cells cultured with MgO concentrations at or above 500 µg/mL did not 

recover during 48 and 72 hours of culture; the cell density was significantly lower than 

the Cells Only control at the respective time points and the experimental groups of 200 

and 300 µg/mL at 72 hours.  
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For the sequential-seeding method, the trends for media pH and Mg2+ 

concentration in the media were highlighted using linear regression, as shown in Figure 

2.6. During the first 24 hours, the pH of the cell culture media increased as the 

concentration of MgO increased (Figure 2.6A), similar to the co-seeding method. At 48 

and 72 hours, the pH increase was smaller when comparing each condition with their 

Figure 2.5: Adhesion density of BMSCs after they were sequentially cultured in 

DMEM with MgO nanoparticles at concentrations of 200 – 2000 μg/mL for 24, 48, 

and 72 hours, quantified from fluorescence images. BMSCs were seeded at a density of 

10,000 cells/cm2 at time zero (t0) as indicated by dashed line. The cell density after 

incubation for 24 hours but prior to exposure to MgO is represented by the t24 group. 

Afterwards, 200 to 2000μg/mL of MgO nanoparticles were added into the BMSC 

culture and incubated for additional 24, 48, 72 hours. Values are mean ± standard 

error; n=30. *p<0.05 compared to the Cells Only control for respective time points, 

+p<0.05 compared to the same MgO concentration group at the earlier time points of 

24h+24h and 24h+48h, as well as all the other groups with greater than 200 μg/mL 

MgO concentrations and the Cells Only control at all time points, ++p<0.05 compared 

to the same MgO concentration group at the earlier time point of 24h+24h, as well as 

all the groups with greater than 300 μg/mL MgO concentrations at all of the time 

points, #p<0.05 compared to the Cells Only control group at 24h+24h and 24h+48h 

time points. 
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respective pH at 24 hours. The pH increased to the maximum of 8.7 at the highest MgO 

concentration being studied, i.e., 2000 µg/mL. The trend of increasing Mg2+ 

concentration with increasing MgO concentration during the first 24 hours of sequential 

culture (Figure 2.6B) was similar to the co-seeding method. At 48 and 72 hours, Mg2+ 

concentration continued to show an increasing trend with increasing MgO concentration, 

but the extent of increase was much smaller. The Ca2+ concentration showed a decreasing 

trend during the first 24 hours of sequential culture as MgO concentration increased, but 

this trend did not continue at 48 and 72 hours (Figure 2.6C). The trends in pH, Mg2+ and 

Ca2+ concentrations indicated that the dissolution of MgO or its effect on media occurred 

mostly within the first 24 hours of culture. 
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Figure 2.6: Media analyses after BMSCs were sequentially cultured with MgO 

nanoparticles at concentrations of 200 – 2000 μg/mL for 24, 48, and 72 hours. (A) 

post-culture media pH, (B) Mg2+ ion concentration, and (C) Ca2+ ion concentration in 

the post-culture media at each prescribed MgO concentration and each prescribed time 

point. Green dashed line indicates linear fit for the data corresponding to the 24h+24h 

time point with 200-2000 μg/mL MgO. Values are mean ± standard deviation; 

n=3.*p<0.05 compared to the Cells Only control at respective time points, **p<0.05 

compared to 1400-2000 μg/mL MgO, #p<0.05 compared to 24h+24h time point at 

respective MgO concentration, ##p<0.05 compared to 24h+48h time point at 

respective MgO concentration. 
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2.3.2c The Effects of MgO Nanoparticles on DMEM in Acellular Conditions 

The addition of MgO into DMEM showed similar effects on the media pH, Mg2+ 

concentration, and Ca2+ concentration under acellular conditions (Figure 2.7). As MgO 

concentration increased, the media pH and Mg2+ concentration showed increasing trends. 

There were no statistically significant differences in pH or Mg2+ concentration between 

200-300 µg/mL and the Media Only control. At and above 500 µg/mL, both pH and Mg2+ 

concentration were significantly higher than the Media Only control. Conversely, the 

Ca2+ concentration showed a deceasing trend as MgO concentration increased (Figure 

2.7C). There were no statistically significant differences in Ca2+ concentration in media 

cultured with 200-300 µg/mL MgO as compared with the Media Only control. At and 

above 500 µg/mL, there was statistically significant decrease of Ca2+ in the media with 

respect to the Media Only control.  

After the addition of MgO nanoparticles of 200 or 1000 µg/mL into the media 

under acellular conditions, we observed that the average media pH reached its peak at 15 

minutes and then decreased over the 24 hours of culture (Figure 2.8). Specifically, at 15 

minutes, the mean pH of media with 200 µg/mL MgO was 8.57, and the pH of the media 

with 1000 µg/mL MgO was 9.37. At the end of 24 hours, the pH for media with 

200µg/mL and 1000µg/mL of MgO decreased to 7.78 and 8.01, respectively. 
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Figure 2.7: Media analyses after 24 hours of incubation of DMEM with MgO 

nanoparticles at concentrations of 200 – 2000 μg/mL at acellular condition. (A) post-

culture media pH, (B) Mg2+ ion concentration in the post-culture media, and (C) Ca2+ 

ion concentration in the post-culture media. Black dashed line indicates the linear fit 

for the data corresponding to 200-2000 μg/mL MgO. Values are mean ± standard 

deviation, n=3. *p<0.05 compared to the Media Only Control. 
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2.3.3. Bacteria Adhesion, Viability, and Respective Broth Analyses 

2.3.3a Bacteria Adhesion and Viability in Exposure to MgO Nanoparticles 

E. coli and S. epidermidis adhered on the glass slides were visualized using SEM, 

after culture with MgO nanoparticles at concentrations of 200 - 2000 μg/mL (Figure 2.9). 

As compared with the Bacteria Only control, E. coli appeared to have a normal 

morphology, but less bacteria and smaller clusters were present when cultured with 

increasing concentrations of MgO nanoparticles from 200 to 700 µg/mL (Figure 2.9 A--

D-). MgO nanoparticles at concentrations of 1000 - 2000 μg/mL caused complete bacteria 

death and no bacteria were found on the glass slides (Image not shown). The S. 

Figure 2.8: The effect of MgO nanoparticles on the pH of DMEM over 24 hours at 

acellular condition. Values are mean ± standard deviation; n=3*p<0.05 compared to 

the Media Only control at respective time points, #p<0.05 compared to 0 minute time 

point of respective concentration group, ##p<0.05 compared to 24 hour time point of 

respective concentration group. 
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epidermidis showed similar trends as E. coli after culture with MgO nanoparticles (Figure 

2.9 A+-C+). As compared with the Bacteria Only control, S. epidermidis appeared to have 

a normal morphology, but far less bacteria and fewer clusters were observed as MgO 

concentrations increased. Qualitatively, the presence of MgO nanoparticles resulted in 

reduction of adherence for both gram-negative and gram-positive bacteria, beneficial for 

preventing biofilm formation. 

Bacterial viability was quantified through CFU (Figure 2.10). We also quantified 

live and dead bacteria concentration through optical absorbance measurements, which 

further confirmed our CFU measurements (Data not shown). The absorbance 

measurements quantify all bacteria in broth and do not distinguish live or dead bacteria, 

while CFUs measured from agar plating only quantify viable bacteria. The presence of 

MgO nanoparticles did not affect the absorbance reading. Based on CFU quantification, 

E. coli viability decreased significantly when cultured with MgO nanoparticles at and 

above 1200µg/mL, indicating MBC for E. coli was 1200 µg/mL (Figure 2.10). S. 

epidermidis viability decreased when cultured with MgO nanoparticles at 500 and 700 

µg/mL as compared with the Bacteria Only control, making these concentrations 

bacteriostatic (Figure 2.10). S. epidermidis viability decreased significantly when 

cultured with MgO nanoparticles at and above 1200µg/mL, indicating MBC for S. 

epidermidis was 1200 µg/mL. At MgO concentrations of 200-300 µg/mL, the CFUs of E. 

coli and S. epidermidis were significantly greater than their respective controls, indicating 

that low concentration of MgO might enhance bacterial growth.  
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Figure 2.9: SEM images of (A--E-) E. coli and (A+-E+) S. epidermidis after culture 

with MgO nanoparticles at concentrations of (A-D) 200 – 700 μg/mL and (E) 

Bacteria Only control without MgO nanoparticles. MgO nanoparticles at 

concentrations of 1000 - 2000 μg/mL caused complete bacterial death and thus 

images are not shown since no viable bacteria were found. Scale bar = 2 μm. 
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Figure 2.10: Bacterial density after they were cultured in respective LBB and TSB 

with MgO nanoparticles at concentrations of 200 – 2000 μg/mL for 24 hours, as 

quantified from (A) absorbance and (B) colony forming unit (CFU). Bacteria were 

seeded at a concentration of 5x105 bacteria/mL as indicated by the black dashed 

line. Values are mean ± standard deviation; n=3 for A and n=9 for B. *p<0.05 

compared to the Bacteria Only control of respective bacteria type, **p<0.05 

compared to1200-2000 μg/mL for E. coli or compared to 500-2000 μg/mL for S. 

epidermidis. 
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Collectively, our results suggested that MgO nanoparticles at certain 

concentrations not only reduced bacterial viability in broth, but also reduced bacterial 

adhesion density onto glass surfaces. Inhibiting bacterial adhesion onto an implant 

surface is important to reduce implant-associated infections, because adhered bacteria are 

much harder to treat and systemic administration of antibiotics is often ineffective [31]. 

The pH of the LBB for E. coli culture and TSB for S. epidermidis culture was 

plotted in Figure 2.11A. The pH of the E. coli culture with 200 to 1000 µg/mL of MgO 

all showed that average pH increased to 8.8 or greater, significantly greater than the 

Broth Only controls. When compared with the Bacteria Only control, the pH of the S. 

epidermidis culture did not change much when cultured with 200 to 300 µg/mL of MgO, 

and started to increase steadily as the MgO concentration increased to and above 500 

µg/mL. When comparing the pH of the MgO-free LBB controls with and without E. coli, 

it appeared that E. coli increased pH to 8.7, which is alkaline. When comparing the pH of 

the MgO-free TSB controls with and without S. epidermidis, it appeared that the S. 

epidermidis reduced pH to 5.7, which is acidic. 

Both the LBB for E. coli culture and TSB for S. epidermidis culture showed 

increasing Mg2+ and Ca2+ concentrations with increasing MgO (Figure 2.11 B,C). At 

2000 µg/mL of MgO, Mg2+ concentration reached 42 mM for E. coli culture and 36mM 

for S. epidermidis culture, respectively. 
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Figure 2.11: Broth analyses after bacteria were cultured in respective LBB and 

TSB with MgO nanoparticles at concentrations of 200 – 2000 μg/mL for 24 hours. 

(A) post-culture broth pH at each prescribed MgO concentration, (B) Mg2+ ion 

concentration in the post-culture broth at each prescribed MgO concentration, and 

(C) Ca2+ ion concentration in the post-culture broth at each prescribed MgO 

concentration. A short-dashed line and long-dashed line indicate the linear fit 

for the data corresponding to 200-2000 μg/mL MgO for E. coli and S. epidermidis, 

respectively. Values are mean ± standard deviation; n=3. *p<0.05 compared to the 

Bacteria Only control of respective bacteria type. 
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Figure 2.12: Broth analyses after MgO nanoparticles at concentrations of 200 – 

2000 μg/mL were cultured in respective LBB and TSB for 24 hours without 

bacteria. (A) post-culture broth pH at each prescribed MgO concentration, (B) 

Mg2+ ion concentration in the post-culture broth at each prescribed MgO 

concentration, and (C) Ca2+ ion concentration in the post-culture broth at each 

prescribed MgO concentration. A short-dashed line and a long-dashed line 

indicate the linear fit for the data corresponding to 200-2000 μg/mL MgO for LBB 

and TSB, respectively. Values are mean ± standard deviation; n=3. *p<0.05 

compared to the Broth Only control for respective broth type, **p<0.05 compared 

to 700-2000 μg/mL MgO in respective broth type. 
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2.3.3b The Effects of MgO Nanoparticles on LBB and TSB in Acellular Conditions 

In acellular conditions, the pH and Mg2+ concentration showed increasing trends 

for both LBB and TSB as MgO concentration increased (Figure 2.12). The average pH of 

the Broth Only controls was 7.1 for LBB and 8.1 for TSB. Each group with MgO resulted 

in higher average pH when compared with the Broth Only control. Statistically 

significant increased pH was found in all groups of LBB with MgO. The pH of TSB 

groups with MgO did not show statistically significant difference when compared with 

the Broth Only control until MgO concentration increased to 1600 µg/mL due to the large 

deviation in the Broth Only control. All groups with MgO showed statistically higher 

Mg2+ concentration than the Broth Only controls. Mg2+ concentration steadily increased 

with increasing MgO concentrations. In the groups with MgO, Ca2+ concentration 

generally decreased with increasing MgO for both broth types. For LBB, all groups with 

MgO had significantly less Ca2+ compared to the Broth Only control. In the case of TSB, 

we observed greater average Ca2+ concentration in the groups with 200-500 µg/mL of 

MgO than the Broth Only control, but only statistically significant at 200 and 500 µg/mL. 

At and above 700 µg/mL, the average Ca2+ concentration in TSB was lower than the 

Broth Only control, but not statistically significant.  
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Figure 2.13: Bacterial density after they were cultured in respective LBB and TSB 

supplemented with 0 –50 mM Mg2+ ions for 24 hours, as quantified from (A) 

absorbance and (B) colony forming units (CFU). Bacteria were seeded at a 

concentration of 5x105 bacteria/mL as indicated by the black dashed line. Values 

are mean ± standard deviation; n=3 for A and n=9 for B. *p<0.05 compared to the 

control without supplemental Mg2+ dosage (0 mM), for respective bacteria type. 
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Figure 2.14: Broth analyses after bacteria were cultured in respective LBB and 

TSB supplemented with 0-50 mM Mg2++ for 24 hours. (A) post-culture broth pH 

at each prescribed supplemental Mg2+ dosage, (B) Mg2+ ion concentration in the 

post-culture broth at each prescribed supplemental Mg2+ dosage, and (C) Ca2+ ion 

concentration in the post-culture broth at each prescribed supplemental Mg2+ 

dosage. A short-dashed line indicates the linear fit for the data corresponding to 1-

50mM supplemental Mg2+ dosage in graph B and 1-40mM supplemental Mg2+ 

dosage in graph C for E. coli. A long-dashed line indicates the linear fit for the 

data corresponding to 1-50 mM supplemental Mg2+ dosage for S. epidermidis. 

Values are mean ± standard deviation; n=3.*p<0.05 compared to the control 

without supplemental Mg2+ dosage (0 mM), for respective bacteria type. 
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2.3.3c The Effects of Mg2+Ion Dosing on Bacteria Viability and Growth 

Bacterial culture with supplemental Mg2+ ions did not lead to bactericidal or 

bacteriostatic effects on E. coli or S. epidermidis because all of the evaluated groups with 

supplemental Mg2+ dosages resulted in significant bacterial growth since seeding, similar 

to the 0mM dosage group (Figure 2.13). CFU quantification showed similar results with 

significant bacterial growth for the groups with supplemental Mg2+dosages, similar to the 

0mM group (no supplemental dosage). The groups supplemented with 10, 15, 40, and 

50mM Mg2+ ions showed statistically significant increase in viable S. epidermidis (Figure 

2.13).  

The pH of the broths with supplemental Mg2+ dosages remained relatively 

unchanged with only a slight decrease in pH at dosages of 20mM or higher for both E. 

coli and S. epidermidis (Figure 2.14A). With increasing Mg2+ concentration, we observed 

the expected increase in final Mg2+ concentration for both LBB and TSB (Figure 2.14 B). 

Ca2+ concentration of the LBB with E. coli increased with increasing supplemental Mg2+ 

dosage but had a sharp decrease at 50mM (Figure 2.14 C). For TSB with S. epidermidis, 

Ca2+ concentration increased with increasing supplemental Mg2+ dosage.  
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Figure 2.15: Bacterial density after they were cultured for 24 hours in respective 

LBB and TSB with initial pH adjusted to 7-10, as quantified from (A) absorbance 

and (B) colony forming units (CFU). Bacteria were seeded at a concentration of 

5x105 bacteria/mL as indicated by the black dashed line. Values are mean ± 

standard deviation; n=3 for A and n=9 for B. *p<0.05 compared to the control 

with an initial pH 7 for respective bacteria type. 
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Figure 2.16: Broth analyses after bacteria were cultured for 24 hours in respective 

LBB and TSB with initial pH adjusted to 7-10. (A) post-culture broth pH at each 

prescribed initial pH, (B) Mg2+ ion concentration in the post-culture broth at each 

prescribed initial pH, and (C) Ca2+ ion concentration in the post-culture broth at 

each prescribed initial pH. Values are mean ± standard deviation; n=3. *p<0.05 

compared to the control with an initial pH 7 for respective bacteria type. 
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2.3.3d The Effects of Initial pH on Bacteria Viability and Growth 

Increasing initial broth pH up to 10 did not lead to bactericidal or bacteriostatic 

effects on E. coli or S. epidermidis because all of the evaluated groups with increased pH 

resulted in significant bacterial growth since seeding, similar to the control group with 

initial pH of 7 (Figure 2.15). CFU quantification showed similar bacterial concentrations 

for the groups with initial pH adjusted to greater than 7.5 and the control group with 

initial pH of 7 (Figure 2.15). Statistically significant but slight decrease in E. coli CFUs 

was observed at pH of 10; some S. epidermidis groups with initial pH adjusted to greater 

than 7.5 showed statistically greater CFUs than the control group with initial pH of 7. 

The final pH of LBB for E. coli culture changed to a narrow range of 8.7 - 8.8 and 

the final pH of TSB for S. epidermidis culture decreased to 5.5 - 8.2, even though their 

initial pH values were adjusted to 7-10, respectively (Figure 2.16A). Adjusting the initial 

broth pH to higher values led to decreasing trends in Mg2+ concentrations, with some 

statistical significance at pH 7.5, 8.5 and above for E. coli and at pH 9 and above for S. 

epidermidis (Figure 2.16B). Ca2+ concentration decreased when the initial broth pH 

values were adjusted to 7.5 - 10 as compared with the control group at initial pH 7, for 

both types of bacteria (Figure 2.16C). 

2.4 Discussion 

 

2.4.1 BMSC Viability 

The effects of MgO nanoparticles on BMSC adhesion density and viability 

depend on MgO concentration and in vitro culture methods. With the co-seeding method, 

BMSC adhesion density all decreased when cultured with MgO, as compared with the 
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Cells Only control, because BMSCs were likely to have more direct-contact with MgO 

nanoparticles during co-seeding when the cells were not yet adhered to the substrates and 

not yet established in culture, which might have made the BMSCs more vulnerable to 

MgO nanoparticles. MgO nanoparticles were also reported to increase bacterial death 

with more direct-contact via shaking [9], which suggested that direct-contact with MgO 

might be a key factor causing cell death. In contrast, with the sequential-seeding method, 

BMSC density was significantly greater than the Cells Only control at 72 hours when 

cultured with 200 µg/mL of MgO. Moreover, the BMSCs with sequentially seeded 300 

µg/mL of MgO showed similar cell density as the Cells Only control at 72 hours. These 

results suggested that BMSCs were less vulnerable to the effects of MgO under the 

sequential-seeding method, because they adhered to the culture plates and established 

themselves in the culture before exposure to MgO. Thus, MgO nanoparticles, in small 

dosages, such as 200 µg/mL, are beneficial for bone regeneration, because they could 

enhance proliferation of the BMSCs. The sequential-seeding method represents how the 

cells would interact with newly implanted MgO more closely than the co-seeding 

method, and, thus, will be the focus of the following discussion. For the purposes of this 

study, we define CCC as the concentration of the material of interest, in our case of MgO, 

which results in 50+% cell deaths with respect to the seeding density. Our results 

suggested that the CCC for 20nm MgO nanoparticles to BMSCs were between 300 and 

500 µg/mL under the sequential-seeding method. Figure 2.17 summarizes the critical 

MgO concentrations and their effects on BMSCs under the sequential-seeding method. 
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MgO nanoparticles resulted in increase of media pH; intuitively, the pH increase 

might be a factor contributed to the observed BMSC death at or above 500 µg/mL of 

MgO. The monitoring of pH change over a 24-hour period showed that the pH increase 

occurred rapidly within the first 15 min and then decreased (Figure 2.8). The peak pH of 

media with 200 µg/mL of MgO was 8.57 and the peak pH of media with 1000 µg/mL of 

MgO was 9.37. The reduction in the pH values at 48 and 72 hours in the sequentially 

seeded culture (Figure 2.6A) indicated that most of the MgO nanoparticles dissociated in 

the first 24 hours and thus released more OH-during that initial 24 hours. Previous work 

from our lab has shown that there was no statistical difference in BMSC density when 

cultured in DMEM with initial pH values adjusted up to 9.0 [28]. It is possible that pH 

was a factor contributing to the cell death observed at and above 1000 µg/mL of MgO, 

considering the peak pH reached 9.37, above 9.0. However, the fact that the BMSC death 

was observed at 200 µg/mL of MgO in the co-seeded condition but not in the sequentially 

seeded condition indicated that there might be other reasons for the cytotoxic effects of 

MgO nanoparticles at these low concentrations of MgO where the peak pH was below 

9.0. 

Figure 2.17: Summary diagram of critical MgO concentrations and their effects on 

BMSCs, E. coli, and S. epidermidis. 
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Our results are in agreement with the theoretical dissolution of MgO, which 

resulted in increase in pH and release of Mg2+ ions [20-23]. When exposed to water, 

MgO absorbs water to form Mg(OH)2 due to its hygroscopic nature [20]. MgO is only 

slightly soluble in water, with a solubility of 0.086 g/L at 30 °C, which is much greater 

than the solubility of 0.012 g/L for Mg(OH)2. Despite the low solubility, MgO can 

dissociate in water by the overall reaction: MgO + H2O  Mg2+ +2OH- [21]. Mg(OH)2 

molecules dissolved in water also dissociate and release Mg2+ ions and hydroxide anions 

(OH-) [22]. It is important to mention that the actual chemical interactions of MgO with 

physiological fluids are very complex, due to the presence of calcium, phosphate, carbon 

dioxide, and other ions and proteins. MgO and Mg(OH)2 also form on the surface of Mg-

base metallic alloys when exposed to aqueous physiological solutions, resulting in the 

release of OH- and Mg2+ ions [23, 24].  

It is clear that the cells do have an effect on the Mg2+ concentrations. Specifically, 

the average Mg2+ concentrations in media with 2000 µg/mL of MgO were similar for 

both co-seeding and sequential-seeding conditions (44 mM), which were greater than that 

for acellular conditions at 24 hours (34 mM). It is speculated that either the BMSCs 

promoted MgO dissociation or their death led to the release of intracellular Mg2+ ions; as 

a result, Mg2+ concentrations increased as compared with the acellular conditions. 

Intracellular magnesium concentrations range from 5 to 20 mmol/L [32, 33]. The release 

of right amount of Mg2+ ions at the right moment might have contributed to the enhanced 

proliferation at 200 µg/mL of MgO in the sequentially-seeded culture. Figure 2.18A plots 

the correlation between Mg2+ concentrations and BMSC density at 24 hours for both co-
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seeding and sequential-seeding conditions. As Mg2+ concentrations increased with 

increasing MgO nanoparticles, a drop in cell density occurred. However, it is unlikely 

that Mg2+ ions caused BMSC death, since a recent study showed no adverse effects with 

supplemental Mg2+ ions up to 27mM [34]. Another recent study reported that Mg2+ ions 

enhanced osteogenic activity of BMSCs [35]. The release of right amount of Mg2+ ions at 

the right time through MgO dissociation could be beneficial for promoting bone 

regeneration. 

The increase in Mg2+ concentrations with increasing MgO correlated with a 

decrease in Ca2+ concentration; this trend was observed in 24 hours of co-seeding, 

sequential-seeding, and acellular culture conditions. The decrease in Ca2+ ions with 

increasing MgO concentrations might indicate that the release of Mg2+ ions promoted the 

precipitation of Ca2+ ions. It has been reported that the incorporation of MgO into 

bioactive glasses resulted in formation of thicker apatite layers [36], most likely due to 

the increased precipitation of Ca2+ ions that promoted apatite layer formation. If the 

increase in Mg2+ ions caused the precipitation of calcium-containing salts during the first 

24 hours, it is possible that the precipitated salts were rinsed away during the media 

exchange at the end of the 24-hour and 48-hour time points in the sequential-seeding 

method. This would explain why the Ca2+ concentration remained the same as the control 

for the samples with MgO at 48 and 72 hours. The Ca2+ concentrations at the MgO 

concentrations of 200-2000 µg/mL were different in the sequential-seeded culture versus 

acellular condition; the presence of BMSCs increased the Ca2+ concentrations at low 

MgO concentrations when they were viable and decreased the Ca2+ concentrations at high 
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MgO concentrations when they were dead. The intracellular concentration of calcium 

ions is 10,000 times lower than that in the plasma, i.e., <0.0002 mmol/L intracellularly, 

compared with ~2 mmol/L in the plasma [37]. Thus, the release of intracellular Ca2+ is 

negligible, and it is more likely that higher MgO concentrations promoted Ca2+ 

deposition, which resulted in lower Ca2+ concentrations in the media.  

Figure 2.18: Correlation plots relating the post culture Mg2+ concentration to (A) 

BMSC density, (B) E. coli CFU and (C) S. epidermidis CFU after respective 

culture with MgO nanoparticles. (A) Data from Figure 2.5 and 2.6B. (B, C) Data 

from Figure 2.10B and 2.11B, Values are mean ± standard deviation. 
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In order to take full advantage of the benefits provided by MgO nanoparticles, it 

may be necessary to use MgO in a composite or as a coating, rather than using it alone. 

The CCC for 20nm MgO nanoparticles was determined to be between 300 and 500 

µg/mL. MgO nanoparticles in the 200 µg/mL dosage in the sequentially seeded culture 

were found to enhance BMSC proliferation. This may be due to the release of Mg2+ ions 

from MgO dissociation, and Mg2+ ions were known to enhance osteogenic activity of 

BMSCs [35]. The composites incorporating MgO nanoparticles can potentially utilize the 

benefits of MgO, while mitigating the toxicity. For example, a recent in vitro study 

showed that MgO nanoparticles enhanced bone cell adhesion and proliferation when 

MgO was incorporated into a polymer to form a composite [38]. In vivo studies also 

indicated that MgO-containing pastes and scaffolds led to enhanced bone formation [5, 6, 

39]. Additionally, using MgO nanoparticle as a coating material could also decrease 

bacterial adhesion, thereby reducing biofilm formation and infection. 

2.4.2 Bacteria Viability 

Clearly, MgO nanoparticles at the concentrations at and above 1200 µg/mL are 

bactericidal to both E. coli and S. epidermidis. That is, MBC of MgO nanoparticles for S. 

epidermidis and E. coli are 1200 µg/mL, which is well above the tolerable levels for 

BMSCs. This suggests that bare MgO nanoparticles may not be optimal to be used 

directly as an antimicrobial agent in solutions or body fluids. It is important to emphasize 

that MBC defines the bactericidal effect to the bacteria suspended in the fluid, and MgO 

nanoparticles reduced the adhesion and cluster size of both E. coli and S. epidermidis 

when the concentration was as low as 200µg/mL (Figure 2.9). Bacterial clusters are far 
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more likely to develop a biofilm than individual bacterial cells, and bacterial colonies in 

biofilm are more difficult to treat. Reduction in bacterial cluster number and size is 

beneficial because it decreases the risk of bacterial biofilm formation. Collectively, the 

right amount of MgO nanoparticles, e.g., 200µg/mL, could provide dual benefits, i.e., 

promoting BMSC proliferation while reducing bacterial adhesion and infections. 

A previous study showed that MIC of MgO nanoparticles for E. coli was 

500µg/mL based on a microtitre plate-based assay [19]. However, our CFU 

quantification suggested that there were no statistically significant decrease in E. coli 

viability in broth at 500µg/mL of MgO. This might be due to the difference between the 

microtitre plate-based assay and CFU quantification from agar plating. 

The exact mechanisms for the antimicrobial properties of MgO nanoparticles are 

not yet confirmed. Since MgO nanoparticles caused increase in pH and Mg2+ 

concentration, we examined whether pH or Mg2+ concentration are the main factors 

contributing to bacterial death. It turns out the increase in pH and Mg2+ concentration did 

not reduce bacterial viability. The pH of LBB and TSB increased more with respect to 

their controls with increasing MgO concentration, than the pH of the DMEM. This is 

likely because the buffering effect of LBB and TSB in the bacterial culture environment 

is not as good as DMEM in the BMSC culture environment. Both E. coli and S. 

epidermidis proliferated significantly when cultured in LBB and TSB, respectively, up to 

a pH of 10. The pH at the end of 24 hours showed that both E. coli and S. epidermidis 

could adjust the pH of their environment (Figure 2.16). E. coli tended to adjust pH to 8.6 

to 8.8 no matter what initial pH was, and S. epidermidis adjusted pH to 5.5 when the 
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initial pH was 7-8, and gradually increased to 8.2 when the initial pH increased to 10. 

LBB for E. coli culture contains no buffering agents. TSB contains dipotassium hydrogen 

phosphate at a concentration of 14mM as a buffering agent. The pKa of hydrogen 

phosphate buffer is 7.21. S. epidermidis produced acidic waste products that could 

mediate pH increase induced by MgO dissociation. The ability of these bacteria to adjust 

their environment makes them resilient to pH effects. The viability of both types of 

bacteria showed initial increase followed by a sharp decrease with increasing Mg2+ 

concentration from increasing MgO concentration (Figure 2.18 B, C). However, the 

release of Mg2+ from MgO, is unlikely to be the source of antimicrobial properties of 

MgO nanoparticles, because both E. coli and S. epidermidis proliferated significantly 

when cultured with supplemental Mg2+ dosage up to 50mM. 

When E. coli and S. epidermidis were cultured with MgO, both LBB and TSB 

showed an increase in Ca2+ concentration over the native amount in each broth. In gram 

negative bacteria, such as E. coli, the polysaccharides that make up most of the biofilms 

are either neutral or poly-anionic [31]. Presence of calcium and magnesium cations could 

enhance biofilm formation for such bacteria because these cations could cross link with 

polymer strands, thus strengthening binding force. However, we found that the increase 

of calcium did not enhance biofilm formation of E. coli. This further showed 

effectiveness of MgO against bacterial infection. Even though there were more cations 

present with increasing MgO, the cations did not increase bacterial adhesion or biofilm 

formation. The SEM images showed fewer adhered bacteria as MgO concentration 

increased.  For gram positive bacteria, including staphylococci, the polysaccharides are 
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cationic [31]. The presence of cations would have no enhancing effect on the formation 

of S. epidermidis biofilm. 

CFU quantification in a prior study showed lower E. coli viability when the 

bacteria were cultured with magnesium-yttrium alloy that had oxide layers on the surface 

compared to those that lacked initial oxide layers [40], which suggested oxide layers on 

the surface played an important role on the antimicrobial activity of magnesium and its 

alloys.  

One proposed mechanism for the antimicrobial activities of MgO suggested that 

the interaction of MgO and bacterial cell wall/membrane caused damage to the cell 

wall/membrane, leading to leakage of minerals, proteins, and genetic material resulting in 

cell death [41]. Previous studies also indicated that metal oxide nanoparticles could 

spontaneously produce reactive oxygen species (ROS) [9, 42, 43]. MgO, in particular, 

has been shown to enhance lipid peroxidation [19]. It is believed that superoxides, 

hydrogen peroxide, and/or hydroxyl radicals may be produced from consecutive 

oxidation-reduction reactions occurring at the MgO surface. Superoxide is also stable 

under alkaline conditions and has higher diffusion distance with increasing pH [44]. 

Superoxide from MgO can interact with the carbonyl group in the peptide and cause 

degradation of proteins [45]. If this were the case, ROS would be responsible for the 

antimicrobial properties of MgO. A recent study, however, suggested that MgO exhibited 

antimicrobial activity against E. coli, in the absence of ROS, through membrane damage 

[46]. According to Leung et al., there was no expression of ROS-related proteins, which 

indicated ROS production was not part of the bactericidal properties of MgO. This study 
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measured the protein levels in the first 20 minutes of exposure to MgO. Longer studies in 

the absence of ROS may be necessary to confirm this mechanism. We believe direct 

contact with MgO nanoparticles was important for bactericidal effect; however, further 

research is necessary to determine the exact mechanisms to take full advantage of MgO 

nanoparticles for antimicrobial applications. 

2.5 Conclusions 

 

This chapter reported the dose-dependent responses of BMSC, E. coli, and S. 

epidermidis toward MgO nanoparticles for the first time. The two in vitro culture 

methods used, i.e., co-seeding and sequential-seeding, affected the BMSC response at 

low concentrations of MgO nanoparticles. MgO nanoparticles at a concentration of 200 

µg/mL enhanced BMSC adhesion density and proliferation up to 72 hours in vitro when 

sequentially-seeded. MgO nanoparticle concentrations at or above 500 µg/mL caused 

near to complete BMSC death independent of the culture methods. The bacterial culture 

showed that MBC of MgO nanoparticles for E. coli and S. epidermidis was 1200 µg/mL, 

and reduced bacterial adhesion was observed at and above 200 µg/mL of MgO 

nanoparticles. The exact mechanisms for the bactericidal effects of MgO nanoparticles 

remained elusive, but were most likely due to direct-contact induced cell wall/membrane 

damage. Collectively, these in vitro results suggested that MgO nanoparticles at a 

concentration of 200 µg/mL provided dual benefits of promoting BMSC proliferation 

while reducing bacterial adhesion, which should be further studied for potential medical 

applications. The use of free MgO nanoparticles yielded detrimental effects to BMSCs in 
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concentrations above 300µg/mL. We recommend further study into MgO nanoparticles 

as a coating material or as a part of a composite. 
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Chapter 3: Dissociation of MgO and Mg(OH)2 in Physiologically Relevant Solutions 

 

3.1 Introduction 

 

Magnesium oxide (MgO) and magnesium hydroxide [Mg(OH)2] are widely used 

compounds in different industries, and their properties are increasingly attractive for 

biomedical applications [1-4]. MgO is very stable at high temperatures in oxidizing 

atmospheres and reducing atmospheres up to 2300 °C and 1700 °C, respectively[5]. Its 

stability at these conditions led to the general statement in reference texts that MgO is 

generally ‘stable’ and ‘relatively inert’ [6, 7]. However, the conditions under which MgO 

is ‘stable’ and ‘relatively inert’ were not clearly discussed. It is also well accepted that 

MgO is hygroscopic and hydrates at room temperature to produce Mg(OH)2, which is 

why MgO is rarely found in natural mineral deposits. The hygroscopic nature of MgO 

and its transition to Mg(OH)2 are often mentioned alongside a statement that MgO is 

generally stable [8-10]. Additionally, Mg(OH)2 is conventionally known to be insoluble 

in water and stable at temperatures up to 300 °C [5].  

Recently, MgO and Mg(OH)2 have become more popular for biomedical 

applications due to their bioactivity. Magnesium oxide and magnesium hydroxide have 

long been used as dietary supplements to improve bone density[11, 12]. In physiological 

conditions, both magnesium oxide and magnesium hydroxide release magnesium ions, 

which have been shown to be osteoconductive, in vitro[13, 14]. Additionally, it has been 

shown that MgO nanoparticles significantly increase bone marrow derived mesenchymal 

stem cell (BMSC) adhesion and proliferation in low concentrations, e.g. at 200 µg/mL 

[15]. MgO nanoparticles have also been shown to exhibit antimicrobial properties, which 
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are beneficial for reducing the risk of infection associated with any implantable material 

[15-17].  MgO is hygroscopic and will adsorb water and react to form Mg(OH)2 [9, 10, 

18]. It has been widely accepted that MgO is stable and is a model for crystalline cubic 

structure, with a high degree of perfection.  However nano-sized MgO in simulated 

biological environments dissociates and can be detrimental to mesenchymal stem cells, 

particularly in concentrations exceeding 300 µg/mL [15]. Additionally, MgO and 

Mg(OH)2 are both formed during passivation and degradation of metallic magnesium, 

which is a biodegradable metal of interest for orthopedic applications. As such, it is 

important to fully understand the dissociation of MgO and Mg(OH)2 in physiologically-

relevant solutions.  

 This article reports the effect of physiologically relevant media, Dulbecco’s 

Modified Eagle’s Media (DMEM), simulated body fluid (SBF), and its sub-components 

(mainly Cl-), on MgO and Mg(OH)2 nanoparticles. Observing the dissociation of MgO 

and Mg(OH)2 in this media, with and without FBS and P/S supplements, could provide 

insight into the degradation of magnesium. SBF is a solution designed to mimic 

biological fluid, having ion concentrations almost equivalent to those found in human 

blood plasma [19]. To evaluate the dissociation of MgO and Mg(OH)2 in biological 

conditions, SBF was used. One of the buffers in SBF is 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES). HEPES buffer is a synthetic biological buffer 

that is effective in regulating pH between 6.8 and 8.2. HEPES regulates the local pH at 

the surface of magnesium leading to increased degradation rate [20, 21]. The increased 

corrosion caused by HEPES activity is partly due to the cracks formed in the particle 



 64 

boundaries on the surface layer which provide a pathway for HEPES to continuously 

degrade the internal portions of magnesium [20]. Due to the specific activity of HEPES, a 

solution of HEPES in water was included as well, to better elucidate which component of 

SBF may have the greatest effect on MgO and Mg(OH)2 dissociation. As previously 

mentioned, studies have suggested that Cl- is a key component in the corrosion of Mg 

metal by interacting with Mg(OH)2 at the surface of the metal. To evaluate the suggested 

effects that Cl- has on MgO and Mg(OH)2, two different Cl- sources, MgCl2 and NaCl, 

were included. The use of MgCl2 allowed for the delivery of Cl- without the addition of 

another component, as Mg2+ is released from MgO and Mg(OH)2. NaCl was used as a 

comparison to evaluate if the cations, Mg2+ and Na+, showed any difference in 

dissociation of our nanoparticles. The concentration of the chloride salts was 103 mM, 

the same concentration of Cl- found in SBF. An additional concentration at 200 mM of 

MgCl2 was used to further explore the possible effect of chloride on dissociation of MgO 

and Mg(OH)2.  NaCl would provide another excellent source of Cl- based on previous 

studies that found that intermediate species of MgO were formed in solutions with NaCl 

[22, 23].  

Until roughly the past decade, MgO and Mg(OH)2 have been largely relegated to 

industrial applications[5, 8, 22]. As such, the vast majority of literature on these 

compounds focuses on their activity and applications in non-biological environments. It 

is necessary to re-build a library of the fundamental properties of MgO and Mg(OH)2 in 

physiological environments to fully understand and explore the potential of these 
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compounds in biomedical applications. Herein, we investigated the effects of DMEM, 

SBF and chloride on dissociation of MgO and Mg(OH)2 nanoparticles.  

3.2 Materials and Methods 

 

3.2.1 Preparation of MgO and Mg(OH)2 Nanoparticles 

MgO nanoparticles were procured from US Research Nanomaterials Inc. 

(US3310, 99+% purity, 20nm diameter). In order to mimic the in vivo conditions under 

which the nanoparticles are used and make the results comparable to other in vitro 

studies, MgO nanoparticles were sterilized in a glass container via heating at 200°C in an 

oven for one hour prior to immersion in physiologically relevant solutions.  

MgO cannot be sterilized through UV irradiation because the UV affects the 

surface chemistry of the MgO particles by causing adsorption of O2 and production of 

superoxide ions [24, 25]. MgO nanoparticles were sterilized prior to characterization so 

that the particles would be in the same condition during characterization as they were 

prior to use in in vitro experiments. 

The MgO nanoparticles were weighed in autoclaved and labeled microcentrifuge 

tubes. For each solution, the MgO weights are organized into triplets of 0.6, 3.0, and 6.0 

mg. With 3 mL of total solution added to the MgO nanoparticles, the resulted 

concentrations were 200, 1000, and 2000 𝜇g/mL.  

The Mg(OH)2 nanoparticles (US3320, 99+% purity, 20nm diameter, US 

Nanomaterials, Inc.) were prepared similarly to the MgO nanoparticles, and were 

sterilized in a glass jar and heated in the oven at 100°C for 1 hour. This temperature was 

selected to be much lower than the dehydration temperature of Mg(OH)2 at 300 °C to 
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ensure that transition to MgO would not occur. These particles were organized by weight 

into autoclaved and labeled microcentrifuge tubes. For each solution, the weights were 

organized into triplets of 0.6, 3.0, 6.0, and 9.0 mg. With 3 mL of total solution added to 

the Mg(OH)2 nanoparticles, the concentrations were at 200, 1000, 2000, and 3000 𝜇g/mL. 

The concentration of 3000 𝜇g/mL had a similar molar concentration to that of MgO at 

2000 𝜇g/mL. By using 3000 𝜇g/mL of Mg(OH)2 we obtained 51.44 𝜇mol/mL of Mg2+ 

which is comparable to that of 2000 𝜇g/mL of MgO which yielded 49.62 𝜇mol/mL of 

Mg2+. This was included to make results between MgO and Mg(OH)2 comparable by 

both mass and molar concentration. 

3.2.2 Preparation of Biologically Relevant Solutions 

3.2.2a Preparation of MgCl2 Solution 

Previous studies suggested that Cl- is a key component in the corrosion of metallic 

Mg by interacting with Mg(OH)2 formed at the surface of the metal during degradation 

[9]. To evaluate the effects of Cl- on MgO and Mg(OH)2 without adding any additional 

components, MgCl2 was used as the Cl- source at two concentrations of 103 and 200 mM 

Cl- in deionized water (DI, QGARD00D2, Millipore). The concentration of 103mM was 

selected because this is the same concentration of chloride found in SBF. Since Cl- has 

been indicated as impacting Mg degradation, we also wanted to evaluate the effects of 

excess of Cl-, hence the concentration of 200 mM was included. Both solutions were 

prepared the day prior to use in the experiment. To obtain an initial stock solution, 3g of 

MgCl2·6H2O were added to a glass bottle of 100 mL of DI, which was stirred with a stir 

bar to dissolve any salt clumps. The MgCl2 solution was sterilized by filtration through a 



 67 

0.45µm vacuum filter (Nalgene PES Filter 168, Thermo Scientific) in a laminar flow 

hood. The Mg2+ concentration was evaluated through induced coupled plasma-optical 

emission spectrometry (ICP-OES, Optima 8000, Perkin Elmer). The Mg2+ concentration 

was determined to be 135 mM. The expected concentration from 3 g of MgCl2·6H2O in 

100 mL of DI was 147.6 mM. This discrepancy could occur if the MgCl2·6H2O had 

hydrated further before use. However, this was compensated for by measuring with ICP-

OES and making necessary dilutions for the desired concentration. In MgCl2, the ratio of 

Mg2+ to Cl- is 1:2. Therefore, the resulting Cl- concentration in the stock solution was 270 

mM. Dilutions were made so that resulting Cl- amount would be 103 and 200 mM for the 

dissociation study.  

3.2.2b Preparation of NaCl 

To further investigate the effects that Cl- has on the corrosion of Mg, NaCl was 

used as an alternative Cl- source because it is one of the key physiological salts and it can 

serve as a suitable source of Cl- ions without Mg2+ for comparison. Additionally, it is 

thought that Cl- ions initiate the dissociation of MgO and Mg(OH)2. A solution of 103 

mM of Cl- was prepared in the same manner as that of MgCl2. As previously mentioned, 

103 mM is the concentration of Cl- in SBF, and SBF mimics ionic concentrations of 

blood plasma.  

3.2.2c Preparation of SBF 

To evaluate the dissociation of MgO and Mg(OH)2 in a body fluid, revised 

simulated body fluid (SBF) was used to mimic a human blood serum, via established 

protocols[26]. In brief, 700 mL of deionized (DI) water was placed in a 1000 mL 
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polypropylene beaker. Then, 5.377g of NaCl, 0.420 g of NaHCO3, 2.332 g of Na2CO3, 

0.224 g of KCl, 0.228 g of K2HPO4*3H2O, 0.305 g of MgCl2*6H2O, 11.928 g of 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma Aldrich) in 100mL of DI 

water, 0.277 g of CaCl2, and 0.071 g of Na2SO4, were added sequentially, making sure 

that each component was fully dissolved before added the next. The solution was then 

titrated with 1 M NaOH solution, with approximately 0.8mL to bring the pH to 7.4. The 

pH was confirmed with a pre-calibrated pH meter (Symphony SB70P, VWR). If pH was 

not at the target of 7.4, it was adjusted with 1M NaOH to increase it or HEPES to 

decrease it. The solution was then transferred to a 1000 mL volumetric polypropylene 

flask and the total volume was brought up to 1000 mL by the addition of DI water. In a 

sterile laminar flow hood, the SBF solution was sterilized via vacuum filtration (Nalgene 

PES Filter 168, Thermo Scientific). 

3.2.2d Preparation of HEPES 

HEPES is a zwitterionic buffering agent that can maintain a biological pH 

between 6.8 and 8.2 and is not dependent on CO2 concentration. A HEPES solution in DI 

water was made to match the same concentration of HEPES found in SBF. Specifically, 

to evaluate the effects of HEPES on MgO and Mg(OH)2, 1.193 g of HEPES was added to 

100 mL of DI water to achieve this concentration of 50 mM. Then, the solution was 

sterilized using the same vacuum filtration (Nalgene PES Filter 168, Thermo Scientific) 

in a sterile laminar flow hood. 
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3.2.2e Preparation of Complete and un-supplemented DMEM 

Dulbecco’s Modified Eagle’s Medium (DMEM, Corning) is a common media for 

in vitro studies that utilize adherent cell lines. It is common to supplement DMEM with 

10% fetal bovine serum (FBS, Hyclone) and 1% penicillin/streptomycin (P/S, Hyclone), 

which is known as complete DMEM (cDMEM). To understand the effects of DMEM, as 

well as the supplemental proteins from FBS and P/S, we evaluated cDMEM as well as 

un-supplemented DMEM, which will herein be referred to as ‘DMEM’. The purchased 

solutions were mixed in a laminar flow hood to maintain sterility.  

3.2.3 Dissociation of MgO and Mg(OH)2 Nanoparticles within Solution 

3.2.3a Preparation of MgO and Mg(OH)2 Nanoparticle Incubation 

All solutions and nanoparticles were handled in a biosafety II laminar flow hood 

to maintain sterility and to keep consistency with cell culture practices. Nanoparticles at 0 

mg, 0.6 mg, 3 mg, 6 mg, and 9 mg (for Mg(OH)2 only) were introduced into wells of a 

12-well polystyrene plate (Corning, Falcon® 351143) with 3 mL of solution to achieve 

concentrations of 0 𝜇g/mL, 200 𝜇g/mL, 1000 𝜇g/mL, 2000 𝜇g/mL, and 3000 𝜇g/mL.  

To transfer the particles, 1 mL of each solution was added to the micro-centrifuge 

tubes with the measured MgO or Mg(OH)2 particles and thoroughly suspended through 

pipetting. The solution/MgO particle mixture was transferred to the assigned wells. Then, 

an additional 2 mL of respective solution was added resulting in a total volume of 3 mL 

for each well.   

The polystyrene plates with nanoparticles and solutions were placed in an 

incubator (MCO-19AIC, Sanyo Scientific), at standard cell culture conditions, 37°C, 5% 
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CO2 for 24 hours to allow nanoparticles to dissociate in conditions that closely mimic a 

physiological environment.  

3.2.3b Post-Incubation Processing  

After 24 hours, the plates were removed from the incubator. Solution and 

remaining particles were collected in 15 mL conical tubes. Each tube was then 

centrifuged at 3000 rpm for 2 min to collect the particles as a pellet. The solutions from 

the tubes were transferred into new 15 mL conical tubes, without disturbing the pellet. To 

rinse the particles, the pellet was suspended in 100% ethanol and centrifuged at 3000rpm 

for 1 minute. The ethanol was then aspirated out and new 100% ethanol was added for 

storage of the particles prior to further analysis.  

3.2.4 Analysis of Solutions after MgO and Mg(OH)2 Dissociation 

3.2.4a Measuring pH 

The pH of each solution was measured immediately after separation from the 

particles, to minimize the changes due to temperature and atmospheric CO2, using a 

benchtop pH meter (Symphony SB70P, VWR).  

3.2.4b ICP-OES Measurements 

Each solution was diluted 1:200 in DI water to prepare for analysis via induced-

coupled plasma optical emission spectrometry (ICP-OES, Optima 8000) in order to 

measure Mg2+ concentration. The Mg2+ concentration of the solutions without 

nanoparticles was used to determine the baseline concentration. This concentration was 

subtracted from Mg2+ concentrations at 200-2000 𝜇g/mL (or 3000 𝜇g/mL for Mg(OH)2) 

and reported values are of Mg2+ released from MgO and Mg(OH)2, respectively.  
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3.2.5 Characterization of MgO and Mg(OH)2 Particles post-incubation 

3.2.5a SEM and EDS Analysis 

After culture, the collected particles from the 2000 µg/mL concentration of MgO 

and the 3000 µg/mL concentration of Mg(OH)2 for each solution was mounted on a pin 

mount and coated with platinum and palladium (Pt/Pd) using a sputter-coater (108 Auto, 

Cressington) for SEM and EDS analysis. Most samples were imaged using a secondary 

electron detector with a spot size of 3, a working distance of 10 mm, at an accelerating 

voltage of 30 kV and a magnification of 10,000x. However, due to the presence of 

proteins which will burn at 30 kV, MgO and Mg(OH)2 in the cDMEM solution were 

imaged at an accelerating voltage of 5 kV.  

3.2.5b Preparation for X-Ray Diffraction Analysis 

As previously described, the particles left over from the 24-hour incubation were 

stored in 100% ethanol. The particles from the highest concentration samples (2000 

µg/mL for MgO and 3000 µg/mL were transferred in 100% ethanol to a zero-diffraction 

silicon wafer (SiZero24D10C1, MTI). The ethanol evaporated at room temperature 

leaving the particles, which were then evaluated using X-Ray diffraction (XRD, 

Empyrean, PANalytical). The XRD spectrums for MgO and Mg(OH)2 were obtained 

using Cu Kα radiation (45 kV, 40 mA) at a step size of 0.006o and dwelling time of 50 

seconds using a PIXcel 1D detector (PANalytical). Phase identification was performed 

using the HighScore software (PANalytical). 
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3.2.6 Statistical Analysis 

All experiments were run in triplicate. All data sets were analyzed using one-way 

analysis of variance (ANOVA) followed by the Tukey highest significant difference post 

hoc test. Statistical significance was considered at p < 0.05. 

3.3 Results  

 

3.3.1 Morphological change in remaining MgO and Mg(OH)2 particles 

Exposure to each physiological media caused morphological change of the 

remaining particles (Figure 3.1). Prior to exposure to physiological solutions, both MgO 

and Mg(OH)2 maintained individual spherical particles in the nanometer size range. 

Exposure to cDMEM resulted in large amorphous micro-agglomerates in both MgO and 

Mg(OH)2, which is likely evidence of proteins from the media. Exposure to DMEM for 

both MgO and Mg(OH)2 showed similar evidence of amorphous proteins. However, the 

remaining particles for MgO in DMEM also shows flake structures reminiscent of 

interlaced spiral crystal growth. Similar structures were also seen in MgO in SBF. 

However, these structures were absent from Mg(OH)2, which showed particle 

agglomeration primarily. MgO and Mg(OH)2 in HEPES solution showed spherical flaked 

structures and flaked layered structures, respectively. In NaCl, MgO and Mg(OH)2 

showed particle agglomeration with some sheet structures but without larger organized 

patterns. In both (103 mM and 200 mM) MgCl2 solutions, MgO showed interlaced 

flaked, flower-like, structures, while Mg(OH)2 showed agglomerated needle-like 

structures. These same structures present in the MgCl2 solutions were present in DI water 

for both MgO and Mg(OH)2. 



 73 

 

Figure 3.1: SEM images of 

(A-H) MgO and (Aʹ-Hʹ) 

Mg(OH)2 nanoparticles before 

and after immersion in 

physiologically relevant 

solutions for 24 hours. SEM 

images were taken at an 

original magnification of 

10,000x. For inset on H- Hʹ, 

the original magnification is 

150,000x and the Scale bar is 

2 µm. 
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3.3.2 Elemental and Crystalline phase change in MgO and Mg(OH)2 

EDS analysis was used to obtain elemental information on the remaining particles 

in order to inform XRD analysis (Table 3.1). Presence of Mg, O, C, P, S, Na, and Ca, was 

observed for the MgO in cDMEM condition. However, the atomic percent for MgO in 

cDMEM was only 8.58%. For Mg(OH)2, cDMEM resulted in presence of Mg, O, C, and 

Na, where 77.85% of the atoms were Mg. For MgO in DMEM, Mg, O, C, P, Cl, and Na 

were observed with 23.32% Mg. For Mg(OH)2 in DMEM, Mg, O, C, P, S, Cl, Na, and Ca 

were observed with 20.38% Mg. For both MgO and Mg(OH)2 in SBF, Mg, O, C, P, Na, 

and Ca were observed with 9.66% and 3.36% Mg, respectively. In HEPES solution, MgO 

yielded residual particles with Mg, O, C, and S, while Mg(OH)2 yielded residual particles 

Table 3.1: EDS analysis of (A) MgO and (B) Mg(OH)2 after submersion in 

physiologically relevant solutions, corresponding with SEM images in Figure 3.1.  
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with Mg, O, and C, present. In each chloride solution, the elements from the salts were 

present along with Mg and O for MgO and Mg(OH)2, as expected.  

 

XRD revealed that for each solution with MgO, the characteristic peaks of MgO 

shifted from 42° and 62° to 44° and 64°, respectively, indicating crystal change due to 

hydration (Figure 3.2). A Mg(OH)2 peak at 38° was also present in all samples, except 

HEPES solution, after 24 hours of incubation. Additionally, residual MgCl2 was found in 

Figure 3.2: XRD analysis of MgO after submersion in physiologically relevant 

solutions.  
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MgO particles exposed to MgCl2 solution with 200 mM Cl-. The residual MgO particles 

in HEPES solution resulted in no detectable peaks. 

 

After 24 hours of exposure to physiological solutions, the remaining particles 

from Mg(OH)2 samples still exhibited characteristic peaks of Mg(OH)2, with some 

decrease in intensity in all solutions except HEPES (Figure 3.3). In the HEPES solution, 

all characteristic peaks for Mg(OH)2 were missing and only small peaks of residual 

Figure 3.3: XRD analysis of Mg(OH)2 after submersion in physiologically 

relevant solutions. 
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HEPES were present. In solutions containing only MgCl2, a small peak corresponding 

with Mg2(OH)3Cl was detected.  

 

3.3.3 Mg2+ release and pH change in physiological media 

Figure 3.4 shows the change in Mg2+ concentration for MgO and Mg(OH)2 after 

exposure to physiologically relevant solutions. All values were compared with the 

Figure 3.4: Mg2+ ion release from (A) MgO and (B) Mg(OH)2 after submersion in 

physiologically relevant solutions for 24 hours. Values are mean ± standard 

deviation; n = 3. *p<0.05 
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expected values that were calculated if 100% dissociation occurred, which is plotted as 

the black bar in each condition. At 200 μg/mL, both MgO and Mg(OH)2 showed 100% 

dissociation in all solutions. Solutions that exceeded the 100% dissociation level are 

attributed to the deviation in initial mass measurement of the nanoparticles. Additionally, 

MgO at 1000 μg/mL and 2000 μg/mL in  cDMEM, DMEM, and SBF showed 

significantly higher dissociation than in DI water, HEPES buffer, NaCl, and MgCl2 (103 

and 200 mM) (Figure 3.4A). Mg(OH)2 at higher concentrations of 1000, 2000, and 3000 

μg/mL in SBF and HEPES resulted in higher concentrations of Mg2+ ions when 

compared with the solutions of just chloride salts, indicating higher dissociation (Figure 

3.4B). This is more apparent at the concentrations of 2000 and 3000 μg/mL of Mg(OH)2. 

Additionally, at 1000, 2000, or 3000 μg/mL, none of the nanoparticles reached 100 

percent dissociation, i.e., the theoretical value of Mg2+ at 100% dissociation. It is clear 

that the solution with MgCl2 (200 mM Cl-) showed the least amount of Mg2+ release 

while the HEPES solution showed the highest amount of Mg2+ release. 

Figure 3.5 shows the pH of the media after 24 hours of exposure to MgO and 

Mg(OH)2. In the 0 µg/mL condition, for both particles, the pH of cDMEM, DMEM, and 

SBF was between 7.6 and 8.2. The pH of the HEPES, NaCl, MgCl2 (103 mM), and 

MgCl2 (200 mM) was between 5 and 5.32. The pH of DI water was approximately 5.6. 

At 200 µg/mL, the pH of cDMEM and DMEM was approximately 8.2 for both MgO and 

Mg(OH)2, while the pH of SBF was 7.8 for both nanoparticles. The pH of the HEPES 

solution was 6.6 and 7 for MgO and Mg(OH)2, respectively. The pH of the NaCl solution 

was 7.7 for both particles. For both MgO and Mg(OH)2, the pH for MgCl2 at 103 mM 



 79 

and 200 mM concentrations was approximately 8.4 and 8, respectively. General trends 

continued when comparing the pH of different solutions as the amount of nanoparticles 

increased; and generally for each solution, its pH continued to increase with increasing 

MgO or Mg(OH)2, up to 2000 µg/mL and 3000 µg/mL, respectively. 

 

Figure 3.5: Resulting pH after submersion of (A) MgO and (B) Mg(OH)2 in 

physiologically relevant solutions for 24 hours. Values are mean ± standard 

deviation; n = 3. *p<0.05 
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3.4 Discussion 

 

3.4.1 Morphological change in remaining MgO and Mg(OH)2 particles 

The flaked and flower-like structures observed for MgO and Mg(OH)2 are 

consistent with previous studies of Mg(OH)2 precipitation [27, 28]. These structures 

formed during precipitation and crystal growth of Mg(OH)2, the presence of which is 

confirmed by XRD. Previous studies have suggested that the MgO transition to Mg(OH)2 

occurs along a shared crystal face[8, 9]. However, in our study, given the increase in 

particle size, it appears that MgO dissociated and then Mg(OH)2 formed resulting in 

crystal growth. It is also likely that there is a combination of MgO to Mg(OH)2 transition 

and re-deposition, causing size growth of the particles.  

3.4.2 Elemental and Crystalline phase change in MgO and Mg(OH)2 

EDS for MgO and Mg(OH)2 in cDMEM, DMEM, and SBF showed presence of 

expected elements from salts within these solutions. The carbon (C) and sulfur (S) that 

were detected in HEPES samples are likely from the HEPES itself. The sodium and 

chloride present in the NaCl solutions, as well as the chloride present in MgCl2 solutions, 

are also expected from salt residues. However, the amount of chloride remaining in NaCl 

was 0.5% and 0.2%, in MgO and Mg(OH)2 respectively. This indicates that over 99% of 

remaining particles did not contain chloride, which supports the lack of formation of 

MgCl2. Similar trends are observed in the MgCl2 solutions which showed about 0.9% and 

less than 0.2% for MgO and Mg(OH)2 respectively. It is likely that the measured chloride 

remaining from the NaCl and MgCl2 solutions are residues from the solution as opposed 

to indicative of formation of compounds containing chloride.   
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From the XRD results, it is evident that MgO hydrates to form Mg(OH)2 within 

24 hours in each of the solutions evaluated (Figure 3.2). This is expected as this reaction 

is well established [8-10]. Residual MgO particles from the HEPES solution showed no 

peaks, indicating that crystalline particles were not detected in XRD. However, the 

microstructures in SEM showed some ordered flower-like structures for MgO. Previous 

studies showed that the degradation rate of metallic magnesium is increased by HEPES 

exposure [20]. As it degrades, a passivation layer of MgO and Mg(OH)2 forms on 

metallic magnesium. It is likely that the increased degradation of metallic magnesium 

when exposed to HEPES is due to HEPES interaction with MgO and Mg(OH)2, resulting 

in disruption of the passivation layer. The MgCl2 peak detected in the MgO samples from 

MgCl2 solutions is likely due to residual MgCl2 from the solution as opposed to 

nucleophilic substitution of O2- or OH-. The energy in Mg=O and Mg-OH bonds is 

greater than that in Mg-Cl, making nucleophilic substitution by chloride energetically 

unfavorable.   

Studies into the degradation of metallic magnesium can give insight into the 

dissociation of MgO and Mg(OH)2
 with respect to Cl-. Metallic magnesium’s mechanical 

properties, biodegradability, and biocompatibility have made magnesium a promising 

material for orthopedic implants. It has been shown that magnesium based implants for 

orthopedic purposes will degrade in vivo suggesting it could lead to the activation of bone 

cells [30]. However, metallic magnesium-based biomaterials have a rapid degradation 

rate, which greatly reduce the mechanical properties required for bone applications [12]. 

Recent work has utilized coatings of MgO and Mg(OH)2 to slow the degradation rate of 
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metallic magnesium[30]. Despite these advances and problems with Mg based 

biomaterials, the reactions of MgO and Mg(OH)2 in physiological solutions are not well 

understood. Previous studies suggest that degradation of magnesium metal is mediated by 

the presence of Cl- ions[31]. It has been suggested that chloride ions replace hydroxide in 

the Mg(OH)2 that forms on the surface of metallic magnesium as it degrades. This would 

result in the formation of MgCl2, which is highly soluble, and would then allow for the 

release of Mg2+. However, as Mg(OH)2 (solubility ~1 x 10-4 g/l) has significantly lower 

solubility than MgCl2 (solubility ~5.5 g/l ), the replacement of the hydroxide groups by 

chloride is energetically unfavorable. Since the 1930s, Mg(OH)2 has been produced on a 

large scale by precipitation through addition of Ca(OH)2 to a solution of MgCl2, which 

further demonstrates that the proposed chloride attack on Mg(OH)2 is unfounded[5, 6].  

Very few changes occurred in the crystal structure of Mg(OH)2 after exposure to 

physiological solutions (Figure 3.3). However, in HEPES, fewer and smaller peaks of 

Mg(OH)2 were detected, and some peaks of HEPES were detected, likely because of the 

interaction of Mg(OH)2 with HEPES. Most interestingly, the small peak of Mg2(OH)3Cl 

was detected in Mg(OH)2 exposed to MgCl2 solutions. Actual nucleophilic substitution of 

OH- by Cl- is unlikely, as previously described. However, it is possible that Cl- can bind 

to the intermediate MgOH+, that formed during dissociation of Mg(OH)2. Furwirth et. al, 

described formation of MgOH+ as a rate limiting step in the dissociation of MgO. It is 

likely a rate limiting step for the dissociation of Mg(OH)2 as well, considering that MgO 

readily hydrates to form Mg(OH)2. The presence of chloride could stabilize the charge in 

MgOH+ groups; removing charge interactions could decrease the adsorption of H+ to 
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nearby Mg(OH)2, thus enhancing dissociation of Mg(OH)2. Previous studies indicated 

that metallic magnesium degrades more rapidly in solutions containing NaCl [22, 23]. 

While direct nucleophilic substitution is unlikely as described by the aforementioned 

reasons, the interactions between Cl- and MgOH+ are a possible explanation for the 

increased degradation of metallic magnesium when exposed to chloride containing 

solutions. 

3.4.3 Mg2+ release and pH change in physiological media 

While the XRD results showed what precipitates are present after exposure to 

different solutions, the change in Mg2+ concentration is the true measure of dissociation 

of MgO and Mg(OH)2. At 200 µg/mL, for both MgO and Mg(OH)2, the observed 100% 

dissociation in all solutions indicated that these nanoparticles were fully degraded at this 

concentration. This would equate to solubility at 0.2 g/L, much higher than the solubility 

of MgO (0.0086 g/L) and Mg(OH)2 (1 x 10-4 g/L) [5, 6]. These solubility values were 

determined at 25 °C in ambient conditions in distilled water, while our solutions were 

kept at 37 °C under cell culture conditions (5% CO2). The difference in temperature is 

likely a factor in the observed increase in solubility. Another reason for this increased 

solubility is the fact that these particles are nano-sized. Nanoparticles have higher surface 

energy because of their increased surface area to volume ratio. The increase in exposure 

surface area may allow for dissociation more readily. In the HEPES, NaCl, MgCl2 (103 

mM), MgCl2 (103 mM), and DI solutions, the pH was around 4 for each, which is acidic. 

These solutions were made in DI water, which is filtered to result in super-purified water. 

Super-purified water is acidic because the lack of salts results in complete lack of 
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buffering. As a result, CO2 from the atmosphere dissolves in the water, producing 

carbonic acid and decreasing pH. Both MgO and Mg(OH)2 are basic solids and the acidic 

media would cause these particles to dissolve more readily.  

At concentrations of 1000 µg/mL and above for MgO and Mg(OH)2, more varied 

phenomena were observed.  No statistically significant difference was found for 

concentrations of 1000 µg/mL and above between cDMEM and DMEM for MgO and 

Mg(OH)2, indicating that the presence of FBS and P/S did not affect dissociation. DMEM 

consists of salts in similar concentrations as SBF, amino acids, and bicarbonate buffer. It 

is likely the pH and buffering action within DMEM that causes the dissociation of MgO 

and Mg(OH)2 [8]. The dissociation of MgO in SBF, which was not significantly different 

from that of cDMEM or DMEM, further supports this notion. However, the dissociation 

of Mg(OH)2 in SBF is significantly higher at than that of cDMEM and DMEM. This may 

be due to the presence of HEPES buffer. As can be seen in the HEPES solution, 

Mg(OH)2 readily dissociated in presence of HEPES alone. However, this may have been 

aided by the acidic pH in the HEPES-only solutions. Additionally, HEPES has been 

shown to have an affinity for metallic ions in blood plasma, which further supports the 

possibility of HEPES-mediated dissociation of Mg(OH)2 [20]. As a synthetic buffer, 

however, the effects of HEPES-containing solutions do not necessarily correlate to how 

MgO and Mg(OH)2 may behave in vivo. The dissociation in cDMEM, DMEM, and SBF 

is far greater than that of the NaCl, MgCl2, and DI solutions. Previous studies into the 

hydration kinetics and dissolution of MgO at room temperature showed a non-linear pH 

effect. The dissociation of MgO and Mg(OH)2 is heavily influenced by pH and 
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temperature [8, 18, 32]. Both MgO and Mg(OH)2 are basic. At a pH less than 5, 

magnesium oxide can freely dissociate as MgO+2H+
Mg2++H2O, with the rate 

dependent upon the concentration of H+ and Mg2+ already present in the solution. At a pH 

7-8.5, MgO can dissociate in an overall reaction of MgO+H2OMg2++2OH- [8]. The 

dissociation rate in this case is dependent upon OH- adsorption and subsequent Mg2+ and 

OH- desorption. However, Mg(OH)2 will precipitate at the surface of MgO, slowing this 

reaction. Since the pH of physiological fluids such as blood are buffered at pH 7.4 that 

falls between the 7-8.5 range, the latter reaction is likely representative of MgO behavior 

that explains why dissociation of MgO may occur in physiological fluids and conditions. 

The proposed mechanism for this was adsorption of protons, producing MgOH+, which 

was then vulnerable to OH- attack. The buffering agents present in cDMEM, DMEM, and 

SBF aim to keep pH between 7.2 and 8.2, which is the biological range that also results in 

increased dissociation from this proposed mechanism. 

The dissociation of MgO and Mg(OH)2 in the chloride solutions indicated no 

increase in dissociation when compared to the DI water. This is to be expected, as the 

energy of the bonds in MgO and Mg(OH)2 is higher than that of MgCl2, which indicates 

that substitution is not favored. Additionally, the presence of Mg2+ has also been shown 

to decrease dissociation of MgO, which is consistent with diffusion kinetics [8].  

However, at 2000 µg/mL of MgO and 3000 µg/mL of Mg(OH)2, the NaCl solution 

showed higher Mg2+ release than MgCl2 solutions or DI water. As the solutions 

containing MgCl2 evaluated the same Cl- concentration, as well as roughly double that 

concentration, it is unlikely that it is the chloride alone that is causing this effect. The pH 
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measurements indicated that NaCl and DI water had greater pH increase than MgCl2 

solutions. It may be that MgCl2 had a slightly greater ability to buffer the pH than NaCl, 

leading to decreased dissociation in MgCl2 solutions.  

3.5 Conclusion  

 

While biological environments and solutions are extremely complex and dynamic, 

it is likely that pH still plays the largest part in the dissociation of MgO and Mg(OH)2. 

The buffering effect of physiological medias allows for contact with H+ and OH- 

necessary for dissociation of these nanoparticles to occur. It is also unlikely that Cl- can 

perform nucleophilic substitution on MgO or Mg(OH)2, but it is possible that Cl- plays 

another role in stabilizing intermediate forms of MgO and Mg(OH)2 during dissociation. 

When applying well-established materials from industrial fields to biological fields, it is 

extremely important to understand the material in each specific environment and 

application. MgO has long been referred to as stable. However, this is not the case for 

nano-sized MgO in physiologically relevant solutions. The presented information is 

meant to encourage deeper understanding of how MgO and Mg(OH)2 behave in body 

fluids to facilitate potential biomedical applications of these nanoparticles. 
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Chapter 4: Use of Dual-Asymmetric Centrifugal Mixing to Increase Dispersion of 

Ceramic Nanoparticles in Polymer Solutions 

 

4.1 Introduction 

 

Homogeneous dispersion of nanoparticles in polymer matrices has been 

challenging theoretically and practically, because nanoparticles have a strong tendency to 

agglomerate (or aggregate) in polymers [1, 2]. When the weight and volume percentages 

of nanoparticles in polymers increase, it becomes even more difficult to achieve uniform 

dispersion. A surface modifier (e.g., surfactant) is often utilized to improve dispersion of 

nanoparticles by acting as a mediator between the nanoparticles and polymers during 

mixing [3, 4]. However, surfactants often raise concerns on toxicity and other associated 

complications for medical implant applications. Therefore, the objective of this research 

is to circumvent surfactants and investigate the use of mechanical mixing methods, 

particularly Dual-Asymmetric Centrifugal (DAC) mixing, to improve dispersion of 

polymer based nanocomposites with 30 wt.% of nanophase magnesium oxide (nMgO) or 

30 wt.% of nanophase hydroxyapatite (nHA), and the effects of dispersion on the optical 

and biological properties of these nanocomposites for potential biomedical applications. 

For this study, we selected biodegradable poly(lactic-co-glycolic acid) (PLGA) as 

the model polymer matrix because PLGA was approved by the U.S. Food and Drug 

Association (FDA) and the European Medicine Agency (EMA) for various medical 

applications, e.g., as sutures and drug delivery carriers. PLGA is a co-polymer composed 

of units of lactide and glycolide and degrades through hydrolysis of its ester bonds inside 

the human body. To retain the benefits of biodegradability of PLGA in the resulted 

nanocomposites, we selected nMgO and nHA as the model nanoparticles because they 
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are biodegradable inside the human body. Specifically, we are interested in these 

nanocomposites for bone applications as coatings to improve osseointegration of implants 

or as 3D printed synthetic bone matrix. Magnesium oxide (MgO) is a promising material 

for biomedical applications due to its bioactivity and mechanical properties [5-9]. For 

example, MgO has been shown to be beneficial for bone repair. Clinically, MgO has been 

used as an oral supplement to improve bone density [10]. As an implantable paste, MgO 

exhibited stimulatory effects on bone healing in rats [11]. MgO has also been used as an 

additive in bone cements to increase fracture toughness of the bone-cement interface 

[12]. Moreover, in the nanoparticle form, nMgO showed attractive antibacterial 

properties for potentially reducing hospital-acquired infections [13]. In small amounts, 

e.g., 200 µg/mL, nMgO enhanced adhesion and proliferation of bone marrow derived 

mesenchymal stem cells (BMSCs) in direct culture [13]. However, in amounts exceeding 

500 µg/mL, nMgO significantly decreased the adhesion density of BMSCs in vitro, 

indicating possible cytotoxicity of nMgO at higher concentrations, especially when 

nMgO is in direct contact with cells. Therefore, dispersing nMgO in a polymer such as 

PLGA could potentially lead to a new class of nanocomposites that harvest the beneficial 

properties of nMgO, such as improved BMSC proliferation and ductility, while avoiding 

its cytotoxicity and brittleness. Hydroxyapatite (HA) is a naturally occurring ceramic 

material present in human bone and is known to enhance bone regeneration because of its 

osteoconductivity and osteoinductivity [14, 15]. In its nanophase form, nHA improved 

osteoblast cell adhesion and long-term functions in vitro and in vivo [16]. Similar to 

nMgO, nHA is also brittle when used alone and does not meet mechanical requirements 
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for most medical applications. The nHA/polymer composites, including nHA/PLGA, 

demonstrated attractive bioactivity and mechanical properties due to the complementary 

effects of nHA phase and PLGA matrix [17-19]. We used nHA/PLGA in this study as a 

comparison to nMgO/PLGA nanocomposites. We focused on 30 wt.% of nanoparticles 

and 70 wt.% of PLGA in this study because this high ceramic/polymer ratio presents a 

significant challenge in nanoparticle dispersion and this ratio showed promising 

mechanical and biological properties for biomedical applications [19-22]. For example, A 

PLGA composite with 10-50 wt % beta calcium phosphate nanoparticles was reported to 

have the highest yield strength at 30% nanoparticles by weight [22].  

Degree of dispersion of nanoparticles in composites has great impact on its 

optical, mechanical, chemical, and biological properties. For this study, we were 

interested in the optical and biological properties of the nanocomposites. To confirm 

increased dispersion, transmission measurements in visible and infrared region were 

taken. The effect of dispersion on BMSC adhesion was evaluated as well, to demonstrate 

changes to biological properties. BMSCs were selected due to their use for bone 

applications. The comparison between composites with improved dispersion and 

agglomerated nanoparticles demonstrates the changes to these properties resulting from 

use of DAC mixing. Herein, we investigated the effects of dispersion on the optical and 

biological properties of nMgO/PLGA and nHA/PLGA with a ceramic/polymer ratio of 

30/70. 
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4.2 Materials and Methods 

 

4.2.1 Preparation and Characterization of Nanoparticles 

4.2.1a Preparation of Magnesium Oxide Nanoparticles 

Nanophase MgO in a powder form with a reported diameter of 20 nm was 

procured from US Research Nanomaterials Inc. (US3310). The nMgO powder was 

dehydrated and disinfected through heating in an oven at 200°C for one hour, prior to its 

use in preparing polymer-based nanocomposites and in cell culture. The common 

methods of sterilization or disinfection, such as autoclave and UV radiation, were not 

used for nMgO in this study, because of the hygroscopic nature of nMgO and its ability 

of absorbing UV to produce superoxide.  

4.2.1b Preparation of Hydroxyapatite Nanoparticles  

Nanophase hydroxyapatite (nHA) was synthesized through the wet precipitation 

method followed by hydrothermal treatment, as published previously [21]. Briefly, 40 

mL each of 0.6 M (NH4)2HPO4 and 1M Ca(NO3)2 solutions with alkaline pH were 

prepared in separate beakers at 40°C. The pH of each solution was measured using a pre-

calibrated pH meter (Symphony SB70P, VWR) and adjusted to above pH 10 with 10 M 

NH4OH, as necessary. The 0.6M (NH4)2HPO4 solution was transferred to a 500mL 

beaker and a burette was used to add the 1M Ca(NO3)2 solution drop-wise into the 0.6M 

(NH4)2HPO4 solution, while the temperature was kept at 40°C. The dispense rate of the 

1M Ca(NO3)2 solution could affect the size of HA particles formed, and was controlled at 

30 drops per minute to produce nano-sized HA particles. The resulting mixture was 

stirred for 20 hours to allow formation of nHA. After 20 hours, we obtained the nHA 
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suspension containing residual ammonia, since ammonium hydroxide (NH4OH; Sigma 

Aldrich) was used to adjust the pH of reactant solutions to alkaline region. The product of 

this reaction was transferred into a centrifuge tube and centrifuged at 3000 rpm for 1 

minute. The supernatant was discarded and the pellet was resuspended in 100mL of 

deionized (DI) water. Rinsing cycles of centrifugation and resuspension were repeated 

three times to remove the ammonia and excess reactants. After the final rinse, the pellet 

was resuspended in 100mL of DI water and transferred into an acid digestion bomb for 

hydrothermal treatment. Hydrothermal treatment was performed at 200°C for 20 hours to 

produce more crystalline hydroxyapatite nanoparticles[23]. After that, the suspension of 

nHA in DI water was centrifuged at 3000 rpm for 10 minutes, and the pellet was 

collected and dried under vacuum at 80°C for 12 hours. The dried particles were ground 

using a mortar and pestle to separate soft agglomerates that formed during the drying 

process. The nHA was sterilized by heating in an oven at 200°C for 1 hour, prior to its 

use in preparing polymer-based nanocomposites and in cell culture. 

4.2.1c Characterization of nMgO and nHA nanoparticles 

The nMgO and nHA particles were characterized prior to their use in the 

polymer-based nanocomposites. The morphology of both nMgO and nHA nanoparticles 

was visualized using a field emission scanning electron microscope (SEM; Philips 

XL30), with a secondary electron detector, at an accelerating voltage of 30 kV and a 

working distance of 10 mm. The original magnifications of 300,000x for nMgO and 

100,000x for nHA were used for SEM imaging. Elemental composition of the nMgO and 

nHA nanoparticles was confirmed using the energy dispersive x-ray spectroscopy (EDS, 
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EDAX Leap detector attached to Philips XL30 SEM) at a spot size of 3 and an 

accelerating voltage of 30 kV. Crystalline phases of nMgO and nHA nanoparticles were 

characterized using x-ray diffraction (XRD, Empyrean, PANalytical). The XRD spectra 

for nMgO and nHA were obtained using Cu Kα radiation (45 kV, 40 mA) at a step size of 

0.006° and dwelling time of 50 seconds using a PIXcel 1D detector (PANalytical). Phase 

identification was performed using the HighScore software (PANalytical). The particle 

size and distribution of nMgO and nHA were quantified based on their respective SEM 

images using the quantitative image analysis tools in ImageJ. 

4.2.2 Preparation of Polymer-based Nanocomposites with nMgO or nHA nanoparticles 

The ceramic/polymer ratio for nMgO/PLGA and nHA/PLGA was kept to be the 

same in this study, that is, 30% nMgO or nHA and 70% PLGA by weight, to study the 

effects of dispersion on optical and biological properties of a nanocomposite with the 

same composition. We created a new process involving only mechanical mixing 

(sonication plus dual asymmetric centrifugal mixing) to improve dispersion of nMgO and 

nHA in PLGA matrix, and the resulted nanocomposites were referred to as 

nMgO/PLGA_D and nHA/PLGA_D. For the purpose of comparison, we used a 

previously established mixing protocol (sonication only) to make the nanocomposites 

with more agglomerated nanoparticles, which were referred to as nMgO/PLGA_A and 

nHA/PLGA_A. PLGA was prepared as a polymer control using the same solvent casting 

method without adding nanoparticles. 
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4.2.2a The New Process for Making Nanocomposites with Improved Dispersion of 

Nanoparticles 

The new process of nanocomposites integrated ultrasonic energy and dual 

asymmetric centrifugal mixing (also called speed mixing) in multiple steps to achieve 

improved dispersion of nanoparticles. Specifically, we developed and validated the 

protocols for nanocomposites of nMgO/PLGA and nHA/PLGA respectively. 

The New Process for Dispersed nMgO/PLGA: In a 20mL vial, we added 

4.5mL of chloroform (CHCl3, Fisher Scientific) to 0.441g of PLGA (50:50 LA:GA, MW: 

100 kDa, AP36, Polyscitech) to give a PLGA/solvent ratio of 0.098 g/mL (~ 0.1 g/mL). 

This ratio was selected after several trials for optimizing the viscosity to reduce the size 

and number of agglomerates effectively during sonication. Specifically, effective 

sonication prefers that the suspension has low viscosity so that the energy is not absorbed 

into the surrounding solvent and polymer. The PLGA solution was first sonicated in a 

low power ultrasonic bath (Symphony, VWR) at 40 °C for 1 hour to ensure the polymer 

is fully dissolved. The nMgO powder of 0.189g was added into the polymer solution to 

achieve a 30/70 nMgO/PLGA ratio and the resulting mixture was sonicated for an 

additional hour in the low-power ultrasonic bath at 40 °C. The suspension of 

nMgO/PLGA was then loaded into a Teflon vial in a speedmixer (DAC 150.1 FVZ-K, 

FlackTek, Inc.) for dual asymmetric centrifugal mixing (DAC, also referred to as speed 

mixing hereafter) at 2500 rpm for 5 minutes. Following the speed mixing, the 

nMgO/PLGA suspension was sonicated using a high-power sonicator (Qsonica, Q125) 

with a microprobe at 100% amplitude (16-18W) for 10 minutes with pulses of 5 seconds 

on and 5 seconds off. The vial containing the nanocomposite suspension was placed in 
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ice during high-power sonication to minimize heating of the suspension. The 

nMgO/PLGA nanocomposite suspension underwent two additional rounds of speed 

mixing and high-power sonication followed by another 5 minutes of speed mixing. The 

suspension was then cast into an 8.3cm by 4 cm Teflon dish, and placed under the 

chemical fume hood to allow the solvent to evaporate in air at room temperature for 24 

hours. The air-dried nanocomposites were carefully removed from the Teflon mold using 

forceps, placed in a 20 mL glass vial, and re-suspended in 4 mL of chloroform. The re-

suspended nanocomposites were sonicated in the low-power ultrasonic bath for 1 hour at 

40oC, and then went through the same combined steps of speed mixing and high-power 

sonication using the same parameters as described above. The dispersed suspension was 

again poured into the Teflon mold and dried in air at room temperature for 24 hours. The 

dried nanocomposites were re-suspended in 3.5 mL of chloroform in a 20mL glass vial. 

The suspension underwent two rounds of speed mixing and high-power sonication using 

the same parameters as described above. The multiple rounds of dissolution and re-

suspension resulted in visibly higher dispersion compared to single cycles. Lastly, the 

suspension went through 5 minutes of speed mixing to remove the trapped gas bubbles, 

was cast in the Teflon mold, and dried in air for 24 hours and in vacuum for additional 48 

hours to ensure complete removal of chloroform. The resulting nMgO/PLGA_D 

nanocomposites had a thickness of 0.1 mm and were cut to 10 mm by 10 mm squares for 

characterization of dispersion and use in cell culture.  

The New Process for Dispersed nHA/PLGA: The well dispersed nHA/PLGA 

nanocomposites were prepared following a similar procedure to that of nMgO/PLGA. 
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However, it was necessary to modify the polymer/solvent ratio to disperse nHA 

nanoparticles because the size and density of nHA was different from nMgO. For 

nHA/PLGA, 0.433g of PLGA was dissolved in 3.5 mL of chloroform to give a 

PLGA/solvent ratio of 0.12 g/mL. The addition of 0.186g of nHA to PLGA solution was 

to achieve a 30/70 nHA/PLGA ratio. The density of nHA is 3.16 g/mL and the density of 

MgO is 3.58 g/mL. The slight difference in the densities of these nanoparticles resulted in 

the slight difference in the mass of PLGA and nanoparticles to keep the volume of the 

final composite the same between the nMgO/PLGA_D and nHA/PLGA_D samples. The 

nHA/PLGA suspension underwent the same multiple cycles of low-power sonication, 

speed-mixing and high-power sonication as the nMgO/PLGA. However, the volume of 

chloroform for nHA/PLGA was 3.25 mL and 3 mL on the second and third repeating 

rounds of mixing, respectively. The resulting nHA/PLGA nanocomposites had a 

thickness of 0.1 mm and were cut to 10 mm by 10 mm squares for characterization of 

dispersion and use in cell culture. 

4.2.2b Nanocomposites with Agglomerated Nanoparticles for Comparison 

The nMgO/PLGA_A and nHA/PLGA_A nanocomposites with agglomeration 

were prepared using a previously established protocol for comparison. Briefly, PLGA 

(50:50, MW 100,000 Da; Polyscitech) was dissolved in chloroform at a concentration of 

0.1g/mL in a low-power sonication bath at 40 °C for 1 hour. The nMgO and nHA 

powders were then dispersed into the dissolved polymer using high power sonication at 

100% amplitude (16-18W) for 10 minutes, with pulses of 5 seconds on and 5 seconds off 

to give a ceramic/polymer ratio of 3:7. Immediately after sonication, the suspension was 
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poured into an 8.3cm by 4cm Teflon dish in a chemical fume hood, and dried at room 

temperature in air for 24 hours and then in vacuum for additional 48 hours. The resulting 

nMgO/PLGA_A and nHA/PLGA_A nanocomposites were 0.1mm thick and were cut 

into 10mm by 10mm squares for material characterization and use in cell culture.  

4.2.3 Characterization of Dispersed versus Agglomerated Nanocomposites 

4.2.3a Macroscopic Images of the Nanocomposites 

Macroscopic images for both nMgO/PLGA and nHA/PLGA nanocomposites, as 

well as PLGA control, were captured using a digital single-lens reflex camera (Rebel 

XTi, Canon) with a macroscopic lens (EF 50mm f/2.5, Canon). The nanocomposite 

samples were placed directly on top of a piece of paper with black “UCR” print to 

compare their optical transparency.  

4.2.3b Microscopic Images of the Nanocomposites 

The microstructures of nMgO/PLGA and nHA/PLGA nanocomposites were 

characterized using field emission scanning electron microscopy (SEM, Philips XL30). 

Prior to SEM imaging, the nanocomposite samples were secured onto a SEM pin mount 

using copper tape, and coated with platinum and palladium (Pt/Pd) using a sputter-coater 

(108 Auto, Cressington). Both the top surface and bottom side of the as-cast 

nanocomposites were imaged under SEM to evaluate the dispersion or agglomeration of 

nanoparticles. All of the SEM images were taken using a secondary electron detector at 

an accelerating voltage of 2kV, a spot size of 3, and a working distance of 10 mm. 
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4.2.3c Optical Characterization of the Nanocomposites 

The optical transparency of the nanocomposites was quantified by transmittance 

of light at the wavelength of 300 to 900nm in increments of 50 nm using a 

spectrophotometer (Infinite M200 Pro, Tecan). Both the nMgO/PLGA and nHA/PLGA 

nanocomposites, as well as the PLGA control, were compared for optical transmission. 

Each sample was cut into the same dimension, i.e., a thin cylinder with a radius of 3.1 

mm and a thickness of 0.1 mm to fit into a well of a 96-well plate. Absorbance readings 

were taken from the center of each well under dry conditions. Three blank wells were 

also evaluated to determine the absorbance of the plate without any samples. The 

readings from the blank wells were averaged and subtracted from the sample readings to 

isolate the absorbance of the nanocomposites. The absorbance readings were converted to 

the percentage of transmission using the well-defined relationship between absorbance 

and transmission as described by Beer’s law, A=2-log10(%T), where A is the absorbance 

and %T is the percent transmission. Fourier transform infrared spectroscopy (FTIR, 

Optical 8000, Bruker) was used to evaluate the transmittance of the nanocomposites, as 

well as the nMgO, nHA, and PLGA controls in the infrared region, with a wavenumber 

range of 4000 to 500 cm-1 (equivalent to wavelength of 2.5 µm to 20 µm). FTIR analysis 

was performed using the transmission mode with 64 scans. 

4.2.4 Cytocompatibility of the Nanocomposites with BMSCs In Vitro 

4.2.4a Preparation of the Nanocomposite Samples and Controls for BMSC Culture 

All samples were disinfected prior to cell culture using a customized method 

appropriate for the material type. PLGA, nMgO particles, and nHA particles were used as 
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controls for the nanocomposites, and titanium (Ti), glass slide, and tissue culture treated 

plate (TCTP) was used as the references. Specifically, the nMgO/PLGA and nHA/PLGA 

nanocomposites and PLGA controls were disinfected by soaking in 100% ethanol for an 

hour, and then dried at room temperature in a laminar flow hood. Ultraviolet (UV) 

radiation was not used for disinfecting PLGA and PLGA based nanocomposites, because 

PLGA is a UV absorber and UV causes degradation of the ester bonds [24]. The nMgO 

and nHA nanoparticles were sterilized through heating in an oven at 200°C for one hour. 

The nMgO and nHA were then weighed in respective sterile microcentrifuge tubes with 

4.9 mg in each tube for a final concentration of 1.6 mg/mL. This concentration of 

nanoparticles was selected for nMgO and nHA particle controls because it is calculated to 

be the amount of nanoparticles present in the 10 mm x 10 mm x 0.1 mm nanocomposite 

scaffold. The 10 mm x 10 mm x 0.5 mm Ti and 10mm x 10mm x 0.1 mm glass 

references were cleaned in 100% acetone for 10 minutes and then in 100% ethanol for 30 

minutes under low-power sonication. After drying in air at room temperature, the Ti and 

glass reference samples were sterilized using an autoclave (Biomedical Sterilizer 20”, 

Beta Star Life Sciences Equipment).  

4.2.4b Bone Marrow Derived Mesenchymal Stem Cell Culture with the Nanocomposites 

Rat bone marrow derived mesenchymal stem cells (BMSCs) were used as the 

model cell to evaluate the cytocompatibility of the nanocomposites of interest. 

Mesenchymal stem cells can differentiate into muscle, bone, cartilage, and other 

connective tissue cells and as such, provide a model cell for a wide variety of tissues. 

BMSCs were extracted from the femur and tibia of juvenile rats according to the 
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previously established protocols approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of California at Riverside [25, 26]. BMSCs were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin (P/S) by volume under standard cell 

culture conditions in an incubator (MCO-19AIC, Sanyo Scientific), that is, a sterile, 

5%CO2/95% air, 37°C, humidified environment. The pH of media was adjusted to 7.4 

before their use in cell culture. The sterilized nanocomposites and PLGA controls were 

placed into a tissue culture treated 12-well plates (Corning, Falcon® 353043) and 

equilibrated with DMEM under sterile conditions in a biosafety II laminar flow hood 

(Class II Type A2, Labconco). BMSCs at the second passage were seeded at a density of 

10,000 cells/cm2 directly onto the nanocomposite scaffolds, PLGA controls, nMgO and 

nHA controls, and the references, and incubated under standard cell culture conditions for 

24 hours.  

For the agglomerated nanocomposites, the BMSC culture was extended to 48 and 

72 hours based on the results of 24-hour culture. At every 24 hours, the media were 

collected for pH measurements and analyses of Mg2+ and Ca2+ ion concentrations using 

inductively coupled plasma - optical emission spectrometry (ICP-OES). At the end of 

each prescribed time point, each well with the sample was rinsed with 2 mL of phosphate 

buffer saline (PBS) to remove non-adherent cells. Adherent cells were fixed using 4% 

paraformaldehyde, and stained with 4',6-Diamidino-2-Phenylindole, Dihydrochloride 

(DAPI, Life Technologies) and Alexa Fluor® 488 phalloidin (Life Technologies) to 

visualize the nuclei of the cells and F-actin in cytoskeleton under a fluorescence 
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microscope (Nikon Eclipse Ti), respectively. The number of adherent BMSCs were 

counted based on 10 fluorescence images for each sample, and the cell adhesion density 

was calculated as the number of adherent cells per unit area. The nanocomposites with 

well dispersed versus agglomerated nanoparticles were cultured in triplicate with BMSCs 

at different times. Cell adhesion density from each culture study was normalized by the 

respective TCTP reference and averaged for comparison. 

4.3 Results 

 

4.3.1 Characterization of nMgO and nHA 

Figure 4.1 shows material characterization for nMgO and nHA particles. SEM 

images of nMgO and nHA in Figure 4.1A,B revealed their near-spherical morphology 

and confirmed the size of these nanoparticles. EDS results confirmed the elemental 

composition of nMgO and nHA (Figure 4.1C,D). The XRD spectra of the nMgO and 

nHA nanoparticles showed the peaks matching each peak of their respective standards, 

indicating that each nanoparticle exhibited the expected crystalline phase (Figure 4.1E,F). 

However, nMgO showed additional peaks in the XRD pattern for the nMgO sample 

indicated the presence of Mg(OH)2 phase. MgO is hygroscopic and can readily react with 

water in the atmosphere to form Mg(OH)2, which is most likely the cause of the 

Mg(OH)2 peaks in the XRD spectra. The expected peaks for nHA were all present and 

matched the HA standard. The average particle diameters and standard deviation for 

nMgO and nHA samples were 23 ± 5 nm and 47 ± 12 nm, respectively (Figure 4.1G).  
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Figure 4.1: Characterization of MgO and HA nanoparticles. (A) SEM image of 

nMgO, (B) SEM image of nHA, and the corresponding (C, D) EDS analyses, (E, 

F) XRD analysis, and (G) particle size distribution for nMgO and nHA.  
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Figure 4.2: Macro-scale photographs of the dispersed versus agglomerated 

nanocomposites, showing the differences in their optical transparency when 

compared with the polymer alone and each other. (A) nMgO/PLGA_D, (B) 

nMgO/PLGA_A, (C) nHA/PLGA_D, (D), nHA/PLGA_A, and (E) PLGA. The 

nanocomposites with improved dispersion are denoted with _D, and the 

nanocomposites with agglomeration are denoted with _A. Scale bar is 5mm.  
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Figure 4.3: SEM images of the dispersed versus agglomerated nanocomposites, 

showing the differences in their microstructures. SEM images were taken using a 

secondary electron detector with a spot size of 3, a working distance of 10 mm, 

and an original magnification of 40,000x. 
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4.3.2 Macroscopic and Microscopic Comparison of the Nanocomposites with Dispersed 

versus Agglomerated Nanoparticles 

Figure 4.2 shows the macroscopic appearance of the nanocomposites with nMgO 

or nHA. Macroscopic images of the dispersed nMgO/PLGA nanocomposites showed 

better optical transparency when compared with the agglomerated nMgO/PLGA; and 

both nMgO_PLGA_D and nMgO/PLGA_A showed no visible agglomerates at the 

macroscopic view. Similarly, macroscopic images of the dispersed nHA/PLGA 

nanocomposites appeared optically more transparent than the agglomerated counterpart; 

and nHA/PLGA_A showed visible agglomerates while nHA/PLGA_D did not at the 

macroscopic view. Improved dispersion was also achieved for the samples at a larger 

size, as demonstrated by consistent optical transparency shown in larger samples of 

nanocomposites (Figure A1, Appendix A). When comparing different nanocomposites 

and the PLGA control macroscopically, the nHA/PLGA_D showed an optical 

transparency very similar to PLGA and appeared more transparent than the 

nMgO/PLGA_D. 

Figure 4.3 shows the microstructure of the nanocomposites with nMgO or nHA. 

SEM images revealed that the top and bottom surfaces of the well-dispersed 

nanocomposites were generally more homogenous in microstructure, with fewer and 

smaller agglomerates when compared with their agglomerated counterparts. Specially, 

although the top and bottom surface appeared different for nMgO/PLGA_D, it 

consistently showed that the agglomerates were smaller and fewer than nMgO/PLGA_A. 

Interestingly, the top and bottom surface for nHA/PLGA_D microscopically appeared 

more homogenous than nMgO/PLGA_D, in agreement with the greater optical 
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transparency of nHA/PLGA_D than nMgO/PLGA_D macroscopically. Although 

individual nanoparticles were visible under SEM prior to incorporation into the 

nanocomposites, the presence of the PLGA matrix limited resolution of nanoparticles in 

the nanocomposites under SEM. When the nanoparticles were embedded in the polymer, 

the polymer’s sensitivity to heating of high energy electron beam required using lower 

voltage resulting in lower resolution. The topographical features shown on the bottom 

surface of some samples were caused by defects and scratches on the surface of the 

Teflon mold used for casting the nanocomposites. 

 

 

 

Figure 4.4: Optical transmission through the dispersed versus agglomerated 

nanocomposites at the wavelengths ranging from 300 to 900 nm when compared 

with the polymer alone. The nanocomposites with improved dispersion are 

denoted with _D, and the nanocomposites with agglomeration are denoted with 

_A.  
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Figure 4.5: FTIR spectrum of the dispersed versus agglomerated nanocomposites 

when compared with the respective controls. (A) nMgO/PLGA_D, 

nMgO/PLGA_A, (B) nHA/PLGA_D, nHA/PLGA_A (B), and (C) single phase 

controls of nMgO, nHA, and PLGA. 
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4.3.3 Optical Properties of the Nanocomposites with Dispersed versus Agglomerated 

Nanoparticles  

Figure 4.4 shows the quantified optical transmission at 300-900 nm through the 

nanocomposites with dispersed versus agglomerated nanoparticles, and the PLGA 

control. In general, optical transmission of the nanocomposites and PLGA control 

increased when the wavelength increased from 300nm to 900nm; and, the 

nanocomposites with dispersed nanoparticles showed greater optical transmission than 

their counterpart with agglomerated nanoparticles at 300-900nm wavelength. Both 

nMgO/PLGA_D and nMgO/PLGA_A nanocomposites showed near 0% transmittance at 

300nm, which is in the range of ultraviolet wavelength. However, at 900 nm (infrared 

wavelength), nMgO/PLGA_D showed 14% transmittance in contrast to 4% transmission 

for nMgO/PLGA_A. Similarly, nHA/PLGA_D showed a greater transmittance of 15.5% 

and 81% at 300nm and 900 nm, respectively when compared with 8.7% and 54% 

transmittance of the nHA/PLGA_A at respective wavelength. PLGA was the most 

transparent, showing 83% transmittance at 300nm and 92% transmittance at 900 nm. The 

optical properties of the nanocomposites and PLGA control showed the following order 

from the greatest transmission to lowest transmission: PLGA > nHA/PLGA_D > 

nHA/PLGA_A > nMgO/PLGA_D > nMgO/PLGA_A. 
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Figure 4.6: Representative 

fluorescence images of BMSCs that 

were directly cultured on the 

dispersed versus agglomerated 

nanocomposites for 24 hours 

compared with the single phase 

controls of PLGA, nMgO, and nHA, 

and the references of Ti, glass, and 

TCTP. TCTP is the Cells Only 

reference cultured on the plate. 

Yellow dashed circles highlight 

abnormal cell morphology. Blue 

stains nuclei and green stains F-actin. 

Scale bar = 100 µm. 
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Figure 4.5 shows the FTIR results of the nanocomposites with dispersed versus 

agglomerated nanoparticles, as well as the controls of PLGA, nMgO and nHA. The peaks 

for expected chemical groups were present. The peak at 1740 cm-1 is representative of 

C=O and was used as the main peak of PLGA. At the main PLGA peak, 

nMgO/PLGA_D, nMgO/PLGA_A, nHA/PLGA_D, and nHA/PLGA_A showed 

transmittance of 40%, 60%, 72% and 46%, respectively. The vibration of the main bond 

of Mg-O in nMgO cannot be detected at wavenumbers ranging from 500 to 4000 cm-1. 

However, MgO is hygroscopic and it hydrates to form Mg(OH)2 and the O-H bond was 

detected at 3700 cm-1. The O-H peak at 3700 cm-1 is present in the nMgO sample and 

was used to detect nMgO in PLGA. At 3700 cm-1, nMgO/PLGA_D and nMgO/PLGA_A 

showed the transmittances of 99% and 95%, respectively. The peak for phosphate, at 

1000 cm-1, was the representative peak for nHA. A small peak around 3550 cm-1 is 

present representing the hydroxide group of hydroxyapatite, which is consistent with 

previously published spectra from HA.  At the 1000 cm-1 peak for nHA, nHA/PLGA_D 

and nHA/PLGA_A showed transmittance of 58% and 13% respectively.  

4.3.4 Biological Properties of the Nanocomposites with Dispersed versus Agglomerated 

Nanoparticles 

4.3.4a BMSC Adhesion and Morphology  

BMSC morphology on nMgO/PLGA_D and nHA/PLGA_D appeared normal, 

though fewer cells were observed on nMgO/PLGA_D than on nHA/PLGA_D (Figure 

4.6). While many cells were present on nMgO/PLGA_A and most of them appeared 

healthy with normal morphology, a few cells exhibited abnormal morphology, indicating 

signs of stress, as highlighted in Figure 4.6A*. Both nHA/PLGA_D and nHA/PLGA_A 
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samples exhibited well spread cells with healthy morphology. BMSCs cultured with 

PLGA controls, nHA particle controls, and the references of Ti and glass showed healthy 

morphology. However, the nMgO particle controls showed very few or no attached cells 

in the culture well.  

BMSC adhesion density was calculated and normalized by the cell adhesion 

density for TCTP reference, as plotted in Figure 4.7. Specifically, cell adhesion density 

(CD) for each sample group (referred to as CDx, where x is the sample type), was divided 

by the cell adhesion density on the TCTP reference (CDTCTP), to achieve a unitless ratio, 

CDx/CDTCTP. The nMgO/PLGA_D exhibited significantly lower normalized cell density 

than the Ti and Glass references, while nMgO/PLGA_A exhibited significantly greater 

cell density than all the other groups and controls. Both nHA/PLGA_D and 

nHA/PLGA_A showed no statistically significant difference between each other and 

when compared with the Ti and Glass references.  
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The cell density ratio normalized by TCTP reference group is useful for 

comparing the respective nanocomposites with dispersed versus agglomerated 

nanoparticles directly, and the actual raw cell density values was reported in 

supplementary figures (Figure A2, Appendix A). For the nanocomposites with 

agglomerated nanoparticles, BMSC culture was extended to 48 and 72 hours in order to 

further evaluate BMSC responses to the nMgO/PLGA_A since we observed abnormal 

BMSC morphology at 24 hours. The raw cell adhesion density values and representative 

fluorescence images of the cells at 24, 48 and 72 hours for the nanocomposites with 

agglomerates were shown in Appendix A, Figure A2 and A3, respectively. At 24 hours, 

the average cell adhesion density on nMgO/PLGA_D was 2.3 x 103 cells/cm2 and was 6.6 

Figure 4.7: Normalized cell adhesion density of BMSCs after they were directly 

cultured on the dispersed versus agglomerated nanocomposites for 24 hours when 

compared with the single-phase controls of PLGA, nMgO, and nHA, and the 

references of Ti and glass. Values were normalized by the average cell density on 

TCTP reference. Values are mean ± standard error; n=15. #p<0.05 compared to 

the respective glass control for each time point. *p<0.05 compared to 

agglomerated counterpart. 

 

  

 



 115 

x 103 cells/cm2
 on nHA/PLGA_D. The average cell adhesion densities at 24 hours for the 

agglomerated samples, nMgO/PLGA_A and nHA/PLGA_A were 5.1 x 103 cells/cm2 and 

2.3 x 103 cells/cm2, respectively. When comparing the nanoparticle controls of nMgO 

and nHA, the nMgO group showed almost no viable cells, while the nHA group showed 

some viable cells with a lower average cell density than the TCTP reference but not 

statistically significant. As the BMSC culture continued, we observed steady decrease in 

cell density after 48 and 72 hours of culture with nMgO/PLGA_A (Figure A2). The 

fluorescence images revealed a change in morphology of the BMSCs on the 

nMgO/PLGA_A after 48 and 72 hours as well (Figure A3, Aʹʹ-Aʹʹʹ). The average cell 

density on nMgO/PLGA_D was significantly less than nMgO/PLGA_A; however, the 

average cell density for nHA/PLGA_D was significantly more than nHA/PLGA_A 

(Figure A2). The average spreading area of BMSCs on nMgO/PLGA_A decreased at 48 

hours, when compared with the same cells at the 24-hour time point (Figure A3). At 72 

hours, the few remaining cells showed little to no spreading on nMgO/PLGA_A.  

4.3.4b Media Analyses of BMSC Culture 

 The degradation products of each component of the composites affects pH and 

thus, the first indication of possible degradation of the polymer nanocomposites is shown 

by pH in Figure 4.8A. Specifically, PLGA has acidic degradation products while MgO 

dissociates to release hydroxide. The pH of the media from nMgO/PLGA_D and 

nMgO/PLGA_A were both 8.3, which was a small but statically significant increase 

when compared to the TCTP reference. The pH from nMgO group was around 8.5-8.6 at 
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24-hour culture, greater than TCTP reference. The pH for all the other groups at 24 hours 

of culture, including nHA/PLGA_D ranged from 8.1 to 8.3 after 24 hours of culture.  

To evaluate release and dissociation of nMgO, Mg2+ concentration in the post-

culture media was measured, as shown in Figure 4.8B. The only samples that exhibited 

increase in Mg2+ concentration in media was nMgO/PLGA_D, nMgO/PLGA_A and 

nMgO, which had Mg2+ concentrations of 14.6 ± 1.4 mM, 12.1 ± 4.9 mM, and 36.2 ± 4.2 

mM, respectively.  

To evaluate release and dissociation of nHA, Ca2+ ion concentration in the post-

culture media was measured, as shown in Figure 4.8C. Ca2+ concentrations in the media 

after culture with nMgO/PLGA_D and nMgO/PLGA_A were 1.30 ± 0.04 mM and 1.46 ± 

0.06 mM, respectively. Ca2+ concentration in the media after culture with nHA/PLGA_D 

and nHA/PLGA_A were 1.37 ± 0.04 mM and 0.37 ± 0.01 mM, respectively, suggesting a 

statistically significant difference between them. Ca2+ concentrations in the control 

groups showed a large deviation, and no statistically significant differences were detected 

when compared with the TCTP reference with a Ca2+ concentration of 0.97 ± 0.69 mM. 

Both nMgO and nHA control groups showed lower average Ca2+ concentrations at 0.58 ± 

0.4 mM and 0.49 ± 0.2 mM, respectively.   
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Figure 4.8: Media analyses after BMSCs were cultured with the nanocomposites 

and controls for 24 hours. (A) post-culture media pH, (B) Mg2+ ion concentration 

in the post-culture media, and (C) Ca2+ ion concentration in the post-culture 

media. Values are mean ± standard deviation; n=3. #p<0.05 compared to the 

TCTP (Cells Only) control. *p<0.05 compared to agglomerated counterparts.  
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Trends in pH change remained consistent at 48 and 72 hours for the 

nMgO/PLGA_A sample (Figure A4, Appendix A). At 48 and 72 hours, the 

nMgO/PLGA_A composite resulted in media pH of 8.25 and 8.24, respectively. These 

values, while statistically significant, exhibited small increase with respect to the other 

samples which remained around 8.1 and 8.0 at 48 and 72 hours, respectively (Figure 

A4A). The increase in pH from nMgO at 24 hours, did not continue at 48 and 72 hours, 

resulting in no statistical difference from the TCTP reference at these latter time points. 

All other conditions maintained pH similar to the TCTP reference at 48 and 72 hours and 

were not statistically different. Extended culture of nMgO/PLGA_A at 48 and 72 hours 

showed continuous release and dissociation of nMgO, but in a decreasing trend in 

average (Figure A4B). Specifically, the media concentration of Mg2+ in nMgO/PLGA_A, 

was 7.8 ± 1.3 mM and 6.9 ± 0.6 mM at 48 and 72 hours, respectively. Additionally, 

nMgO showed Mg2+ concentration of 2.8 mM at 48 hours, which was significantly less 

than the Mg2+ concentration of 36.2 ± 4.2 mM at 24 hours, suggesting that nMgO had a 

burst release of Mg2+ in the first 24 hours. The other groups exhibited no statistical 

difference in Mg2+ concentration when compared with the TCTP reference at 24, 48, and 

72-hour time points with a Mg2+ concentration around 0.7 mM. 

Ca2+ concentration showed no statistically significant difference after 48 hours of 

incubation with the nanocomposites and controls when compared with the TCTP 

reference (Figure A4C). However, at 72 hours, nHA exhibited significantly higher Ca2+ 

concentration at 0.7 ± 0.01 mM than the TCTP reference, possibly because nHA released 

detectable Ca2+ ions at the later time points. All the other samples at 48 and 72-hour time 
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points showed no statistically significant difference in Ca2+ concentration with respect to 

the TCTP reference.  

4.4. Discussion 

 

4.4.1 Methods for Dispersion of Nanoparticles in Polymers  

Homogenous dispersion of nanoparticles in polymers typically involves 

mechanical mixing methods, modifications of surface chemistry of nanoparticles, or a 

combination of both. In this study, we focused on mechanical mixing methods to avoid 

additional concerns on chemical toxicity of surface modifiers for biomedical applications. 

The combination of high-power sonication and DAC mixing is the key for improved 

dispersion of nanoparticles in polymers for solvent casting because these two methods 

complement each other in breaking agglomerates in suspensions. High-power sonication 

works more effectively for suspensions of lower viscosity while DAC mixing works 

more effectively for suspensions of higher viscosity. By controlling the viscosity of 

polymer suspension, both high-power sonication and DAC mixing can be taken 

advantage of. Generally, more solvent should be used to dissolve the polymer to reduce 

the viscosity for high-power sonication, and less solvent should be used to increase the 

viscosity for DAC mixing. The ultrasonic energy produced around the probe of high-

power sonicator can reduce local agglomeration effectively, and dispersion is more 

effective for the suspension closer to the probe of sonicator [28, 29]. However, sonication 

often induces air bubbles in the suspension, which leads to bubbles in as-cast composites. 

In contrast, DAC mixing can remove the bubbles with degassing. Furthermore, more 

viscous suspensions used for DAC mixing can decrease particle settling during the 
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solvent casting process according to Stokes law. Therefore, it is beneficial to include a 

DAC mixing step after sonication. The same combined methods of high-power sonication 

and DAC mixing were used for improving the dispersion of nMgO/PLGA and 

nHA/PLGA nanocomposites, but slight modification on the polymer/solvent ratio were 

needed for each type of nanocomposites. The combined methods of high-power 

sonication and DAC mixing not only can be used for improving dispersion of 

nanoparticles in polymer suspension for solvent casting, but also can be used to improve 

dispersion of nanoparticles in melted polymer for thermal extrusion or injection molding. 

4.4.2 Comparison of the Nanocomposites with Dispersed versus Agglomerated 

Nanoparticles  

Macroscopic and microscopic images of the nanocomposites confirmed the 

improvement of nanoparticle dispersion in the nanocomposites prepared by the new 

combined mechanical mixing process. Interestingly, SEM images of the top and bottom 

side of the solvent-cast nanocomposites showed different distribution of agglomerates in 

the nMgO/PLGA versus nHA/PLGA composite system. Both nMgO/PLGA_D and 

nMgO/PLGA_A showed larger agglomerates on the top side than on the bottom side of 

the scaffold after solvent casting, likely because the drag force (i.e., frictional force) 

prevented these agglomerates from settling downwards in the solvent casting process. 

Stokes’ law describes the rate of settling of a particle in a viscous fluid under the 

assumptions that (1) the particle is in a spherical shape and does not interfere with other 

particles and (2) the fluid is homogeneous in composition and has a laminar flow. If the 

Stokes’ law and its assumptions are applied to describe the settling of nanoparticles or 

their agglomerates during the solvent casting process, their terminal (i.e., settling) 
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velocity 𝑣 (m/s) in the respective nanocomposite suspension can be expressed as the 

following: 

𝑣 =
2

9

(𝜌𝑝 − 𝜌𝑓)𝑔𝑅2

𝜂
 

where 𝜌𝑝 is the density of the particle (kg/m3), 𝜌𝑓 is the density of the fluid 

(kg/m3), g is the gravitational acceleration (m/s2), R is the radius of the particle (assumed 

as a sphere), and η is the dynamic viscosity (Pa∙s). The settling velocity of the particle 𝑣 

is reached when the Stokes’ drag force 𝐹𝑑 balances the gravitational force 𝐹𝑔, i.e., 𝐹𝑑 =

6𝜋𝜂𝑅𝑣 = 𝐹𝑔 = (𝜌𝑝 − 𝜌𝑓)𝑔(
4

3
𝜋𝑅3). 

Stokes’ law suggests that the particle would move vertically downwards if 𝜌𝑝 >

𝜌𝑓 and upwards if 𝜌𝑝 < 𝜌𝑓 and the larger agglomerates would have higher velocity than 

smaller agglomerates. The theoretical density of nMgO (3.58 g/cm3) is greater than that 

of solvent (chloroform, 1.49 g/cm3 at 25 °C) and PLGA (1.34 g/cm3), and thus the 

smaller agglomerates of nMgO should have settled down slower than the larger 

agglomerates if the viscosity remained constant. However, the viscosity of polymer 

suspension increased after nMgO was added, likely because MgO has been shown to be a 

thickening agent for polyester resin [30]. The increased viscosity of nMgO/PLGA 

suspension could have increased the drag force, and trapped the larger agglomerates near 

the top surface of the suspension because of rapid solvent evaporation after casting. 

Moreover, MgO could react with carboxyl groups of polyesters to yield higher molecular 

weight polymeric salt, which could increase the density of the polymer suspension and 

further reduce the settling velocity [30]. Excess MgO was previously reported to increase 
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the viscosity of polyester resin by reacting with the polymeric salt and possibly form an 

interchain bonding through dipole interactions between MgO and salt units [30]. For 

further optimizing the polymer/solvent ratio and improving nanoparticle dispersion, 

viscosity of polymer solution and suspension with nanoparticles should be measured in 

the future. 

In comparison, the nHA/PLGA_D shows smaller agglomerates than 

nMgO/PLGA_D on the top and bottom surface, despite the fact that nHA has an average 

diameter of 47 nm and a density of 3.16 g/cm3, while nMgO has an average diameter of 

23 nm and a density of 3.58 g/cm3. The size (or diameter) and shape of the agglomerates 

in polymer suspension during casting might have played more significant role on 

homogeneity of nanocomposites than the theoretical density and particle size of nMgO 

and nHA because of 𝑣 ∝ △ 𝜌  in contrast to 𝑣 ∝ 𝑅2(radius of agglomerates). Moreover, 

smaller particles might have higher surface energy and thus tend to agglomerate via Van 

der Waals forces and electrostatic interactions to lower their surface energy [31, 32], 

which might have contributed to the variance in agglomerate size of nMgO and nHA. 

However, it is more likely that the greater physicochemical interactions with the polymer, 

and the cubic crystal structure of nMgO caused the difference in the size and distribution 

of agglomerates in the nanocomposites and the formation of larger agglomerates, when 

compared with nHA under the same processing conditions.  

4.4.3 Optical Properties of the Nanocomposites with Dispersed versus Agglomerated 

Nanoparticles 

The nanocomposites with better dispersion of nanoparticles showed better optical 

transparency visually and quantitatively than their agglomerated counterparts. Larger 
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particles or agglomerates were reported to decrease optical transparency in the 

composites, while small individual nanoparticles could fit within the free volume of a 

polymer matrix and lead to enhanced optical transparency [32]. Well-dispersed 

nMgO/PLGA was 10% more transparent than its agglomerated counterpart, while well-

dispersed nHA/PLGA was 27% more transparent that its agglomerated counterpart. It is 

possible that well dispersed nanoparticles filled the ‘free volume’ between polymer 

molecules and allowed for maximal optical transmission. For example, at the longer 

wavelengths, the optical transmission of nHA/PLGA_D was very close to PLGA control.   

Between the two nanocomposite systems, nHA/PLGA_D and nHA/PLGA_A 

showed greater optical transmission than nMgO/PLGA_D and nMgO/PLGA_A. The 

smaller size of agglomerates in nHA/PLGA_D than in nMgO/PLGA_D likely 

contributed to its greater optical transmission. It is possible that the size of the nMgO 

agglomerates precluded them from entering the free volume in polymer and thus 

decreasing optical transparency, even though the individual nMgO had an average 

diameter of 23nm. The difference in optical properties of nMgO and nHA is probably 

another important factor that contributed to the different levels of optical transmission by 

the respective nanocomposites. MgO is capable of absorbing light, especially the UV 

light, which was confirmed in this study by the near zero transition of nMgO_PLGA at 

the UV range. At 900 nm, the nMgO/PLGA_D showed 67% less transmission than 

nHA/PLGA_D. Further research on the optical absorption, scattering and transmission of 

nMgO versus nHA would be useful. In the infrared (IR) region, nMgO/PLGA_D showed 

lower transmittance than nMgO/PLGA_A and nHA/PLGA_D showed higher 
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transmittance than nHA/PLGA_A, which differed from the transmittance at 300-900 nm. 

The vibration of the Mg-O bond after IR exposure did not result in defined peaks at 

wavenumbers ranging from 4000 to 500 cm-1. However, the O-H bond was detected, 

possibly because MgO nanoparticles were hydrated to Mg(OH)2 due to its hygroscopic 

nature. The lower transmittance of nMgO/PLGA_D than nMgO/PLGA_A, especially at 

the defined PLGA peaks, might be caused by greater nMgO interference with PLGA 

bond vibration. The FTIR results for nHA/PLGA was in agreement with optical 

transmittance in the 300-900 nm range; characteristic peaks of both nHA and PLGA 

showed lower transmission in nHA/PLGA_D than in nHA/PLGA_A.  

4.4.4 The Effects of Dispersion on Biological Properties of the Nanocomposites 

Degree of dispersion or agglomeration of nanoparticles in polymers affected 

BMSC adhesion and morphology even when the composition of nanocomposites, i.e., the 

weight ratio of nanoparticles to the polymer (30/70), remained the same. Many factors, 

including the chemistry, size, shape, and distribution of nMgO versus nHA nanoparticles, 

could have contributed to the observed BMSC adhesion and morphology on 

nMgO/PLGA and nHA/PLGA nanocomposites. While the nMgO/PLGA_D showed 

significantly lower cell density than nMgO/PLGA_A, the nHA/PLGA_D showed no 

statically significant difference in cell density when compared with nHA/PLGA_A 

(Figure 4.7). The increase of pH and Mg2+ released were not likely to be the cause of 

decreased cell density on the nMgO/PLGA nanocomposites because nMgO/PLGA_D 

and nMgO/PLGA_A showed similar effects on the pH and Mg2+concentration in post-

culture media (Figure 4.8) but drastically different cell density (Figure 4.7). Considering 
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that the control group of nMgO nanoparticles at 1600 μg/mL (equivalent to the amount 

added to the nanocomposites) induced significant cell death, it is possible that BMSCs 

had more direct contact with nMgO on the top surface of nMgO/PLGA_D than its 

agglomerated counterpart. Better dispersed nMgO on the surface of nMgO/PLGA_D 

increased its direct exposure (Figure 4.3), and thus increased its direct contact with 

BMSCs. The nMgO nanoparticles were previously reported to increase BMSC adhesion 

at a low concentration of 200 µg/mL and induced the death of BMSCs at the 

concentrations greater than 500 µg/mL [13]. The nMgO/PLGA_A increased cell density 

at the first 24 hours of culture likely because agglomeration reduced direct contact of 

nMgO with BMSCs and the concentration of nMgO on the top surface was at a low level 

beneficial to cells. However, the cell density on nMgO/PLGA_A steadily decreased at the 

48 and 72 hours of culture (Figure A2, Appendix A), likely because nMgO was released 

when PLGA started to degrade, and the concentration of nMgO on the top surface 

reached a higher level that was toxic to cells.  

In contrast to nMgO/PLGA, the nHA/PLGA_D showed similar cell density as 

nHA/PLGA_A, both similar to the cell density on the glass reference. The cell density in 

the nHA control group was lower in average, but nHA in the form of sintered devices or 

coatings was known to be cytocompatible [34-36]. The reduced cell density in the nHA 

control group was most likely because it was in the form of free particles in the media 

rather than a sintered bulk sample. Free flowing of nanoparticles in the media might 

interfere with cell adhesion because their motion on the bottom of the culture well could 

induce shear force and detach the cells. 
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In addition to the chemistry difference between nMgO and nHA, the surface 

roughness induced by their dispersion in respective nanocomposites could also differ and 

thus affect cell adhesion. For example, enhanced osteoblast adhesion and long-term 

functions were previously reported when titanium oxide (TiO2) nanoparticles were 

ultrasonically dispersed in PLGA and produced nanometer surface roughness similar to 

bone [37]. Interestingly, osteoblast adhesion and functions initially increased when the 

sonication power used for dispersing TiO2 nanoparticles in PLGA suspension increased 

and then decreased to some degree when the sonication power continued to increase and 

dispersion of TiO2 nanoparticles continued to improve. This was attributed to the surface 

roughness of TiO2/PLGA nanocomposites being the closest to bone when the sonication 

power and the dispersion was at the intermediate level [37]. This suggested that there was 

a threshold at which cells no longer exhibit favorable responses to increased dispersion 

when the resulting surface roughness passed the optimal level [37]. The lack of 

statistically significant difference in normalized cell density on nHA/PLGA_D and 

nHA/PLGA_A (Figure 4.7) seems to be in agreement with this. The nHA/PLGA 

nanocomposites prepared in this study had a higher level of dispersion than the previous 

studies on nHA/polymer nanocomposites [38, 39] based on the higher degree of optical 

transmission.  

Interestingly, Hickey et. al evaluated the cell adhesion and growth on 

nMgO/PLLA (with 20% and 10% MgO) composites up to 5 days, and reported that 

nMgO/PLLA exhibited greater cell growth than HA/PLLA and PLLA alone [40]. The 

SEM images of these composites in literature [40] were very similar to our 
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nMgO/PLGA_A, indicating that the nMgO/PLGA_D prepared in our study had a higher 

level of dispersion. This might be one of the reasons contributing to different cell 

responses observed. In contrast with our nMgO/PLGA_A sample, Hickey, et. al. did not 

show cell death up to 5 days. This might be because of the lower loading of nMgO, 

which was at 10% and 20%, as opposed to 30% for our study. Moreover, PLGA is known 

to degrade faster than PLLA, which probably caused more rapid release of nMgO from 

the nMgO/PLGA in the first 3 days. 

Currently, there are no standard methods to quantify the dispersion of 

nanoparticles in polymer matrix; and thus it is difficult to directly compare the properties 

of ceramic/polymer nanocomposites across different studies in literature. In particular, 

cell responses to nanocomposites could be affected by many other factors in addition to 

the level of nanoparticle dispersion. The optical absorbance/transmission measurements 

reported in our study could be good candidates to fulfill the need for standard 

quantification of nanoparticle dispersion in polymers, considering that most 

biodegradable polyesters used in biomedical applications have a high degree of 

transparency. 

4.5 Conclusion 

 

This chapter reported the combination of DAC mixing and high-powered 

sonication for improving dispersion of ceramic nanoparticles in polymer based 

nanocomposites, specifically for nMgO/PLGA and nHA/PLGA systems. Microstructural 

characterization confirmed that our new mechanical mixing processes improved 

nanoparticle dispersion in nMgO/PLGA and nHA/PLGA nanocomposites. Improved 
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nanoparticle dispersion increased the optical transparency of the nanocomposites visually 

and enhanced optical transmission for both nHA/PLGA and nMgO/PLGA 

nanocomposites. Improved dispersion of the nanoparticles enhanced cell adhesion on 

nHA/PLGA but decreased cell viability on nMgO/PLGA. This difference is likely 

because the chemistry of nHA and nMgO had different effects on cells. Increased direct 

contact with nHA may be beneficial for cells while increased direct contact with nMgO 

may not. This study provided a new process for enhancing dispersion of nanoparticles in 

a polymer matrix and revealed the effects of improved dispersion on optical properties 

and cell responses for potential biomedical applications. The homogenously dispersed 

nanoparticles in polymers may be used for a wide variety of applications, e.g., as coating 

materials for medical implants or as an ink material for 3D printing of different 

implantable devices. 
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Chapter 5: Cell Response to Triphasic Polymer/Ceramic Nanocomposites with 

Hydroxyapatite and Magnesium Oxide  

 

5.1 Introduction 

 

Magnesium oxide nanoparticles (nMgO) are of increasing interest in the field of 

bone regeneration for their potential benefits on bone forming cells [1-5]. In low 

concentrations, such as 200 µg/mL, nMgO has been shown to improve proliferation of 

bone marrow derived mesenchymal stem cells (BMSCs). However, nMgO has negative 

effects on BMSCs at concentrations exceeding 300 µg/mL. It is necessary to decrease 

with the concentration of nMgO to mitigate potentially toxic effects while maintaining 

beneficial effects, like increased proliferation. Previous studies have utilized nMgO in 

composites with biodegradable polymers, poly (L-lactic acid) (PLLA) and poly (lactic-

co-glycolic acid) (PLGA) for bone regeneration applications [2]. The dispersion of 

nMgO, as well as the degradation rate of the polymer matrix, play vital roles in cell-

material behavior for these composites. It has been shown that 30% of nMgO dispersed 

in PLGA decreased cell viability. Therefore, tour goal was to make a triphasic 

nanocomposite of nMgO, nano-hydroxyapatite (nHA), and PLGA to decrease the 

percentage of nMgO while maintaining a particle to polymer weight ratio of 3/7, which 

has been shown to yield increased mechanical properties [6].  

Hydroxyapatite is a well-established calcium phosphate similar to natural 

occurring bone mineral. Nano-hydroxyapatite has been shown to be both osteoconductive 

and osteoinductive [7-9], which is essential for bone regeneration. However, naturally 

occurring bone mineral is a calcium deficient form of hydroxyapatite, which is in contrast 

to hydroxyapatite synthetically produced via wet precipitation[10, 11]. As such, dopants 
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are sometimes added to synthesize hydroxyapatite to produce mineral more similar to that 

of natural bone, with Mg2+ as a common dopant. Studies show that cells exposed to 

calcium magnesium phosphate exhibited higher preosteoblast density and higher 

expression of RUNX2, osteopontin, and alkaline phosphatase (ALP) than hydroxyapatite 

alone [12]. Evidence supports a cooperative effect of Mg2+ and Ca2+ for increased cell 

proliferation and osteogenic activity of bone forming cells [12, 13]. Therefore, we 

investigated the effect a PLGA matrix loaded with nMgO, which dissociates to release 

Mg2+ in physiological solutions, and hydroxyapatite in order to evaluate potential 

cooperative effects between these materials on cell adhesion. Herein, we report the effect 

of PLGA/HA/MgO, with weight ratios of 70/20/10, 70/25/5, and 70/29/1 on BMSCs.   

5.2 Materials and Methods 

 

5.2.1 Preparation of MgO  

MgO nanoparticles were procured from US Research Nanomaterials Inc. 

(US3310, 99+% purity, 20nm diameter). In order to compare our results to previous and 

future cell studies, the MgO was sterilized prior to exposure to physiologically relevant 

solutions. MgO nanoparticles were sterilized in a glass container via heating at 200°C in 

an oven for one hour.  

5.2.2 Preparation of HA 

Hydroxyapatite was synthesized through wet precipitation as previously published 

[14, 15]. Briefly, 1M Ca(NO3)2 was added drop-wise to 0.6M (NH4)2HPO4 at 40°C at a 

rate of 30 drops per minute. This mixture underwent stirring for 20 hours to allow 

formation of nHA. The resulting particle and solution mixture was centrifuged at 3000 
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rpm for 1 minute. The supernatant was discarded and the particles were resuspended in 

deionized (DI) water. Centrifuging and rinsing in DI was repeated 3 times to remove 

excess ammonia. The pellet was then resuspended in DI and transferred to an acid 

digestion bomb for hydrothermal treatment at 200°C for 20 hours. The suspension was 

then collected and centrifuged, followed by removal of the supernatant. The resulting 

particles were dried under vacuum at 80°C for 12 hours and then ground using a mortar 

and pestle. Prior to use in composites or cell culture, the nHA was disinfected by heating 

in an oven at 200°C for 1 hour.  
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Table 5.1: 

Composition of 

PLGA/HA/MgO 

and subsequent 

biphasic and single-

phase controls. 

Amounts of each 

component are 

given as mass in 

mg for a single 1 

cm2 scaffold. 

Relationships 

between 

composites and 

controls are shown 

in the “Comments” 

column. For 

example, the 

comment for 

P70/H20 is 

‘P70/H20/M10-

M10’, which 

indicates that 

P70/H20 is a 

control for 

P70/H20/M10 and 

is similar to that 

sample but 

subtracted the 10% 

MgO (M10). 
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5.2.3 Nanocomposites  

5.2.3a Synthesis 

Composites were synthesized via mechanical dispersion and solvent casting as 

previously described in Chapter 4. PLGA/HA/MgO composites maintained a weight ratio 

of 7/3 polymer/nanoparticles. The 30% nanoparticles were split between HA and MgO as 

20/10, 25/5, and 29/1 and compared with biphasic nanocomposites of PLGA/MgO and 

PLGA/HA where each nanoparticle represented the whole 30%. Controls were developed 

for each triphasic composite. The amount of each component present in a scaffold is 

detailed in Table 5.1.  

In a 20mL vial, 0.443g of PLGA (90:10 LA:GA, MW 125kDa, AP49, 

Polyscitech) was added to 3.5mL of chloroform (CHCl3, Fisher Scientific). The resulting 

solution was sonicated in a low power ultrasonic bath (Symphony, VWR) at 40°C for 1 

hour to fully dissolve the polymer. Then HA was added to the solution and incorporated 

by vortexing for 1 minute, followed by speedmixing (DAC 150.1 FVZ-K, FlackTek, Inc.) 

at 2500 rpm for 5 minutes. The suspension then underwent high-powered probe 

sonication (Qsonica, Q125) for 10 minutes, with pulses of 5 seconds on and 5 seconds 

off. The suspension underwent a total of 3 cycles of high-powered sonication and 

speedmixing, ending with speedmixing at 3500 rpm for 5 minutes. The suspension was 

then poured into a 8.3 cm by 4 cm Teflon dish, where the chloroform was allowed to 

evaporate in air for 24 hours. The nanocomposite was then placed back into a 20 mL vial 

and 4 mL of chloroform was added. Low-powered sonication, speedmixing, and high-

powered sonication were performed using the same cycles as the previous day. The 
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suspension was then poured into a Teflon dish where chloroform was allowed to 

evaporate for 24 hours in ambient conditions followed by an additional 48 hours of 

evaporation under vacuum. All biphasic controls, including PLGA/HA, were synthesized 

using this same protocol. However, PLGA/MgO with 70/30 wt%, utilized 4.5 mL of 

chloroform for the first round of suspension and 4 mL of chloroform during the second 

round of suspension.  This was necessary in samples with 30% MgO because of the 

interactions of MgO with polyesters that result in increase in viscosity [16]. 

The resulting scaffolds were cut to 10 mm by 10 mm squares with a thickness of 

0.1 mm to be used in cell studies. Each scaffold was disinfected by soaking in 100% 

ethanol for 24 hours before use in cell culture.  

5.2.3b Characterization 

 A representative scaffold from each group was characterized via scanning 

electron microscopy (SEM, Philips XL30) to evaluate surface topography and energy 

dispersive x-ray spectrometry (EDS) to confirm elemental composition. In preparation 

for SEM/EDS analysis, each composite was adhered to an aluminum SEM pin mount 

with copper tape. The mounted samples were then coated with platinum and palladium 

(Pt/Pd) using a sputter-coater (108 Auto, Cressington). All SEM images were taken using 

a secondary electron detector at an accelerating voltage of 2 kV, a spot size of 3, a 

working distance of 10mm, and at a magnification of 10,000x. EDS was performed on 

the entire image area under the same conditions, except accelerating voltage was raised to 

10 kV.  
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5.2.4 BMSC culture 

5.2.4a Cell Culture 

Bone marrow derived mesenchymal stem cells (BMSCs) were extracted from the 

femur and tibia of Sprague Dawley rat weanlings according to previously established 

protocols, approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University of California at Riverside [5, 14, 15]. BMSCs were cultured in Dulbecco’s 

Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S) by volume, herein referred to as just DMEM. BMSCs were 

cultured in standard cell culture conditions at 37°C, with 5% CO2/95% air in a humidified 

environment (MCO-19AIC, Sanyo Scientific). BMSCs at their second passage were 

cultured to 90% confluency for use in cell experiments. 

5.2.4b Culture on Nanocomposites 

Nanocomposites were placed in wells of 12-well tissue culture treated plates 

(TCTP, Corning, Falcon® 353043). Each composite was placed into its respective well 

and then rinsed with 2 mL of phosphate buffered saline. Then 1 mL of DMEM was added 

to each composite well. Mass of nanoparticles and the resulting concentration for bare 

nanoparticles are shown in Table 5.1. Nanoparticles were suspended via pipetting in 1 

mL of DMEM and transferred to their respective wells. BMSCs at the second passage 

were seeded at a density of 10,000 cells/cm2 directly onto the disinfected scaffolds in 2 

mL of DMEM, bringing the total media volume in each well to 3 mL. Cells were cultured 

for 24 hours on all scaffolds. PLGA/HA/MgO with a weight ratio of 70/20/10 

(P70H20M10), PLGA/MgO with a weight ratio of 70/30 (P70M30), and the controls for 
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these samples were eliminated based on decreased cell adhesion at 24 hours. The 

remaining samples underwent culture to 48 hours. Media was exchanged every 24 hours. 

At the end of each respective time point, media was collected for further analysis. 

BMSCs were fixed with 4% paraformaldehyde in PBS and stained with 4',6-Diamidino-

2-Phenylindole, Dihydrochloride (DAPI, Life Technologies) and Alexa Fluor® 488 

phalloidin (Life Technologies) to image the nuclei and cytoskeleton, respectively. 

BMSCs were imaged under a fluorescence microscope (Nikon Eclipse Ti) and 10 images 

were collected for each well. Composite images were made and cells were counted using 

ImageJ. Then cell density was calculated as adherent cells per area.  

5.2.4c Post-culture Media Analysis 

Immediately after collection, the pH of the media was determined using a 

benchtop pH meter (Symphony SB70P, VWR) to limit effects of atmospheric CO2 on the 

bicarbonate buffering system present in DMEM. Each media sample was then diluted 

1:100 in DI water to prepare for analysis via induced coupled plasma – optical emission 

spectrometry (ICP-OES, Optima 8000, Perkin Elmer). ICP-OES analysis was used to 

obtain media concentrations of Mg2+ and Ca2+ in order to evaluate the release of ions 

from the composites. Solutions of Mg and Ca at concentrations of 0.5 ppm, 1 ppm, and 5 

ppm in nitric acid were used to generate a calibration curve for all Mg and Ca 

measurements, respectively. Measurements were reported as mg/L for Mg and µg/L for 

Ca. These values were then converted to mM by dividing by the molecular weight of Mg 

(24.305 g/mol) and Ca (40.078 g/mol) for each and dividing by 1000 in the case of Ca to 

convert µM to mM. 



 141 

5.2.5 Statistical Analysis 

All experiments were run in triplicate. All data sets were analyzed using one-way 

analysis of variance (ANOVA) followed by the Tukey highest significant difference post 

hoc test. Statistical significance was considered at p < 0.05. 

5.3 Results  

 

5.3.1 Characterization of Nanocomposites 

SEM was utilized to show surface topography of triphasic composites and 

controls (Figure 5.1). P70/H20/M10, P70/H25/M5, and P70/29/M1 exhibited fairly 

homogenous particle distribution, though P70/H20/M10 and P70/H25/M5 exhibited 

larger agglomerates than P70/H29/M1. PLGA/HA controls showed similar topographies 

to that of their PLGA/HA/MgO counterparts. PLGA/MgO controls exhibited even 

distribution of visible MgO particles. However, P70/M5 showed presence of larger 

agglomerates of MgO. P70/M1 also showed presence of ripples in PLGA that may have 

been formed during handling (i.e. removal from mold, cutting to size) of composite.  

EDS was utilized to confirm the elemental composition of each composite (Figure 

5.2). As expected, PLGA/HA/MgO composites showed measurable calcium, phosphorus, 

magnesium, oxygen, and carbon. PLGA is a source of carbon and oxygen, hydroxyapatite 

is a source of calcium, phosphorus, and oxygen, and MgO is a source of magnesium and 

oxygen. P70/H20/M10 showed 6.83% Ca, 6.09% P, 5.00% Mg, 21.73% O, and 60.35% 

C. P70/H25/M5 showed 5.66% Ca, 5.51% P, 2.71% Mg, 28.38% O, and 52.28% C. 

P70/H29/M1 showed 9.8% Ca, 6.85% P, 0.93% Mg, 28.14% O, and 54.28% C. All in 

atomic percent. 
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Figure 5.1: SEM micrographs of the surface of PLGA/HA/MgO scaffolds and 

subsequent controls.  
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5.3.2 BMSC culture 

Fluorescence microscopy images of cells that were adhered to the sample after 24 

hours of culture showed healthy cell morphology for each PLGA/HA/MgO composite 

(Figure 5.3). Each control and reference also showed cells with healthy morphology. 

However, P70/M30 (Dʹ, Figure 5.3) showed visibly less cells with relatively smaller cell 

bodies. After 24 hours, cells adhered to the plate surrounding the samples also exhibited 

healthy morphology (Figure 5.4). Wells with nanoparticles showed less cells, with 

H20/M10 (D, Figure 5.4) and M30 (Fʹʹʹ, Figure 5.4) showing the least amount.  

 

Figure 5.2: Quantified Atomic % of elements present in PLGA/HA/MgO and 

control scaffolds determined by EDS analysis. 

 

  

 



 144 

 

 

Figure 5.3: Fluorescence images of BMSCs adhered directly on scaffolds after 24 

hours of direct culture.  (A-Aʹʹ) PLGA/HA/MgO, (B-Bʹʹ) PLGA/HA, (C-Cʹʹ) 

PLGA/MgO, (D-Dʹʹ) additional polymeric controls and (E-Eʹ) references. Scale 

bar is 100 µm. 
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Figure 5.4: Fluorescence images of BMSCs adhered directly on TCTP 

surrounding scaffolds after 24 hours of direct culture.  (A-Aʹʹ) PLGA/HA/MgO, 

(B-Bʹʹʹ) PLGA/HA, (C-Cʹʹʹ) PLGA/MgO, (D-Dʹʹʹ) HA/MgO, (E-Eʹʹʹ) HA, (F-Fʹʹʹ) 

MgO, and (G-Gʹʹ) references. Scale bar is 100 µm. 
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Figure 5.5: Adhesion density of BMSCs (left) adhered to sample and (right) 

adhered to plate after direct culture on PLGA/HA/MgO and controls for 24 hours. 

BMSCs were seeded at a density of 10,000 cells/cm2. Values are mean ± standard 

deviation; n = 30. *p<0.05 
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Cell density was quantified for cells adhered to the sample (Figure 5A) and cells 

adhered to the plate (Figure 5.5B) after 24 hours of culture. P70/H20/M10 had 3.83 ± 

0.40 x 103 cells/cm2 and 12.55 ± 0.96 x 103 cells/cm2 adhered to the sample and plate, 

respectively. P70/H25/M5 had 4.20 ± 0.52 x 103 cells/cm2 and 14.4 ± 1.57 x 103 

cells/cm2 adhered to the sample and plate, respectively. Among the triphasic composites, 

P70/H29/M1 showed the highest average cell density with 6.04 ±0.53 x 103
 cells/cm2 

adhered to the sample and 16.38 ± 1.73 x 103 cells/cm2 adhered to the plate. PLGA/HA 

controls showed viable cells in each ratio type. P70/M30 showed significantly decreased 

cell density on the experimental samples, compared to the triphasic composites, with only 

0.64 ± 0.07 x 103 cells/cm2. All composites and polymers exhibited significantly lower 

cell density compared to Ti and Glass references. Cells adhered to the plate surrounding 

the triphasic composite were at significantly higher density compared to P70/H30, 

H20/M10, H25/M5, H29/M1, H25, H29, H30, M30, M10, M5, and M1. Cell density 

surround P70/H29 was significantly greater than the TCTP control. Remaining controls 

exhibited expected trends in cell density with nanoparticles showing less adherent cells, 

and M30 and M10 showing near to 0 viable cells. 

Cells adhered to the sample (Figure 5.6) and to the plate (Figure 5.7) after 48 

hours all exhibited healthy morphology. Cells adhered to all scaffold-type samples were 

abundant with approximate confluency ranging from 80-90%. However, visibly less cells 

were present on the plate surrounding P70/H30 (Aʹʹ, Figure 5.7), P70/M5 (C, Figure 5.7), 

P70/M1 (Cʹ, Figure 5.7), H25/M5 (D, Figure 5.7), and H29/M1 (Dʹ, Figure 5.7). The 

quantified cell density after 48 hours of culture is shown in Figure 5.8. P70/H25/M5 had 
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12.34 ± 0.85 x 103 cells/cm2 and 15.56 ±1.29 x 103 cells/cm2 on the sample and plate, 

respectively. Once again, P70/H29/M1 showed the highest cell density of the triphasic 

composites with 14.44 ± 1.43 x 103 cells/cm2 and 20.12 ± 1.52 x 103 cells/cm2 on the 

sample and plate, respectively. Cell density on P70/H25/M5, P70/H29/M1, and Glass 

was significantly greater than the cell density on P70/M5. Cells adhered to the plate 

surrounding P70/H25/M5 and P70/H29/M1 were also significantly greater than the cell 

density on H25/M5, H29/M1. Additionally, the cell density surrounding P70/H29/M1 

was greater than the P70/H30 reference. All bare nanoparticles, with the exception of M1 

showed significant decrease in cell density when compared to Glass and TCTP.  
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Figure 5.6: Fluorescence images of BMSCs adhered directly on scaffolds after 48 

hours of direct culture.  (A-Aʹ) PLGA/HA/MgO, (B-Bʹ) PLGA/HA, (C-Cʹ) 

PLGA/MgO, (D-Dʹ) additional polymeric controls and (E-Eʹ) references. Scale bar 

is 100 µm. 
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Figure 5.7: Fluorescence images of BMSCs adhered directly on TCTP 

surrounding scaffolds after 48 hours of direct culture.  (A-Aʹ) PLGA/HA/MgO, 

(B-Bʹ) PLGA/HA, (C-Cʹ) PLGA/MgO, (D-Dʹ) HA/MgO, (E-Eʹ) HA, (F-Fʹ) MgO, 

and (Aʹʹ-Fʹʹ) references. Scale bar is 100 µm. 
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Figure 5.8: Adhesion density of BMSCs (left, A)) adhered to sample and (right, B) 

adhered to plate after direct culture on PLGA/HA/MgO and controls for 48 hours. 

BMSCs were seeded at a density of 10,000 cells/cm2. Values are mean ± standard 

deviation; n = 30. *p<0.05 

 

  

 



 152 

5.3.3 Post-culture Media Analysis 

Change in pH showed small effect between samples at 24 hours (Figure 5.9A). 

After 24 hours of culture, the average pH of media cultured with P70/H20/M10, 

P70/H24/M5, and P70/H29/M1, was 8.37 ± 0.03, 8.32 ± 0.01, and 8.25 ± 0.02, 

respectively. P70/H29/M1 resulted in pH that was significantly lower than that of 

P70/H29/M10 and P70/H25/M5.  H20/M10 had pH of 8.43 ± 0.01, which was 

statistically significant compared to TCTP and DMEM. M30 resulted in pH increase to 

8.61 ± 0.04, which was statistically greater than all other samples. All other samples 

showed pH between 8.18 and 8.43, compared to TCTP and DMEM which had pH of 8.29 

± 0.02 and 8.31 ± 0.03, respectively.  

Changes in pH after 48 hours of culture showed very minimal effects between 

samples (Figure 5.9B). After 48 hours, the pH of media cultured with P70/H25/M5 and 

P70/H29/M1 was 7.95 ± 0.03 and 7.88 ± 0.03, respectively. The pH of media from all 

other samples was between 7.82 and 7.95, compared to TCTP and DMEM which had 

media pH of 7.90 ± 0.03 and 7.93 ± 0.04, respectively. P70/H30 had a pH 7.82 ± 0.07 

which was statistically lower than the pH of P70/H29/M1 and DMEM.  

Release of Mg2+ ions corresponded with amount of MgO in samples cultured for 

24 hours (Figure 5.10A). P70/H20/M10, P70/H25/M5, and P70/29/M1 had media Mg2+ 

concentrations of 6.36 ± 0.49 mM, 4.00 ± 0.48 mM, and 1.30 ± 0.06 mM, respectively. 

All PLGA/HA/MgO samples had statistically greater Mg2+ concentrations compared to 

TCTP and DMEM, which had Mg2+ concentrations of 0.95 ± 0.16 mM and 0.93 ± 0.07 

mM, respectively. Additionally, P70/H20/M10 had significantly greater Mg2+ 
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concentration than P70/H29/M1 Bare MgO nanoparticles dissociated, releasing Mg2+, 

which resulted in Mg2+ ion concentrations of 30.64 ± 1.09mM, 8.25 ± 1.29 mM, 6.27 ± 

2.48 mM, 2.89 ± 0.94 mM from M30, M10, M5, and M1, respectively. P70/M30, all 

HA/MgO blends, M30, M10, and M5 resulted in significantly higher Mg2+ concentration 

compared to TCTP and DMEM.  

Change in Mg2+ concentration at 48 hours was not as pronounced as that of 24 

hours of culture (Figure 5.10B). Mg2+ concentration in media from P70/H25/M5 and 

P70/H29/M1 was 2.17 ± 0.12 mM and 1.24 ± 0.53 mM, respectively. The Mg2+ 

concentration of P70/M25/M5 was statistically greater than that of P70/H29/M1, 

P70/H25, P70/M29, H25/M5, H29/M1, TCTP and DMEM. The Mg2+ concentration of 

P70/M5 and P70/M1 was 2.02 ± 0.18 mM and 1.00 ± 0.13 mM, respectively. P70/M5, 

H25/M5, and M5 all resulted in Mg2+ concentrations that were statistically greater than 

TCTP and DMEM. All other samples were similar to that of the TCTP and DMEM 

references which were 0.82 ± 0.03 mM and 0.82 ± 0.01 mM, respectively. 
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Figure 5.9: Media pH after BMSC culture on PLGA/HA/MgO and controls for 

(left, A) 24 hours and (right, B) 48 hours. Values are mean ± standard deviation; n 

= 3. *p<0.05 
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Figure 5.10: Concentration of Mg2+ in the media after BMSC culture on 

PLGA/HA/MgO and controls for (left, A) 24 hours and (right, B) 48 hours. 

Values are mean ± standard deviation; n = 3. *p<0.05 
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Figure 5.11: Concentration of Ca2+ in the media after BMSC culture on 

PLGA/HA/MgO and controls for (left, A) 24 hours and (right, B) 48 hours. 

Values are mean ± standard deviation; n = 3. *p<0.05 
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The amount of MgO and HA present correlated with changes in Ca2+ 

concentration at 24 hours (Figure 5.11A). Ca2+ concentration in media exposed to 

P70/H20/M10, P70/H25/M5, and P70/H29/M1 was 1.84 ± 0.21 mM, 2.02 ± 0.28 mM, 

and 1.98 ± 0.03 mM, respectively. The triphasic composites had statistically greater Ca2+ 

concentration than the HA/MgO nanoparticle mixtures. Bare particle mixes, H20/M10, 

H25/M5, and H29/M1 resulted in media Ca2+ concentrations of 1.36 ± 0.08 mM, 1.31 ± 

0.02 mM, and 1.30 ± 0.06 mM, respectively. Similarly, bare HA, H20, H25, H29, and 

H30, resulted in Ca2+ concentrations of 1.09 ± 0.12 mM, 1.00 ± 0.04 mM, 0.95 ± 0.02 

mM, and 0.96 ± 0.04 mM respectively. Bare MgO, M30, M10, and M5 resulted in Ca2+ 

concentrations of 1.21 ± 0.07 mM, 1.26 ± 0.11 mM, and 1.32 ± 0.20 mM, respectively. 

The HA/MgO nanoparticle mixtures, all HA nanoparticle concentrations, M30, M10, and 

M5 had statistically lower Ca2+ concentration compared to TCTP and DMEM.  All other 

samples were not statistically different from TCTP and DMEM, which had Ca2+ 

concentrations of 1.93 ± 0.35 mM and 1.96 ± 0.05 mM, respectively. 

After 48 hours, the effect of MgO and HA on Ca2+ concentration was greatly 

diminished. P70/H25/M5 and P70/H29/M1 had Ca2+ concentrations of 1.51 ± 0.13 mM 

and 1.63 ± 0.12 mM, respectively. P70/M5 and P70/M1 resulted in Ca2+ concentrations 

of 2.02 ± 0.05 mM and 2.08 ± 0.08 mM, respectively. Bare HA resulted in a decrease in 

Ca2+ concentration, compared to TCTP and DMEM references. HA25/M5, H29/M1, H25 

and H29 had Ca2+ concentrations of 1.15 ± 0.06 mM, 1.09 ± 0.07 mM, 1.05 ± 0.02 mM 

and 1.08 ± 0.06 mM, respectively, which was statistically lower than that of TCTP and 

DMEM. H25 and H29 also exhibited statistically significant decrease in Ca2+ 
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concentration when compared to TCTP and DMEM. All other samples exhibited Ca2+ 

concentrations similar to that of TCTP and DMEM which were 1.72 ± 0.04 mM, and 

1.73 ± 0.04, respectively. 

5.4 Discussion 

 

5.4.1 BMSC culture 

While morphology of the cells adhered to experimental samples did not show 

much difference at 24 hours, the quantified cell density illuminated further differences 

(Figures 5.3, 5.5A). Glass and Ti references showed higher cell density on the sample 

than any other condition, despite the well-established biocompatibility of PLGA and HA 

[17-21]. Previous studies show that mechanical properties of ECM or scaffolding affect 

the behavior of mesenchymal stem cells. Specifically, materials with higher hardness or 

stiffness affected BMSC behavior resulting in increased cell adhesion, cell spreading, and 

osteogenic activity [22-24]. While the addition of nanoparticles increases the stiffness of 

the polymer matrix, Ti and Glass are metallic and ceramic, respectively, and have greater 

overall hardness [6]. It is likely that the difference in mechanical properties resulted in 

decrease in cell adhesion on polymeric substrates when compared to Ti and Glass. Of the 

polymeric samples, P70/H29/M1 showed the highest average cell density, even when 

compared to P70/H30, making this sample a promising candidate for bone applications. 

Evaluation of cells adhered to the plate surrounding the experimental samples 

after 24 hours provided insight into how the chemistry of each material may affect 

surrounding BMSC behavior (Figures 5.4, 5.5B). The three blends of PLGA/HA/MgO 

performed similarly to Ti, Glass, and TCTP, indicating that the degradation products 
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released at 24 hours are cytocompatible with BMSCs. However, all bare nanoparticles 

resulted in significant decrease in cell adhesion. HA is well-established as a material for 

bone regeneration and is known to be biocompatible [4, 20, 21, 25]. It is likely that the 

decrease in cell density from exposure to just HA is from movement of loose 

nanoparticles affecting adhesion of the cells, rather than chemistry. The decrease in cell 

density when exposed to bare MgO is also consistent with previous studies, which 

identified the critical cytotoxic concentration of MgO to be 500 µg/mL for established 

cells and showed significant decrease in adherent BMSCs when co-seeded with MgO at 

concentrations as low as 200 µg/mL [5]. The amount of MgO in M10 and M5 resulted in 

MgO concentrations of 560 µg/mL and 260 µg/mL, which is higher than the 

concentrations of MgO nanoparticles identified to result in decrease cell adherence. 

Conversely, M1, which resulted in a MgO concentration of 6 µg/mL, resulted in 

increased cell density, confirming that low concentrations of MgO can be beneficial to 

BMSC function as seen with previous studies [5]. The absence of decrease in cell density 

of polymeric nanocomposites demonstrates that incorporation in a PLGA matrix 

mitigates negative effects of bare nanoparticles and more specifically, bare MgO 

nanoparticles. 

Similar to the 24 hour study, at 48 hours cell morphology indicated little 

difference in BMSCs adhered to experimental samples, but quantified cell density help to 

better elucidate BMSC response (Figure 5.6, 5.8A). Cell density on P70/H29/M1 

exceeded cell density adhered to the Glass reference at 48 hours when it was significantly 

less at 24 hours, indicating that the chemistry of this nanocomposite aided in 



 160 

proliferation. However, no statistical difference was found between P70/H29/M1, 

P70/H30, and Ti. The benefit of addition of small amounts of MgO to nanocomposites 

for bone regeneration should be further investigated to determine if and at what 

concentration MgO is truly beneficial.  

Evaluation of cells adhered to the plate surrounding experimental samples gave a 

more understanding of the effects of PLGA/HA/MgO and more specifically, the effects 

of components released by PLGA/HA/MgO and its effects on media (Figure 5.8B). 

P70/H29/M1 resulted in higher cell density on the plate compared to P70/H30, indicating 

that controlled release of small amount of MgO, and thus Mg2+ can increase cell 

proliferation. This is consistent with previous studies into the effect of bare MgO 

nanoparticles [5]. However, the lack of significance between the PLGA/HA/MgO 

samples and the TCTP reference makes the true benefit of these nanocomposites unclear. 

Cell activity, including expression of osteogenic proteins, should be further evaluated to 

fully understand what role MgO may play. 

Previous studies of polymer/HA/MgO nanocomposite can give insight into the 

observed phenomena for our PLGA/HA/MgO blends. Hickey et. al. evaluated PLLA with 

10% HA and 10% MgO and found increased primary human osteoblast density compared 

to composites with 20% HA and plain PLLA [2]. Conversely, PLGA/HA/MgO 

composites with 10% MgO did not out-perform our PLGA/HA composites. This may be 

due to differences in dispersion as shown in our previous studies described in Chapter 4. 

SEM images of the surface of the PLLA composites with 10% HA and 10% MgO 

showed inhomogeneous distribution of particles as well as agglomeration. The 



 161 

differences between PLLA and PLGA composites with HA and MgO may also result in 

different cell response due to the fact that PLGA tends to degrade faster than PLLA and 

would result in higher release rate for MgO. Previous studies have also evaluated high-

density polyethylene (HDPE) composites with 16% tri-calcium phosphate, 4% HA, and 

0.1% MgO [4]. While this composite did not show much difference in the viability and 

proliferation of primary human osteoblasts compared to plain HDPE, this composite did 

result in higher expression of alkaline phosphatase, an essential protein for osteogenic 

activity. It is difficult to determine which component(s) of this composite resulted in 

increased ALP production because composites with just HA, MgO and tri-calcium 

phosphate were not evaluated. However, this does support the need for further 

investigation into the activity of MgO.  

5.4.2 Media Analyses 

Minimal pH effects were observed at 24 and 48 hours due to the buffering effect 

of bicarbonate within DMEM. Only M30 showed a somewhat substantial increase in pH. 

This is consistent with our previous studies into the activity of bare MgO nanoparticles 

[5]. MgO dissociates in biological media, releasing OH- and Mg2+, which is responsible 

for the observed pH increase. However, it has been previously shown that the cells may 

experience higher pH in the first few hours of exposure to MgO in comparison to pH at 

24 hours due to the buffering of DMEM. This effect may be responsible for the observed 

cell death in the bare MgO nanoparticle groups.  

Measurements of Mg2+ concentration in the media were more representative of 

MgO release and dissociation than pH because they were not affected by pH buffers. It is 
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clear that incorporation of MgO into a PLGA composite reduced the rate of release and 

dissociation of MgO, as seen with the difference in Mg2+ concentration. This is consistent 

with similar composites from previous studies in our lab.  The fact that Mg2+ release 

diminished at 48 hours, indicates that there is bulk release and dissociation of MgO 

within the first 24 hours. Previous studies into the dissociation of MgO showed that 90-

100% of bare MgO dissociates within 24 hours of culture in DMEM [5].  Previous 

studies also show that Mg2+ are not only safe for mammalian cells but also exhibit 

osteoinductive behavior [14, 26, 27]. Given that composites with MgO have also shown 

an increase in ALP expression in osteoblasts, this supports the use of MgO for bone 

regeneration [4].  

Measurements of media Ca2+ concentration showed that HA and MgO affect 

calcium deposition but this activity is not detected in our PLGA composites. Each PLGA 

composite did not show much effect on Ca2+ concentration in the media. Conversely, 

bare HA/MgO, HA, and MgO (excluding M1), resulted in significant decrease in Ca2+ in 

the media. This may indicate that MgO and HA cause deposition of calcium-containing 

salts, which is consistent with our previous studies [5]. This effect was not detected for 

bare MgO at 48 hours, indicating that once MgO fully dissociated, it no longer affected 

deposition of calcium salts. However, decrease in Ca2+ concentration persisted up to 48 

hours in the HA/MgO and HA nanoparticle conditions. The deposition of calcium salts is 

beneficial to the remineralization of bone, which is essential for bone regeneration and 

bone healing. This effect is well-described for HA, but not for MgO. As long as MgO, 

was still present in its crystal form, the beneficial effects on calcium deposition remained. 
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However, further analysis into the types of salts and minerals that are deposited would be 

essential to fully understand this effect. 

5.5 Conclusion  

 

P70/H29/M1 performed most favorably of the PLGA/HA/MgO composites, 

indicating it is viable for further study as a material for bone applications. However, we 

cannot make finite conclusions as to the effectiveness of this material without longer cell 

culture times and an evaluation into the protein expression of BMSCs. We reported the 

release of Mg2+ from polymer/HA/MgO composite and its effect on calcium deposition 

for the first time. The presence of MgO and HA is beneficial for deposition of calcium 

salts and composites of PLGA/HA/MgO may be beneficial for mineralization of bone.  
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Chapter 6: Thermogelling PLGA-PEG-PLGA Hydrogel Loaded with 

Hydroxyapatite and Mangesium Oxide for Bone Repair 

 

6.1 Introduction 

Thermogelling hydrogels have been of increasing interest to the field of tissue 

engineering due to their injectability.  Ideally, a thermosensitive hydrogel for medical 

applications would be solution at room temperature and then gel at body temperature, 37 

ºC. These hydrogels have the potential to be a minimally invasive and robust cell delivery 

system that could allow for the sustained and controlled release of various growth factors, 

drugs, cells, and other bioactive molecules [1-4]. These unique properties allow for the 

application of thermosensitive hydrogels in the regeneration of bone, cartilage, adipose 

tissue, neural tissue, and cardiovascular tissue [4]. Furthermore, thermosensitive 

hydrogels have the ability to fill unique shapes due to their in situ gelation, which makes 

then an ideal filler for porous bone [5]. Hydrogels could also be used in the treatment of 

severe microfractures caused by osteoporosis or overuse. The basic mechanism of 

thermosensitive hydrogel gelation is as follows: Once placed in an aqueous solution, 

interactions between the polymer molecules and water occur. An increase in temperature 

causes local changes in the hydrophobic interactions of the polymer chains, resulting in 

micelle formation. The micelle formation and aggregation results in formation of an 

opaque gel [6, 7].  

Poly (D,L-lactide-co-glycolide)-poly (ethylene glycol)-poly (D,L-lactide-co-

glycolide), PLGA-PEG-PLGA (PLGA-b-PEG, PbP) hydrogels have gained a lot of 

attention due to the well-established biocompatibility of their subcomponents, PLGA and 

PEG [6-15]. Stimuli responsive PbP hydrogels have been successfully developed for the 
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delivery of various biomedically relevant treatments such as anti-cancer drugs, vaccines, 

hydroxyapatite, simvastatin, etc. [7-10]. Additionally, a host of PLGA and PEG based 

constructs have been approved by the FDA for the use in drug delivery systems [13-15]. 

Despite its biocompatibility, PbP is not particularly bioactive and the use of a bioactive 

component may render them much more effective in a physiological setting [7-9, 16].  

Hydroxyapatite (HA) is a biocompatible and bioactive ceramic material that is 

found in the hard tissues in the body [17]. It has been shown that HA is one of the most 

stable calcium phosphate salts under normal temperature and at pH between 4 and 12 [17, 

18]. Furthermore, HA has been shown to be osteoinductive and osteoconductive, 

resulting in bone formation without the addition of osteogenic biomolecules [17-19].  

The use of MgO in biomedical implants has also increased in recent years due to 

its ability to enhance mechanical properties of composite materials as well as its 

bioactivity [20-24].  At low concentrations (200 µg/mL), MgO has been shown to 

increase proliferation of bone marrow derived mesenchymal stem cells (BMSCs) [24]. 

MgO has also been shown to have antimicrobial activity towards gram position and 

gram-negative bacteria, which is beneficial for any implantable materials that can pose 

infection risk [24-26]. MgO is a hygroscopic mineral that absorbs water and reacts to 

form Mg(OH)2, both of which are considered insoluble [27-31]. However, MgO and 

Mg(OH)2 have been shown to dissociate under physiological conditions, releasing Mg2+ 

ions [32]. Magnesium ions have been shown to exhibit osteogenic activity, which is 

beneficial for bone regeneration [33, 34]. As a result, MgO is a prime candidate as an 

additive to materials for bone regeneration.    
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To determine the effects of a PbP hydrogel loaded with HA and MgO 

(PbP/HA/MgO), the direct exposure cell culture method was used [35]. In brief, BMSCs 

were cultured for 24 hours prior to addition of hydrogel composites. The direct exposure 

cell culture method was used to mimic the response of established cells to an injected 

hydrogel. Herein, we report the gelation behavior and bioactivity of PbP/HA/MgO. 

6.2 Materials and Methods 

 

6.2.1 Preparation of MgO  

MgO nanoparticles were procured from US Research Nanomaterials Inc. 

(US3310, 99+% purity, 20nm diameter). MgO nanoparticles were sterilized in a glass 

container via heating at 200°C in an oven for one hour.  

6.2.2 Preparation of HA 

Hydroxyapatite was synthesized through wet precipitation as previously published 

[36, 37]. Briefly, 40 mL of 1M Ca(NO3)2 was added drop-wise to 40 mL of 0.6M 

(NH4)2HPO4 at 40°C at a rate of 30 drops per minute. This mixture underwent stirring for 

20 hours to allow formation of nHA. The resulting particle and solution mixture was 

centrifuged at 3000 rpm for 1 minute. The supernatant was discarded and the particles 

were resuspended in deionized (DI) water. Centrifuging and rinsing in DI was repeated 3 

times to remove excess ammonia. The pellet was then resuspended in DI and transferred 

to an acid digestion bomb for hydrothermal treatment at 200°C for 20 hours. The 

suspension was then collected and centrifuged, followed by the removal of the 

supernatant. The resulting particles were dried under vacuum at 80°C for 12 hours and 
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then ground using a mortar and pestle. Prior to use in composites or cell culture, the nHA 

was disinfected by heating in an oven at 200°C for 1 hour.  

6.2.3 Hydrogel Composites 

6.2.3a Preparation of PLGA-PEG-PLGA 

PLGA-PEG-PLGA (PbP) is a triblock polymer with thermoreversible gelling 

behavior. Two blends of PLGA-PEG-PLGA were purchased from PolySciTech (AK24, 

AK19, Akina Inc.). One of these blends of PLGA-PEG-PLGA starts to gel at 17°C, 

herein referred to as PbP17 and the second gels at 40°C, herein referred to as PbP40. A 

mixture of the two blends of PLGA-PEG-PLGA was developed with the aim of 

producing a thermoreversible hydrogel that gels at physiological temperature, 37°C.  

Specifically, hydrogel solutions with 20% by weight of PbP and 80% by weight of 

Dulbecco’s Modified Eagle Medium (DMEM, MT10013CM, Fisher Scientific) were 

developed. For each, PbP17 and PbP40, 140 mg of PbP was added to an 8 mL glass vial 

(Fisher Scientific, 03-339-21D) with 560 µL of DMEM at 4°C. Dual-Asymmetric 

Centrifugal mixing, as referred to as speed-mixing (DAC 150.1 FVZ-K, FlackTek, Inc.), 

utilizes opposing rotational force to mix viscous suspensions and solutions via shear 

force. Speed-mixing at 2500rpm for 5 minutes was used to incorporate the PbP and 

DMEM. These mixtures were then stored at 4°C for 12 hours to facilitate complete 

dissolution of the PbP. After the 12 hours, the PbP/DMEM mixtures then underwent 

speed-mixing at 2500 rpm for 5 minutes to further homogenize the mixture. Each 

solution was then filtered through 0.2 µm syringe filters (Millex®, SLGV004SL, 
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Millipore) for sterilization. The resulting solutions were used as PbP17 and PbP40 stock 

to prepare hydrogel/ceramic composites. 

6.2.3b PbP/HA/MgO Synthesis 

All nanoparticles and PbP solutions were transferred in a laminar flow hood to 

maintain sterility.  In a sterile 8 mL glass vial, 354 µL of PbP17 solution and 284.6 µL of 

PbP40 solution were added. The resulting mixture underwent two cycles of speedmixing 

at 2500 rpm for 5 minutes and cooling in a water bath at 4°C for 5 minutes. Under sterile 

conditions in a laminar flow hood, 12.9 mg of HA was added. This mixture then 

underwent 3 cycles of speedmixing and cooling as described for mixing of PbP17 and 

PbP40. Then, 1.3 mg of MgO was added and the resulting mixture underwent another 3 

cycles of speedmixing and cooling. This resulted in PbP/HA/MgO suspension with a dry 

weight ratio of 90/9/1. PbP/HA, PbP/MgO, and PbP controls were made using the same 

procedure, except no MgO was added to PbP/HA, no HA was added to PbP/MgO and no 

nanoparticles were added to PbP.  

To prepare uniform hydrogels, a silicone mold was developed, diagramed in 

Figure 6.1. This mold had wells with a depth of 5 mm and a diameter of 5.5 mm via 3D 

printing (3D Bioplotter, EnvisionTEC). The silicone mold was place atop a glass slide 

(Fisherbrand 12-544-1). The flexibility of the silicone mold edges and the removable 

bottom, made for easier removal of hydrogels. The glass was sterilized in 70% ethanol 

for 1 hour while exposed to a sonic bath (Symphony SB70P). Then the mold and glass 

bottom were sterilized in a quartz dish in a UV sterilizer (M-2036, Meishida). Under 

sterile conditions, each hydrogel mixture was injected into the wells of the silicone mold 
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to form cylinders with a diameter of 5.5 mm and a height of 4 mm. The mold was placed 

into an incubator under standard cell culture conditions, 37°C with 5% CO2 for 1 hour to 

allow the gel to form. Composition of each gel is summarized in Table 6.1.  

6.2.4 Gelation Temperature 

Gelation temperature of each composite was determined while the hydrogel 

suspensions were in 8 mL vials. The vial, containing composite hydrogels, was placed in 

a water bath and temperature was increased incrementally from 4°C to 37°C. The mixture 

was maintained at each 1°C increment for 10 minutes, at which point, the vial was 

inverted and flow or lack of flow was observed. If no flow occurred, the mixture was 

considered to have gelled and the sol-gel temperature was recorded (Table 6.1). 

Representative images were taken of each hydrogel when in solution, gelled, and at 37ºC 

(Figure 6.2). Each sample was held 90º from an upright position for 1 minute and then 

photographed to demonstrate representative flow behavior.  

Figure 6.1: Diagram of silicone mold with removal glass base, used to make 

hydrogels of standard sizes. 
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6.2.5 Effect of PbP/HA/MgO on BMSCs 

6.2.5a BMSC Direct Exposure Culture 

Bone marrow derived mesenchymal stem cells (BMSCs) isolated from Sprague 

Dawley rat weanlings were used to evaluate initial cytocompatibility of the PbP hydrogel 

composites [24, 37]. To better mimic how established cells surrounding a microfracture 

may interact with injected PbP composites, the direct exposure culture method was 

utilized [35]. In brief, BMSCs at their second passage were seeded at a density of 10,000 

cells/cm2 into wells of a 24 well tissue culture treated plate (TCTP, Corning, Inc. 

353226). These cells were incubated for 24 hours prior to exposure to experimental 

materials under standard cell culture conditions, 37°C with 5% CO2/95% air and 

humidity. After 24 hours of culture, three representative wells were fixed and quantified 

to obtain adherent cell density prior to introduction of experimental materials. For the 

remaining wells, fresh media was exchanged and PbP composites and nanoparticle 

controls were added to their respective wells. The BMSCs then underwent an additional 

Table 6.1: Composition of PbP/HA/MgO and hydrogel controls and resulting 

gelation temperature. *These composites lost thermoreversibility, meaning these 

composites did not transition back to the solution phase after cooling. 
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24 hours of incubation while exposed to PbP composites or nanoparticle controls. At the 

end of this culture, media was collected for analysis and BMSCs were fixed with 4% 

paraformaldehyde. The fixed BMSCs were then stained with AlexaFlour® 488 phalloidin 

(Life Technologies), an actin stain, and 4',6-Diamidino-2-Phenylindole, Dihydrochloride 

(DAPI, Life Technologies), a DNA/nuclei stain. BMSCs were imaged under a 

fluorescence microscope (Nikon Eclipse Ti) and 10 images were collected for each well 

for excitation of DAPI and excitation of AlexaFlour® 488. Composite images of DAPI 

and AlexaFlour® 488 excitation were made to fully evaluate cell morphology using 

ImageJ. Cells were counted and cell density was calculated as adherent cells per area. 

6.2.5b Post-culture Media Analyses 

Immediately after collection, each tube of media was centrifuged at 3000 rpm for 

2 minutes to remove debris from PbP, HA, and MgO. The media was then separated from 

the resulting pellet and stored in sterile 15 mL conical tubes. Immediately following this, 

the pH of the media was determined using a pre-calibrated pH meter (Symphony SB70P, 

VWR) to limit effects of atmospheric CO2 on the bicarbonate buffering system present in 

DMEM. Each media sample was then diluted 1:100 in DI water to prepare for analysis 

via induced coupled plasma – optical emission spectrometry (ICP-OES, Optima 8000, 

Perkin Elmer). ICP-OES analysis was used to obtain media concentrations of Mg2+ and 

Ca2+ in order to evaluate release of ions from composites. Solutions of Mg and Ca at 

concentrations of 0.5 ppm, 1 ppm, and 5 ppm in nitric acid were used to generate a 

calibration curve for all Mg and Ca measurements, respectively. Measurements were 

reported as mg/L for Mg and µg/L for Ca. These values were then converted to mM by 
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dividing by the molecular weight of Mg (24.305 g/mol) and Ca (40.078 g/mol) for each 

and dividing by 1000 in the case of Ca to convert µM to mM. 

6.2.6 Statistical Analysis 

All experiments were run in triplicate. All data sets were analyzed using one-way 

analysis of variance (ANOVA) followed by the Tukey highest significant difference post 

hoc test. Statistical significance was considered at p < 0.05. 

 

Figure 6.2: Photographs of hydrogels in (A-D) solution phase, (Aʹ-Dʹ) gel phase, 

and at (Aʹʹ-Dʹʹ) body temperature.  
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6.3 Results 

 

6.3.1 Gelation Behavior of PbP/HA/MgO 

Gelation temperature of PbP/HA/MgO was dependent heavily upon the amount of 

HA and MgO present as summarized in Table 6.1. The gelation temperature of 

PbP/HA/MgO was 30-35ºC. The gelation temperature of controls PbP/HA, PbP/MgO, 

and PbP were 29-34 ºC, 28-33 ºC, and 27-33 ºC, respectively. Representative images 

showing behavior in the solution and gel state are included in Figure 6.2. PbP/HA/MgO 

had slow flow in the solution phase and no flow in the gel phase. PbP/HA showed more 

flow than PbP/HA/MgO but less than PbP in the solution phase and no flow in the gel 

phase. PbP/MgO behaved similarly to PbP/HA/MgO as it also has little flow in the 

solution phase and no flow in the gel phase. PbP showed free flow in the solution phase 

and no flow in the gel phase. None of the gels showed no-flow at 37 ºC, but 

PbP/HA/MgO exhibited limited and very slow flow. It was also observed that 

PbP/HA/MgO and PbP/MgO did not reverse back to the solution state after cooling down 

to 22ºC, indicating a loss of the reversibility of the thermosensitive response. Color also 

varied between samples. All samples showed decrease in transparency in the gel phase 

when compared to the solution phase. The decrease in transparency is due to the 

hydrogen bonding and hydrophobic interactions that occur to cause micelle formation 

and aggregation [6, 7]. As micelles form, the resulting change in structure causes 

diffraction of light, leading to increased opacity.  Additionally, PbP/HA/MgO and 

PbP/MgO were both pink in color while PbP/HA and PbP were yellow likely due to 

interactions with the pH indicator, phenol red, within DMEM.  
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6.3.2 Gel Behavior in Cell Culture 

Images of the hydrogels at the start and end of cell culture are shown in Figure 

6.3. There was difficulty removing PbP/HA/MgO from the mold resulting in a break in 

each of these gels. Otherwise, PbP/HA/MgO held shape when initially placed in culture 

and then degraded over 24 hours. PbP/HA and PbP/MgO also held shape initially and 

then degraded over the 24 hour cell culture. PbP had no structural integrity at 37 °C and 

as a result, could not be transferred to culture as a gel. Instead, PbP solution was added to 

cell culture for this control and no visible color or structural change was observed at the 

end of the 24 hour culture.  

6.3.3 BMSC culture with PbP/HA/MgO 

The morphology of cells after culture with PbP/HA/MgO and controls was 

evaluated via fluorescence microscopy (Figure 6.4). Cell size and morphology after 

exposure to PbP/HA/MgO, PbP/HA, PbP/MgO, PbP, and MgO were normal and 

comparable to the TCTP reference. Cell number and size visibly decreased for HA/MgO 

and HA nanoparticle controls.  

These trends in cell number were quantified as cell density (Figure 6.5). Cell 

density prior to the addition of hydrogels and nanoparticles was 2.8 x 103 ± 230 

cells/cm2. After 24 hours of exposure to PbP/HA/MgO the average cell density was 3 x 

103 ± 277 cells/cm2. The average cell density of wells exposed to PbP/HA and PbP/MgO 

was 2.4 x 103 ± 328 cells/cm2 and 3.3 x 103 ± 374 cells/cm2, respectively. PbP/HA/MgO, 

PbP/HA, and PbP/MgO showed statistically lower cell density compared to PbP, which 

was 5 x 103 ± 677 cells/cm2. Average cell density after exposure to HA/MgO, HA, and 
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MgO was 788 ± 215 cells/cm2, 1.1 x 103 ± 486 cells/cm2, and 5 x 103 ± 957 cells/cm2, 

respectively. Average cell density on the TCTP reference was 6 x 103 ± 784 cells/cm2.  

 

 

Figure 6.2: Photographs 

of hydrogels in BMSC 

culture at (A-D) 0 hours 

and (Aʹ-Dʹ) 24 hours. 
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Figure 6.3: 

Fluorescence images of 

BMSCs after 24 hours 

of direct exposure to 

(A) PbP/HA/MgO and 

(B-G) controls 

compared to (H) TCTP 

reference. Scale bar is 

100 µm. 
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6.3.4 Post-culture Media Analyses 

The presence of hydrogel and nanoparticles had minimal effect on pH (Figure 

6.6A). The pH of every condition remained between 7.77 and 8.33. Specifically, the pH 

of wells with PbP/HA/MgO was 7.77 ± 0.03, which was statistically significant 

compared to most other conditions, excluding PbP/HA, PbP/MgO, and DMEM. The 

average pH’s of PbP/HA and PbP/MgO were 7.87 ± 0.08 and 7.87 ± 0.06, respectively. 

The pH of wells containing just PbP was 8.00 ± 0.01. Bare nanoparticles seemed to have 

greater effect on pH with increases to 8.33 ± 0.05, 8.10 ± 0.03, and 8.22 ± 0.02 for 

HA/MgO, HA, and MgO, respectively. The average pH from reference wells, TCTP and 

DMEM, was 8.07 ± 0.13 and 7.95 ± 0.11, respectively.  

Figure 6.4: Adhesion density of BMSCs after direct exposure culture with 

PbP/HA/MgO and controls for 24 hours. BMSCs were seeded at a density of 

10,000 cells/cm2. Adherent cell density at introduction of experimental materials 

was 2.8 x 103 ± 230 cells/cm2. Values are mean ± standard deviation; n = 30. 

*p<0.05 

 

  

 



 180 

Magnesium ion concentration in the media was measured to determine potential 

release from composite materials (Figure 6.6B). PLGA/HA/MgO was shown to increase 

free Mg2+ in the media to 3.47 ± 0.23 mM. PbP/HA, PbP/MgO, and PbP containing 

media had Mg2+ concentrations of 0.82 ± 0.03 mM, 3.10 ± 0.40 mM, and 0.85 ± 0.48 

mM, respectively. Mg2+ concentration was 2.23 ± 0.21 mM, 0.76 ± 0.02 mM, and 3.83 ± 

0.31 mM for the nanoparticles, HA/MgO, HA, and MgO, respectively. Reference wells 

of TCTP and DMEM had Mg2+ concentrations of 0.81 ± 0.01 mM and 0.80 ± 0.01 mM, 

respectively. All MgO containing samples showed statistically greater Mg2+ 

concentration in the media compared to all other conditions.  

Calcium ion concentration in the media was also measured to determine how 

materials may affect deposition of calcium salts or release of free Ca2+ (Figure 6.6C). 

PLGA/HA/MgO containing wells had a Ca2+ concentration of 2.30 ± 0.33 mM. The Ca2+ 

concentration of PbP/HA, PbP/MgO, and PbP was 1.86 ± 0.05 mM, 2.16 ± 0.21 mM, and 

1.86 ± 0.06mM, respectively. Nanoparticles, HA/MgO, HA, and MgO resulted in Ca2+ 

concentrations of 1.27 ± 0.07 mM, 1.17 ± 0.01 mM, and 1.80 ± 0.02 mM, respectively. 

The TCTP and DMEM references had Ca2+ concentrations of 1.80 ± 0.02 mM and 1.84 ± 

0.03 mM, respectively.  

 



 181 

 

 

 

 

 

 

Figure 6.5: Media 

analyses after BMSC 

direct exposure culture 

with PbP/HA/MgO and 

controls. (A) Post-culture 

media pH, (B) Mg2+ ion 

concentration in the post-

culture media, and (C) 

Ca2+ ion concentration in 

the post-culture media. 

Values are mean ± 

standard deviation; n = 3. 

*p<0.05 

 



 182 

6.4 Discussion 

 

6.4.1 Gelation Behavior of the PbP/HA/MgO 

The composition of the polymer triblock, as well as the presence of nanoparticles, 

had great impact on gelation behavior of PbP (Table 6.1). As shown with PbP/HA/MgO 

and PbP/HA, the addition of HA increased gelation temperature due to an increase in 

hydrophilicity. This is consistent with similar HA-containing thermoreversible hydrogels 

[38, 39]. The addition of MgO also showed slight increase in gelation temperature, likely 

due to the increased hydrophilicity of the gel composite. However, it was also observed 

that the presence of MgO resulted in loss of thermoreversibility of gelation. It is possible, 

given the complementary electronegativity of each atom in the MgO crystal, that MgO is 

a suitable agent to allow hydrogen bonding and electrostatic interactions with the 

polymer to cause a crosslinking-like effect. Additionally, there are acidic residues within 

PbP that would readily interact with MgO, which is basic [27-32]. The crosslinking-like 

effect of MgO is likely the cause of loss of thermoreversibility. It has been previously 

shown that the addition of MgO to a carrageenan-based hydrogel resulted in increased 

stability and decreased burst release of drugs [40]. It is likely that the stabilizing factor 

observed in this study is similar to the crosslinking-like behavior observed with PbP. In 

1971, Alvey demonstrated that the addition of MgO increases the viscosity of nonacid-

terminated polyester resins [41]. This showed that MgO can interact with the polymer 

aside from acid/base reactions. It was also shown that the increase in viscosity is lost 

when MgO is exposed to water. This is in agreement with our observations of MgO in 

PLGA-PEG-PLGA hydrogels.  
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Color change was apparent during the shift from solution to gel phase for each 

sample (Figure 6.2). Generally, PbP composites in their solution phase tend to be more 

transparent and become more opaque as temperature is raised and the gel is formed. This 

is due to the fact that as temperature increases, micelles form and aggregate [7-12, 38, 

39]. The micelles reflect more light, leading to the opaque color when gelled. In addition 

to change in opacity, PbP/HA/MgO and PbP/MgO were pink in color while PbP/HA and 

PbP were yellow. The DMEM used in the gels contains phenol red, a common pH 

indicator. In the physiological pH region, between 6.8 and 8.2, Phenol red remains a 

bright red color. However, phenol red turns yellow at pH below 6.8 and turns pink above 

pH 8.2. The acidic residues on PbP resulted in the shift of color to yellow, while the 

presence of MgO increased pH to shift color to the pink range. As MgO is very basic, the 

addition of MgO, even in small quantities, was enough to cause a shift in pH of the gel 

back to the physiological region. 

6.4.2 Gel Behavior in Cell Culture 

All gels lost shape during the 24 hour culture, indicating probable degradation of 

the PbP (Figure 6.3). The presence of MgO made PbP/HA/MgO and PbP/MgO the most 

stable gels going into cell culture, but this effect was lost in just 24 hours. This was likely 

caused by the loss of crosslinking-like behavior due to hydration and dissociation of 

MgO. MgO is known to hydrate to form Mg(OH)2, which has a much less compact 

hexagonal crystal structure with a surface made up mostly of OH- [29-32]. The chemistry 

and larger crystal size of Mg(OH)2 makes it much less effective as a crosslinker, 

compared to MgO. MgO nanoparticles, particularly in small amounts (<200µg/mL), 



 184 

readily dissociate in physiologically-relevant media [32]. As MgO dissociated, any 

stabilizing effects were lost. Since MgO is known to produce hydroxide as it dissociates, 

this would further have negative effects on the stability of PbP [16, 42-45]. Like most 

metal oxides, MgO is also thought to produce oxygen radicals. Oxygen radicals tend to 

increase degradation of polymeric hydrogels, including PEG [12]. It is possible that 

hydroxide and/or oxygen radical released from MgO resulted in increased degradation of 

PbP. The loss of shape in PbP/HA, however, is likely due to non-ideal gelation 

temperature. PbP/HA and PbP had upper temperature limits of 34 °C and 33 °C 

respectively, which is below body temperature, 37 °C. Above this upper temperature 

limit, syneresis, the separation of polymer and fluid, started to occur, resulting in loss of 

gel integrity. A different PbP17/PbP40 ratio may have resulted in a more stable gel for 

these conditions, however these samples needed to serve as controls for the 

PbP/HA/MgO. Additionally, gelation temperature of PLGA-PEG-PLGA is controlled by 

ratio of LA:GA:EG, as well as total chain length. The total length of PbP40 was greater 

than PbP17, which was why its gelation temperature was higher. However, we found that 

the PbP40 did not form a gel with no flow during inversion, up to 50°C. This is likely due 

to the fact that increasing chain length also increases instability of the gel as micelle 

formation is hindered in larger sizes [46]. Therefore, increasing PbP40 in our complete 

PbP mix resulted in loss of integrity of the gel and was not a viable option. As a result, 

PbP was not stable at 37 °C and could not be added in gel form to cell culture. It is likely 

that this caused rapid loss of structure in all of our hydrogel samples, as even 

PbP/HA/MgO exhibited slow flow at 37 °C. 
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6.4.3 BMSC culture with PbP/HA/MgO 

While cells exposed to PbP/HA/MgO and composite controls exhibited healthy 

morphology, the decrease in cell density indicated potentially negative effects of PbP 

composites. Specifically, PbP/HA/MgO, PbP/HA, and PbP/MgO all performed similarly, 

resulting in statistically significant decrease in cell density when compared to the TCTP 

control, while PbP alone did not. This would indicate that PbP is cytocompatible but the 

release of nanoparticles decreased cell density. However, only HA/MgO and HA 

nanoparticle controls resulted in decrease in cell density, while MgO nanoparticles did 

not. Decrease in cell density from HA/MgO and HA is likely due to natural toxicity of 

nano-sized particles to cells, despite the chemical compatibility of HA. MgO dissociates 

within 24 hours, which would mitigate the toxicity associated with its nano-size [24]. The 

amount of MgO delivered in any MgO containing sample resulted in a MgO 

concentration of 650 µg/mL. This concentration was in the range, 500 µg/mL to 700 

µg/mL, determined to cause decrease to cell viability in our previous study [24]. 

However, as the MgO nanoparticles can settle quickly, the cell culture are plays more of 

a role in determining contact between MgO and cells than just concentration by volume. 

This previous study utilized a 12 well plate with a culture area roughly double the culture 

area of a 24 well plate. This makes the PbP/MgO sample particularly interesting as each 

of its components yielded no ill effect. It is possible that the acid/base interactions 

between PbP and MgO resulted in rapid release of hydroxide, and potentially other 

reactive oxygen species, that caused more detrimental effects to cells than either 

component on its own. It is also possible that its encapsulation in PbP slowed the 
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dissociation of MgO, allowing for more direct exposure of MgO to cells which has been 

shown to increase toxicity [24-26].  

6.4.4 Post-culture Media Analyses 

The pH of the media post-culture gave insight into how the PbP may have 

changed pH and, thus, cell response (Figure 6.6A). All measured pH was within 

physiological range. However, the pH of media exposed to PbP/HA/MgO, PbP/HA, and 

PbP/MgO was significantly less than the TCTP reference, indicating that PbP degraded 

and released acidic residues. However, PbP alone showed no significant change in pH 

compared to the TCTP reference, which may be due to comparable cellular activity or 

lack of degradation of PbP. PbP alone was unable to form a gel but it may be that 

hydrolysis of its ester linkages occurred at a slower rate in absence of nanoparticles, 

meaning that it did not truly degrade and instead remained as soluble PLGA-PEG-PLGA 

chains. The observed increase in pH from HA/MgO and MgO can be largely attributed to 

dissociation of MgO, as was expected from a previous study [24]. However, it is 

important to note that the buffering activity of bicarbonate found within DMEM can hide 

initial effects, as well as potential ongoing local effects, of pH from materials. 

Specifically, pH during degradation of PbP could reach lower than the pH observed at 24 

hours but the buffering activity takes time to adjust pH. Similarly, MgO was shown to 

increase pH within 5 minutes and sustain a higher pH in DMEM for at least 4 hours, 

despite returning to a physiological range after 24 hours [24]. This indicates that the pH 

measured at the end of the 24 hour culture may not be representative of the pH 

experienced by the cells, meaning that pH may play a role in the observed decrease in 
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cell density for PbP/HA/MgO. Previous studies with PLGA/PEG hydrogels loaded with 

HA have shown a slight increase in pH with increasing HA, which is in contrast to the 

trends with our PbP/HA sample [38, 39]. This may be due to difference in hydrogel 

media, in which previous studies utilized phosphate buffered saline and we used DMEM. 

The buffering capacity and interactions between media and PbP may cause the observed 

pH change with PbP/HA. 

Measured Mg2+ concentration in the media showed an expected dissociation of 

MgO in PbP/HA/MgO (Figure 6.6B). PbP/HA/MgO and PbP/MgO showed comparable 

Mg2+ concentration to bare MgO nanoparticles, indicating that encapsulation in PbP did 

little to mitigate dissociation of MgO. However, HA/MgO showed lower Mg2+ 

concentration in the media indicating that the presence of HA with MgO may stabilize 

MgO to prevent MgO dissociation, or cause deposition of more stable Mg-salts. 

Ca2+ concentration in the media gave an indication of how PbP/HA/MgO and 

control materials may affect the deposition of calcium salts, which is essential to bone 

healing (Figure 6.6C). PbP/HA/MgO and PbP/MgO showed a slight increase in Ca2+ 

concentration compared to the TCTP reference, however it was difficult to determine if 

this was due to the chemistry of the materials interacting with the media or from the 

release of intracellular calcium from BMSCs. Due to the lack of Ca2+ concentration 

change from PbP/HA, which also exhibited lower cell density, it is likely that the 

chemistry of PbP/HA/MgO and PbP/MgO caused the dissociation of calcium salts. Due 

to their shared valency Mg2+ can replace Ca2+ in calcium compounds, which may account 

for some of the observed Ca2+ release. However, bare HA/MgO showed an opposing 
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effect while bare MgO had no effect on Ca2+ concentration. It is possible that the 

difference in behavior of HA and MgO when loaded into PbP, or when bare, is due to 

difference in pH. Several studies suggest pH plays a role in solubility of calcium salts, 

including hydroxyapatite [47, 48]. While the pH between samples did not vary greatly, it 

is possible that pH vacillated more between samples at earlier timepoints in the study, as 

previously discussed. The acidic residues from PbP, combined with the effects of MgO, 

may have caused dissociation of calcium salts.  

6.5 Conclusion 

 

While PbP/HA/MgO may be beneficial as an injectable filler for bone defects and 

osteoporotic bone, significant improvement and optimization needs to occur to make it 

truly viable. Specifically, tailoring the ratio of LA:GA:EG in PbP is necessary to develop 

a more stable hydrogel matrix at body temperature, 37 ºC. Additionally, the reactivity of 

MgO in physiological media makes it detrimental to the structural integrity of PbP. If 

used in future hydrogels for medical applications, MgO should be coated or modified to 

mitigate rapid release of hydroxide and potentially other oxygen radicals. Combined, an 

improved PbP matrix loaded with HA and coated MgO may still provide a viable and 

minimally invasive treatment for small bone defects.  
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Appendix A: Supplementary Figures for Chapter 4 

 

 

 

 

  

Supplementary Figure A1: Macro-scale photographs of the dispersed 

nanocomposites, showing the larger scale production of well-dispersed 

nanocomposites with optical transparency. (A) PLGA, (B) nHA/PLGA_D, and 

(C) nMgO/PLGA_D. Scale bar is 1.5 cm. 
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Supplementary Figure A2: 

Representative 

fluorescence images of 

BMSCs that were directly 

cultured on the 

agglomerated 

nanocomposites for up to 

72 hours. (Aʹ-Gʹ) 24, (Aʹʹ-

Gʹʹ) 48, and (Aʹʹʹ-Gʹʹʹ) 72 

hours when compared 

with the (H-Hʹʹʹ) TCTP 

(Cells Only) reference. 

Blue stains nuclei and 

green stains F-actin. Scale 

bar = 100 µm. 
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Supplementary Figure A3: The raw values of BMSC adhesion density after they 

were directly cultured on the nanocomposites for up to 72 hours,  when compared 

with the controls and references. Values are mean ± standard error; n=15. *p<0.05 

compared to the TCTP (Cells Only) control for the respective time points. 
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Supplementary Figure A4: Media analyses after BMSCs were cultured with the 

agglomerated nanocomposites and controls for up to 72 hours. (A) post-culture 

media pH at each time point, (B) Mg2+ ion concentration in the post-culture media 

at each prescribed time point, and (C) Ca2+ ion concentration in the post-culture 

media at each prescribed time point. Values are mean ± standard error; n=3. 

*p<0.05 compared to the TCTP (Cells Only) control for the respective time 

points. 
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Appendix B: Supplementary Tables for Chapter 5 

 

  

Table B1: 

Numerical 

values of Cell 

Density on 

experimental 

samples and on 

the tissue 

culture plate 

after 24 hour 

and 48 hours 

of culture. This 

Table 

corresponds to 

values 

represented in 

Figure 5 and 

Figure 8. 

Values are 

mean ± 

standard 

deviation; n = 

3. ◊ p<0.05 

compared to 

corresponding 

PLGA/HA/Mg

O. □ p<0.05 

compared to 

TCTP. ∆ 

p<0.05 

compared to 

Glass. 
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Table B2: Numerical values of pH, Mg2+ concentration, and Ca2+ concentration 

from post-culture media analyses after 24 hours and 48 hours of culture. Mg2+ 

and Ca2+ concentrations are given in mM. This Table corresponds to values 

represented in Figures 9-11. Values are mean ± standard deviation; n = 3. ◊ 

p<0.05 compared to corresponding PLGA/HA/MgO. □ p<0.05 compared to 

TCTP. ∆ p<0.05 compared to Glass. 

 




