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Abstract 

 

 

Bone is a complex organ that serves many functions.  However, in cases of 

trauma, congenital malformations, and skeletal disorders, impaired healing occurs.  Bone 

tissue engineering is an alternative to conventional therapies such as bone grafting.  The 

work presented in this dissertation involves the development of a bone engineering 

approach whereby coprecipitation, a biomimetic strategy to precipitate bone-like apatite 

onto a biomaterial, is used to incorporate biomolecules in a spatially-controlled manner.   

The global hypothesis was that the coprecipitation of biomolecules with apatite 

can enhance cell response compared to adsorption, specifically: 1) enhancing transfection 

efficiency by coprecipitating DNA-lipoplexes with apatite and 2) enhancing osteogenic 

differentiation by coprecipitating multiple growth factors in a spatially controlled manner 

within apatite.  Coprecipitation spatially localized protein within apatite and allowed for 

higher protein retention compared to adsorption.  Applying these advantages towards 

gene delivery, the coprecipitation of DNA-Lipoplexes transfected cells with a higher 

efficiency compared to adsorption and polymer incorporation methods.   

To provide the design criteria for a multiple growth factor delivery system to 

better mimic in vivo conditions, BMP-2 and FGF-2 were chosen due to their roles in 

osteogenesis.  The concentrations and sequence of BMP-2 and FGF-2 had significant 

effects on osteogenic differentiation of BMSCs cultured on TCPS, with low 

concentrations of FGF-2 enhancing DNA content, and high concentrations of BMP-2 



 

 xvi 

enhancing osteogenesis.  Delivery of FGF-2 followed by BMP-2 or delivery of BMP-2 

followed by BMP-2 and FGF-2 enhanced osteogenic differentiation compared to 

simultaneous delivery.  For the hybrid delivery system, the individual release profiles of 

BMP-2 and FGF-2 were significantly affected by the concentration used during 

coprecipitation.  Utilizing coprecipitation to control BMP-2 and FGF-2 localization 

within apatite to mimic the sequential exposure required by BMSCs, minimal effects on 

DNA and osteogenic differentiation were demonstrated. The presence of mineral may 

have delayed or inhibited osteogenic response with a possible compensation upon 

sequential delivery.  

These organic/inorganic delivery systems have the potential of delivering multiple 

biomolecules to better mimic spatiotemporal gradients in the in vivo environment. 

Utilizing this novel approach to better simulate the cellular environment by manipulating 

interfaces can facilitate the development of multiple tissue systems. 
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Chapter 1  

Introduction to Biomimetic Materials 

 

1.1 Bone Biology and Clinical Motivation 

Bone is a complex organ that serves many functions, including providing motility 

and mechanical support for the body while maintaining a supply of essential minerals.  

Bone is typically composed of one-third organic matrix that provides structure and 

flexibility, while the remaining two-thirds are composed of minerals that provide the 

strength and load-bearing capabilities [1]. Bone undergoes a continual process of 

formation and resorption which is dependent on a regulatory system that responds to both 

internal and external stimuli.  In the cases of trauma, congenital malformations, and 

progressively deforming skeletal disorders, the regulatory system may not function 

properly, leading to delayed or impaired healing.   

In the United States, approximately 5.6 million fractures occur annually, and 

approximately 5-10% exhibit delayed or impaired healing. Thus, there is a clinical need 

for treatments that augment and/or accelerate healing [2].  Current medical solutions to 

augment or accelerate healing include bone grafting and direct administration of growth 

factors.  However, direct administration of growth factors is not always effective due to 

rapid diffusion of the factor away from the defect site, and loss of biological activity [3], 

while bone grafting is not optimal due to limited supply, the possibility of graft 

resorption, and the potential transfer of pathogens [4].  Additionally, metal implants are 
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also widely used; however, when the metal-alloy undergoes corrosion, the products can 

lead to a negative biological response [5].  Metal implants also require a second surgery if 

they fail, and in medical situations, are difficult to image clinically.  A growing 

alternative to these current therapies that could potentially overcome these limitations is 

bone tissue engineering, which involves the regeneration of bone through the use of 

engineering design to control the biological response of a system.   

 

1.2 Bone Tissue Engineering 

Bone tissue engineering uses engineering design to combine the following 

biological components essential in regeneration: cells, an extracellular matrix (ECM) 

analogue, and/or signaling molecules [3].  Three approaches that incorporate these 

important biological elements respectively are cell transplantation, conduction, and 

induction.  Cell transplantation approaches require the implantation of donor cells.  

Conductive approaches include the implantation of synthetic materials, which serve as an 

ECM analogue allowing the body to heal itself via selective activation of host cells while 

simultaneously preventing unwanted cells from entering the defect site.  Inductive 

techniques include the delivery of growth factors or plasmid DNA as signaling molecules 

that promote tissue regeneration.  An ideal bone tissue engineering approach would 

incorporate osteoconductivity, osteoinductivity, and the ability to support cell 

transplantation, as well as, biocompatibility, degradability, and mechanical integrity.   

Strategies for regenerating bone via inductive and/or cell transplantation 

approaches have focused on the use of biodegradable materials.  PLGA (poly-lactic-co- 

glycolic acid) is an FDA approved synthetic polymer currently used for sutures and in 
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drug delivery systems [6].   The degradation of PLGA results in the production of lactic 

and glycolic acid, which are present in normal metabolic pathways in the body [2].  

Inorganic materials used for conductive, inductive, and transplantation approaches 

include hydroxyapatite and tricalcium phosphate, which resorb slowly and have a high 

affinity for osteogenic factors [7].  By synthesizing a composite biomaterial that 

assimilates the characteristics of ceramics and polymers, a substrate can be developed 

that is biodegradable, osteoconductive, and a source of mechanical support.   

 

1.3 Biomineralization and Osteoconductivity 

Inorganic biomineralization has been used to synthesize conductive materials for 

use in bone tissue engineering.  The observation that direct bonding between implants 

and host bone occurs if a layer of bone-like mineral forms on the surface of the implant 

[8] has led to the utilization of biomimetic strategies to precipitate bone-like mineral onto 

a variety of substrates to induce bone formation.  Bone-like mineral is heterogeneously 

precipitated onto the surface of a substrate by utilizing a simulated body fluid (SBF), 

leading to the nucleation of a calcium phosphate coating.  For example, titanium implants 

coated with a uniform apatite layer exhibited significantly higher failure loads and more 

direct bone formation compared to uncoated implants [9]. The creation of a biomimetic 

apatite layer may therefore also enhance the function of transplanted cells.  Cells prefer 

an electropositive substrate for interactions and attachment [2, 10], therefore the 

formation of the biomimetic layer would enhance cell adhesion.   

Formation of biomimetically precipitated bone-like mineral requires the 

utilization of a supersaturated ionic solution, also known as simulated body fluid (SBF), 
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with ionic concentrations similar to those found in blood plasma (Table 1.1) [11].  Bone-

like mineral properties can be tailored by changing the ion concentrations, pH, and 

temperature of the SBF.  For example, mineral thickness, mineral morphology, and 

mineral dissolution kinetics can be controlled via increasing or decreasing the ion 

concentrations/ratios and/or mineralization time.  Additionally, depositing a layer of 

mineral via biomineralization techniques can be achieved at physiological temperatures, 

pressures, and pH, which is preferred over techniques such as sintering, which requires 

high temperatures and pressures.  Physiological conditions allow for the retention of 

biological activity when biomolecules are incorporated into the apatite. 

 

1.4 Biomolecules and Osteoinductivity 

 Osteoinductive properties can be integrated into a material by immobilizing 

proteins such as growth factors to surfaces using physical adsorption (affinity, 

electrostatic), physical entrapment (hydrogels, dispersed matrices), and covalent 

attachment [12].   Delivery systems for inductive molecules have been developed using 

different configurations ranging from microspheres to scaffolds and materials ranging 

from natural materials to synthetic polymers.  Protein immobilization to surfaces via 

different techniques (e.g. adsorption, entrapment, covalent attachment) can result in 

different loading efficiencies and levels of retention.  However, these methods can result 

in denaturation, irreversible binding of the proteins, and binding receptor changes [13].  

The ideal immobilization method should result in high retention of biomolecules after 

immobilization and a high fraction retaining their bioactivity over the appropriate time 

period for the clinical application of interest [12].   
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Methods of adsorption onto bioceramics include dispersing a growth factor over 

the surface of porous hydroxyapatite [14, 15], adsorbing antibiotic to each new layer of 

mineral deposited [16], and binding ceramic pellets together with gel with the growth 

factor adsorbed to the surface of the pellets [17].  The release profile of a surface 

adsorbed growth factor is rapid release, followed by a slower release based on the 

chemical and/or physical attraction between the material and the growth factor adsorbed 

[18, 19].  However, for some growth factors, a more sustained release is required to 

maximize physiological effects.  Sustained release can be achieved by encapsulating 

biomolecules, such as BMP-2 (bone morphogenetic protein-2) and TGF-β (transforming 

growth factor-β), in polymer microspheres [20, 21].  Coupling the microparticles to a 

scaffold provides structural support [22], but adverse effects include the possibility of 

protein denaturation depending on the processing procedures.  Proteins have been 

incorporated into hydroxyapatite crystals, and while this method resulted in a sustained 

release, limitations include protein/drug stability, dosing requirements (ease of injection) 

and low mechanical properties [23].    

Polymeric systems capable of incorporating biomolecules provide inductivity [24, 

25], but many lack osteoconductivity. Incorporation of growth factors in hydrogels is 

only appropriate for certain situations due to the inability of hydrogels to sustain a 

controlled release over a long period of time [26] and low load bearing ability. Larger 

proteins are also hard to incorporate in hydrogels due to stability and proteins can diffuse 

out before cells can respond to them [27]. Another option is the use of injectable carriers, 

but challenges include the narrow range of acceptable temperatures, the need for rapid 

polymerization, and the need for protein stability [26].   
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A method combining osteoconductivity and osteoinductivity was achieved by 

encapsulating rhBMP-2 within PLGA microparticles added to calcium phosphate cement 

powder [28].  While this method resulted in slow release, the total quantity released was 

low, and the compressive strength of the composite scaffold was much lower compared 

to an unloaded scaffold.  Biomolecules have also been incorporated into the polymer 

component of composite scaffolds and can be actively released in a timed fashion [29].   

Inductive techniques do not meet all of the criteria of an ideal bone tissue 

engineering approach.  Many approaches meet a single criterion such as 

osteoconductivity or osteoinductivity, but rarely both.  Developing a bone tissue 

engineering approach that meets all of the criteria is the motivation for utilizing 

coprecipitation to incorporate biomolecules within the biomimetically prepared bone-like 

mineral onto degradable polymer substrates.   

 

1.5 Coprecipitation 

A promising alternative to other methods of incorporation is the coprecipitation of 

biological factors and calcium phosphate.  Many techniques for depositing ceramics onto 

a substrate involve high temperatures and organic solvents, which may alter the 

conformation of a biomolecule and/or its biological efficacy [30].  An important 

advantage to coprecipitation is the ability to produce calcium phosphate coatings at a 

physiological temperature [31, 32], therefore minimizing conditions that would alter the 

biological activity of the factors.   

The process of coprecipitation has been used to incorporate a range of molecules 

within a layer of apatite including laminin, cytochrome C, and antibiotics [33-37]. 
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Coprecipitation has been utilized for incorporating BMP-2 into the biomimetic coatings 

prepared on titanium substrates with retention of biological activity [38].  The presence of 

the bone-like mineral layer will serve as an osteoconductive surface and as a source of 

mechanical support, design parameters not provided by a polymer system capable of 

temporal delivery. Integrating bone-like apatite with inductive factors in the development 

of a delivery system via coprecipitation allows for the efficient utilization of the apatite 

interface. 

 

1.6 Growth Factor Induced Osteogenic Differentiation  

The most common biological factors that are incorporated and released from 

biomaterials are growth factors.  Growth factors are proteins that regulate cellular signals 

in a concentration dependent manner and can stimulate or inhibit cellular migration, 

adhesion, proliferation, and differentiation.  Many cell types can produce the same 

growth factor and subsequently that single growth factor can act on other cells with 

similar or different effects.  Growth factors can also influence the activation of other 

growth factors in a synergistic or antagonistic manner.   

Typically, when a biomaterial carrier system is developed, only a single factor is 

delivered.  While the use of one growth factor can elicit cellular proliferation and/or 

differentiation [6, 39, 40], the biological environment is not limited to the activation of a 

single growth factor.  To better simulate the microenvironment that cells are subjected to 

in vivo, exposure to multiple biological agents with a spatial and temporal gradient would 

be ideal.  While there are carrier systems that deliver multiple factors, the means of 

varying the release can be limited in regards to localization of the factors of interest.  The 
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major obstacle in designing a delivery system that can deliver multiple types of 

biomolecules is the ability to control the spatial and therefore the temporal exposure of 

each biomolecule to the cells.  Because osteogenic differentiation is dependent on the 

gradients of multiple growth factors, as well as the concentration of the individual growth 

factors, either synergistic or antagonistic effects could result.  For example, vascular 

endothelial growth factor (VEGF) alone is not sufficient to improve healing of critical 

size bone defects, however by combining VEGF with BMP-4 (bone morphogenetic 

protein-4), enhanced healing was demonstrated [41].  On the other hand, combined 

application of osteopontin-1 (OP-1) and BMP-2 did not enhance bone regeneration over 

single growth factor applications [42].  Simultaneous application of insulin-like growth 

factor-I (IGF-I) and BMP-2 did not significantly increase alkaline phosphatase activity or 

calcium content; however, when the cells were first exposed to BMP-2 followed by IGF-I 

or BMP-2 and IGF-I, the best biological response was achieved, demonstrating the 

importance the sequence of delivery of the growth factors had on cellular response [43].  

By utilizing coprecipitation to incorporate the factors into a biomimetic apatite layer, the 

spatial localization and therefore the temporal release of multiple growth factors can be 

better regulated in comparison to superficially adsorbing the factors to the apatite.   

 Two specific growth factors that have important roles in osteogenic differentiation 

are BMP-2 and FGF-2 (fibroblastic growth factor-2).  BMP-2 is a member of the 

transforming growth factor (TGF-beta) superfamily.  In vitro, BMPs regulate growth and 

differentiation of cells in the osteoblast lineage.  BMSCs (bone marrow stromal cells) 

cultured in medium containing rhBMP-2 demonstrated an increase in the expression of 

osteopontin (OPN) and increased mineralization in comparison to cells not exposed to 
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rhBMP-2 [6].  In vitro, rhBMP-2 not only induces differentiation of osteoblastic 

precursors, but it also inhibits myogenic differentiation [44].  In vivo, BMP-2 can induce 

both bone and cartilage tissue formation [45].  BMP-2 is one of the earliest genes that is 

induced in fracture healing, with a second peak occurring late in the period of 

osteogenesis [46], which suggests that a simple burst release or sustained release would 

not be sufficient to elicit optimal results.   

Fibroblast growth factors promote cell growth, induce a mitogenic response, 

stimulate cell migration, and induce differentiation [47].  FGF-2 is a well known 

angiogenic factor and its angiogenic efficacy can vary with the dose in a nonlinear 

relationship [48].  However, FGF-2 has also demonstrated a role in osteogenic 

differentiation.  FGF-2 stimulated the replication of osteoprogenitor cells, which then 

further differentiated into an osteoblastic phenotype, however, prolonged treatment 

resulted in an inhibitory effect [49]. In vivo, FGF-2 coated HA implants induced higher 

bone formation compared to uncoated implants [50].  Because both of these growth 

factors have a role in the osteogenic regulatory process, they have been used in 

combination to elucidate their effects on each other, whether synergistic or antagonistic.  

FGF-2 stimulated cell growth and osteoblastic differentiation of dexamethasone treated 

MSCs, and upon exposing cells to both BMP-2 and FGF-2, bone formation was enhanced 

more than either growth factor individually [51], confirming again the importance of 

temporal gradients.   
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1.7 Plasmid DNA Induced Osteogenic Differentiation  

An alternative to the usage of growth factors is gene delivery.  Plasmid DNA can 

minimize or eliminate some of the disadvantages of using growth factors, including their 

short half lives, tissue selectivity, and the risk of toxicity [52].  Transfection of host cells 

in the defect site by the desired gene will promote secretion of the growth factor, 

potentially promoting regeneration [3].   

Gene therapy can be divided into two general categories: viral and non-viral 

methods. Viral methods [53-56] include retroviral vectors, adenoviral vectors, and 

lentiviral vectors.  Advantages to using viral vectors include high transfection efficiency 

for dividing and non-dividing cells, ability to integrate into the host genome, and high 

levels of expression after cellular transfection.  However, there are also disadvantages 

including high cost, difficulty preparing high titer supplies, limited control over 

expression, oncogenicity, and high immunogenicity [57, 58].   

Non-viral methods [54, 59, 60] encompass the usage of liposomes, cationic lipids, 

polymers complexed to DNA, or physical methods such as microinjection or gene gun 

delivery [57].  The advantages of using non-viral methods include the unlimited size of 

plasmid constructs, low cost, DNA stability under many conditions, and the ability of 

using delivery systems and carriers [58].  However, there are also disadvantages 

associated with the non-viral methods including lower transfection efficiency compared 

to viral methods and a risk of toxicity [2, 57, 58]. Non-viral methods of transfection can 

occur with both host cells as well as transplanted cells.  As cells are recruited to and 

migrate into the biomaterial carrier, they encounter DNA that is either released or 

entrapped in the matrix, uptake the plasmid, and release additional biomolecules that 
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direct cellular behavior [59, 61].  An optimal gene delivery system would involve 

targeting the desired cell type, promoting internalization by endocytosis, avoiding 

degradation, and promoting the delivery of plasmid through the nuclear membrane [62]. 

If transfection is successful, transcription, translation, and finally the expression of the 

desired protein will occur based on natural mechanisms [63].   

DNA can be encapsulated and released from carriers [64, 65]. Other common 

methods of condensing non-viral DNA for gene transfer use cationic agents such as 

polymers or lipids. DNA can also be complexed with cationic polymers that can enter 

cells through charge mediated interactions or receptor mediated endocytosis [57].  

Conjugating DNA with a cationic polymer or lipid would protect the DNA from nuclease 

degradation, minimize the negative surface charge, and target specific cell types through 

receptor ligand interactions [66].  DNA condensation also leads to a significant increase 

in mineralized tissue density compared to uncondensed DNA [60].  Disadvantages of this 

system include possible aggregation, and limited cellular internalization due to the 

interactions between the DNA and the biomaterial [57, 67].   

Cationic lipids have also been widely used for gene transfer.  A cationic lipid is 

composed of a hydrophilic lipid anchor, a linker group, and a positively charged head 

group.  The lipid anchor determines the properties of the lipid bilayer.  The linker group 

determines the stability, biodegradability, and transfection efficiency.  The head group 

interacts with the DNA and determines transfection and the cytotoxicity of the liposome 

formulation [66].  The term lipoplex is used to describe the structure that results when 

DNA is encapsulated within the lipid.  Both positively and negatively charged lipoplexes 

can be created, however, a positive charge ratio is used most frequently in in vitro studies 
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to assist interactions with cell membranes [66].  Cationic lipid mediated transfection, 

which has successfully transfected osteoblastic cell lines, is regulated by the dose of lipid 

used: the higher the dosage, the higher the transfection rate [68].   

Another method of gene transfection is calcium phosphate mediated transfection 

[63, 69].  The DNA is encapsulated within a calcium phosphate precipitate, which is then 

uptaken by the cell, resulting in gene expression [63]. The advantages to this method 

include protecting the DNA from degradation and encouraging cellular uptake, however, 

it exhibits a burst release [63], which may not always be the desired release profile.      

By utilizing coprecipitation to incorporate plasmid DNA into a biomimetic apatite 

layer, which can increase mechanical properties, osteoinductivity and osteoconductivity 

are combined into a single approach that has the ability to transfect transplanted cells.  

Increased mechanical properties due to the presence of the mineral may result in 

increased substrate stiffness.  By increasing substrate stiffness, cellular uptake of pDNA-

PEI condensates increases [70].  Biomineralized surfaces loaded with DNA supported 

cell growth and provided high concentrations of DNA in a localized area to cultured 

cells, and the extent of transfection could be controlled via the composition of the 

precipitating solution [71].  This technique has the potential to deliver an inductive factor 

to induce osteogenic differentiation.  For example, adenoviral BMP-2 gene transfer was 

used to transfect BMSCs, which were implanted in femoral defects inducing bone 

formation [72].  Additionally, direct application of the adenoviral BMP-2 vector induces 

ectopic bone formation in skeletal muscle [55].  Cationic lipid mediated BMP-2 gene 

transfer into primary BMSCs resulted in successful healing of critical sized defects [54].   
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1.8 Global Hypothesis and Specific Aims 

This thesis details a bone tissue engineering approach that incorporates 

osteoconductivity and osteoinductivity into the design of the supporting biomaterial.  

Osteoconductivity is derived from the formation of a biomimetic apatite layer on a 

poly(lactic-co-glycolic) acid (PLGA) substrate.  The coprecipitation of biomolecules, 

specifically growth factors and plasmid DNA, with biomimetically prepared apatite 

address the design criterion of osteoinductivity.  Utilizing coprecipitation enables the 

production of conductive calcium phosphate coatings at physiological temperatures that 

do not denature inductive factors, and also leads to increased protein loading and more 

controlled release in comparison to adsorption methods.  

The global hypothesis is that the coprecipitation of biomolecules with 

biomimetically prepared mineral can enhance cellular differentiation compared to 

superficially adsorbed biomolecules.  Specifically, the coprecipitation of plasmid DNA 

complexed to cationic lipid will increase the transfection efficiency of cells in 

comparison to polymer incorporation and adsorption methods. The coprecipitation of 

FGF-2 and BMP-2 with biomimetically prepared mineral in a spatially controlled manner 

will accelerate the creation of a mineralized extracellular environment on PLGA 

substrates.  

To address the global hypothesis, the following aims were proposed: 1) to 

demonstrate that coprecipitation can be used to localize a model protein within the 

mineral in a spatially controlled manner for delivery (Chapter 2); 2) to develop an 

organic/inorganic hybrid by coprecipitating plasmid DNA complexed with a cationic 

lipid into the apatite layer nucleated onto polymer substrates (Chapter 3); and 3) to design 
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an organic/inorganic hybrid by coprecipitating osteogenic growth factors within bone-

like apatite that releases the growth factors based upon the criteria provided by the 

osteogenic response of BMSCs on tissue culture plastic (Chapter 4 and 5).   

Chapter 2 details the development of an inorganic/organic hybrid utilizing bovine 

serum albumin as a model protein.  The aim was to determine if utilizing coprecipitation 

to incorporate protein with the apatite would allow for increased loading in comparison to 

adsorption, and if changing coprecipitation times would allow for spatial control of the 

protein through the thickness of the mineral.  Spatial localization would therefore allow 

more control over the temporal exposure of each biomolecule to the cells.   

Coprecipitation can be used in both gene and growth factor delivery where release 

is substrate mediated.  Based on the ability of coprecipitation to increase loading in 

biomimetic apatite, Chapter 3 details the coprecipitation of DNA-lipoplexes in the 

development of an inorganic/organic hybrid capable of non-viral delivery to cells. By 

combining the complexation of DNA with a cationic lipid (condensation of DNA) and 

calcium phosphate coprecipitation (high, homogeneous distribution and retention of DNA 

on the apatite surface), the transfection efficiency of cells can be increased in comparison 

to adsorption and polymer incorporation methods. 

Before substrate mediated delivery of growth factors can be developed, a 

determination of the concentration and sequence of delivery of the growth factors of 

interest, BMP-2 and FGF-2, for optimal differentiation of BMSCs is needed.  It was 

hypothesized that the desired sequence of growth factors that synergistically enhances 

cellular differentiation of BMSCs would be best achieved by a release of FGF-2 followed 

by a slower release of BMP-2.  In Chapter 4, the concentrations and the sequence of 
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delivery necessary for these two growth factors to enhance osteogenic differentiation of 

BMSCs were studied. In Chapter 5, based on the ability of coprecipitation to spatially 

localize biomolecules within biomimetic apatite, a hybrid delivery system was developed 

that sequentially delivers FGF-2 and BMP-2 from apatite with the aim of mimicking the 

osteogenic differentiation of BMSCs on TCPS.  Release profiles of the growth factors 

were determined, as well as the extent of cellular differentiation in vitro as regulated by 

the spatial localization of BMP-2 and FGF-2 within the mineral.  

 

1.9 Summary 

 The studies contained in this dissertation focused on coprecipitation as a method 

to incorporate growth factors and plasmid DNA within biomimetically prepared mineral 

to direct and enhance cellular response.  This bone tissue engineering approach 

encompasses conductivity, via the presence of the apatite mineral, inductivity, provided 

by the presence of either growth factors or plasmid DNA, while also allowing for better 

control over the spatial, and therefore the temporal gradients that are necessary for 

enhancing osteogenic differentiation. 

The biological significance of these studies relates to better simulating the 

environment that cells reside in, due to the action of multiple growth factors or the 

induction of genes.  The clinical significance of these studies relates to the possibility of 

delivering multiple genes or factors in a safe manner that can be controlled, while 

simultaneously providing mechanical support, biocompatibility, and biodegradability 

through the supporting biomaterial potentially accelerating bone regeneration. 
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Table 1.1: An abbreviated list of commonly used Simulated Body Fluids.   

Na
+

K
+

Mg
2+

Ca
2+

Cl
-

HCO3
-

HPO4
2-

SO4
2-

Human blood plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5

1 X SBF 145.2 5.0 1.5 2.5 152.0 4.2 1.0 0.5

1 X modified SBF 145.2 6.0 1.5 5.0 157.0 4.2 2.0 0.5

1.5 X SBF 213.0 7.5 2.3 3.8 223.0 6.3 1.5 0.8

2 X SBF 284.0 10.0 3.0 5.0 297.6 8.4 2.0 1.0

Ion Concentration (mM)
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Chapter 2  

Spatial Control of Protein Within Biomimetically Nucleated Mineral
1
  

 

2.1 Introduction 

The clinical basis for bone regeneration is the correction of bone defects caused 

from trauma, congenital malformations, and progressively deforming skeletal disorders.  

Bone tissue engineering provides an alternative to bone grafting and direct usage of 

growth factors to regenerate bone.  An ideal bone tissue engineering approach would 

incorporate osteoconductivity and osteoinductivity into the design of the supporting 

biomaterial, as well as biocompatibility, degradability, mechanical integrity, and the 

ability to support cell transplantation.    

Direct bonding between implants and bone, the ultimate goal of 

osteoconductivity, occurs if a layer of bone-like mineral forms on the surface of the 

implant [1].  It has therefore been hypothesized that formation of bone-like mineral layer 

within the pores of a tissue engineering scaffold may enhance the conduction of host cells 

into scaffolds [2], and also enhance osteogenic differentiation of transplanted cells seeded 

on scaffolds [3].  Such a biomimetic system maintains porosity, which is important to cell 

migration, as well as biocompatibility, mechanical integrity, and degradability [1, 2].  

While the scaffold serves as a carrier for the growth factor [4], the bone-like mineral 

                                                 
1
 Published as Luong, LN et al., Biomaterials 2006; 27:1175-1186 
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system enhances the osteoconductivity and mechanical properties of the scaffold and 

serves as a platform for all three tissue engineering approaches.   

Osteoinductive properties can be integrated into a scaffold using methods to 

immobilize proteins to surfaces such as adsorption, cross-linking, covalent binding, and 

entrapment, each of which results in different loading efficiencies and levels of protein 

retention [5].  Growth factors have been adsorbed to calcium phosphate ceramic surfaces, 

allowing these materials to serve as delivery systems [6, 7].  Variations of protein 

adsorption onto bioceramics include dispersing a growth factor over the surface of porous 

hydroxyapatite [8, 9], adsorbing antibiotic to each new layer of mineral deposited [10], 

and binding ceramic pellets together with gel with the growth factor adsorbed to the 

surface of the pellets [11].  These techniques are dependent on two factors: the substrate, 

and the specific growth factor used.  The release profile of a surface adsorbed growth 

factor is rapid release, followed by a slower release based on the chemical and/or 

physical attraction between the material and the growth factor adsorbed [12, 13].  In some 

cases, however, a more sustained release or a pulsatile release is required for a growth 

factor to be effective.   

Coprecipitation of proteins and calcium phosphate is another method that has 

been used to incorporate growth factors on metal substrates, such as titanium alloy 

implants [14-16].  An important advantage to this approach is the ability to produce 

calcium phosphate coatings at a physiological temperature, therefore minimizing 

conditions that would change the biological activity of the factors [17, 18].  

Coprecipitation leads to a more controlled protein release in comparison to adsorption 

methods, as well as increases the protein loading capacity [14].  Coprecipitation of 
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bovine serum albumin, tobramycin, or recombinant human bone morphogenetic protein 2 

and calcium phosphate onto titanium resulted in the retention of biological activity [14, 

15, 19].  The main disadvantage of this system is the thickness of the coating created, 

which can be as thick as 50 µm [14].  If porous scaffolds were used as the platform for 

tissue engineering and growth factor release, the thick coatings could obscure the pores, 

restricting transport and cellular access, and possibly access to the growth factor.     

In this study, we examined coprecipitation and surface adsorption schemes with 

respect to their abilities to control the spatial quantity and localization of a model protein, 

bovine serum albumin (BSA), that is incorporated into a biomimetic apatite layer 

nucleated onto polylactic-co-glycolic acid (PLGA) films.  Protein incorporation was 

characterized by determining: 1) its presence in the film; 2) the quantity of protein 

incorporated; 3) the effects of rinsing on protein retention; 4) the morphology of the 

mineral with protein incorporated; and 5) the localization of the protein.   

 

2.2 Materials and Methods 

2.2.1 PLGA film preparation 

  The films (approximately 30-80 µm thick) were prepared using 5 wt. % PLGA, 

85:15 PLA:PGA ratio (Alkermes), in chloroform solution.  The films were cast in 10 cm 

glass Petri dishes, then covered with aluminum foil and air dried for at least 24 hours 

under a fume hood.  The films were cut into 2 X 2 cm
2
 squares and etched in 0.5 M 

NaOH for seven minutes per side.  They were rinsed with Millipore water before use.  
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2.2.2 Modified simulated body fluid and proteins used 

A modified simulated body fluid (mSBF, which contains 2X the concentration of 

Ca
2+

 and HPO4
2-

 as standard SBF) was used to mineralize the films [20].  mSBF consists 

of the dissolution of the following reagents in Millipore water: 141 mM NaCl, 4.0 mM 

KCl, 0.5 mM MgSO4, 1.0 mM MgCl2, 4.2 mM NaHCO3, 5.0 mM CaCl2∙2H2O, and 2.0 

mM KH2PO4, whereas standard SBF contains 2.5 mM CaCl2∙2H2O, and 1.0 mM 

KH2PO4.  mSBF was prepared at 25°C and titrated to pH 6.8 using NaOH to avoid 

homogeneous precipitation of calcium phosphate.  BSA was obtained from Sigma-

Aldrich (A3294).  Fluorescein-isothiocyanate (FITC)-labeled BSA was used in the 

protein localization experiments (Sigma-Aldrich, A9771). 

2.2.3  Protein incorporation methods 

In order to compare coprecipitation versus adsorption and quantities of protein 

loaded via the different protein incorporation methods, the following groups were 

examined: (1) 6 days coprecipitation of apatite and BSA; (2) 3 days apatite 

mineralization, 3 days BSA adsorption; (3) 3 days apatite mineralization, 3 days 

coprecipitation of apatite and BSA; (4) 3 days apatite mineralization, 2 days BSA 

adsorption, 1 day apatite mineralization; (5) 3 days apatite mineralization, 2 days 

coprecipitation of apatite and BSA, 1 day apatite mineralization; (6) 3 days apatite 

mineralization, 3 days acid etched BSA adsorption (10 mM EDTA); and (Control) 6 days 

apatite mineralization. 

For mineralization, films were submerged in 40 ml of mSBF.  Coprecipitation 

was accomplished by submerging the films in 40 ml of mSBF containing 200 μg/ml of 

BSA.  Both mineralization and coprecipitation were carried out at 37°C and the solutions 
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were exchanged daily in order to replenish the ion concentration to supersaturated levels.  

For the samples subjected to adsorption, 0.25 ml of phosphate buffered saline (PBS) 

containing 200 μg/ml BSA was pipetted onto each film per day of adsorption. For Group 

6, the protein was adsorbed to the surface using 10 mM ethylenediaminetetraacetic acid 

(EDTA), a technique which is based on higher protein retention to etched surfaces [9].    

2.2.4 Protein presence 

 The incorporation of BSA was determined using Fourier Transform Infrared 

Spectroscopy (Spectrum BX FT-IR, Perkin-Elmer).  The calcium phosphate coatings 

were scraped off each of the samples (n=2) using a ratio of approximately 300:1 of KBr 

to sample coating.  A pellet was then prepared from this mixture.  FT-IR spectra were 

recorded from 400 to 4000 cm
-1

 and baseline corrected.  

2.2.5 Protein quantification 

BSA was quantified using a Micro-Bicinchoninic acid (BCA) assay or BCA assay 

(Pierce, IL), depending on the concentration range.  Samples (n=7) were demineralized in 

10 mM HCl.  The samples were placed on a magnetic stir plate and agitated at 300 rpm 

for three days.  The samples were incubated in reagents containing Na2CO3, NaHCO3, 

bicinchoninic acid, Na2C4H4O6·2H2O in 0.1 M NaOH, and 4% cupric sulfate, provided in 

the kit at 60ºC for one hour for the Micro-BCA assay, or for half hour for the BCA assay.

 Absorbance was measured using a UV spectrophotometer (SmartSpec 3000, 

BioRad) at 562 nm, and BSA concentration was determined based on standards.  The 

BSA concentration in each of the groups was normalized to mineralized control 

concentrations.  

http://en.wikipedia.org/wiki/Sodium
http://en.wikipedia.org/wiki/Carbonate
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2.2.6 Protein retention 

To remove excess protein, samples were rinsed by gently dipping each film (n=7) 

in Millipore water for 10 s.  Samples were dried in a fume hood and placed in a vacuum 

desiccator until analyses were performed.  Protein presence was confirmed using FT-IR, 

and protein concentration was quantified using the BCA assay kits.   

2.2.7 Mineral and mineral/protein coating morphology 

 Mineral morphology with and without BSA was examined using scanning 

electron microscopy (Philips XL30 FEG Scanning Electron Microscope).  Sample films 

(n=2) were coated with a thin layer of gold and examined at 3 kV. 

 High resolution transmission electron microscopy (HRTEM, Jeol 2010) was 

operated at an acceleration voltage of 200 kV to examine the crystal orientation of the 

mineral deposited on the polymer substrate.  Rectangular glass plates, 2 X 2 cm
2
 and 1 

mm thick were coated with PLGA and used as a substrate for apatite deposition.   

Samples with BSA incorporated via coprecipitation and samples without BSA 

incorporated were examined.  Samples with BSA incorporation were coprecipitated for 7-

8 days and samples without BSA were mineralized for 7-8 days.  Additional days of 

coprecipitation or mineralization were needed in order to produce flakes that were 

appropriate for analyses.  Calcium phosphate flakes were removed by breaking or 

dissolving PLGA between the calcium phosphate and the glass plate.  The flakes were 

placed over a 1 mm diameter hole on a Cu grid.  The grids were ion-milled on a liquid 

nitrogen stage at 5 kV using an incidence angle of 11-12°.  Ion-milling was performed 

below -100°C in order to prevent damage to the sample [21].  The specimen rotation 

drive rod was submerged in liquid nitrogen for at least one hour prior to ion milling.  To 

http://emalwww.engin.umich.edu/emal/instruments/xl30feg.html
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obtain a large but thin area on the mineralized film, a laser terminator was used to 

terminate power.   

2.2.8 Protein localization 

 To visualize the spatial distribution of BSA in the different sample groups, a ratio 

of 7:1 of BSA:FITC-labeled BSA was used.  Protein incorporation groups 1, 2, 3, 5, and 

the control group were studied (n=3/group).  Samples were produced by coating the 

surface of 2 X 2 cm
2
 glass cover slips with 5 % wt. PLGA, 85:15 PLA:PGA ratio.  The 

cover slips were dried in a fume hood and protein was incorporated as previously stated.  

After the incubation period, the samples were rinsed in three washes of Millipore water 

and dried in a fume hood.  A small section was cut from the film and placed on a cover 

slide.  A cover slip was glued on top of the sample and then the slide was viewed using 

confocal microscopy (Nikon TE 3000 Inverted Microscope) at an excitation wavelength 

of 488 nm.  Using the BioRad Radiance 2000 LaserSharp imaging program, a series of 

images was taken in 2 µm intervals through the thickness of the film (approximately 100 

µm) using 60X magnification oil immersion.  A side depth profile through the thickness 

of the mineral layer on each of the films was obtained by stacking the series of images. 

2.2.9 Statistical analysis 

 BCA assay results were analyzed with significance defined as p<0.05.  The 

Kruskal-Wallis One Way ANOVA on Ranks was used to analyze the effects of protein 

incorporation method on the amount of BSA within the mineral.  The Student-Newman-

Keuls post hoc comparison test was used for pair-wise comparisons.   To determine the 

effects of rinsing, unrinsed and rinsed samples from each experimental group were 

analyzed via t-tests. 
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2.3 Results  

2.3.1 Coprecipitation incorporated protein into the biomimetic mineral coating 

 The FT-IR spectra of all of the biomimetic mineral coatings show phosphate 

absorption bands of hydroxyapatite at ca. 1031, 600, and 561 cm
-1

, and a carbonate peak 

at 1456 cm
-1

 (Figure 2.1) [22].  An amide peak is shown for all three coprecipitated 

groups at 1652 cm
-1

 (Figure 2.1) [23].  An additional smaller amide peak was also 

detected at 1539 cm
-1

 [23]. A peak at ca. 1635 cm
-1

, near one of the amide peaks, is 

apparent in the mineralized control as well as the surface adsorbed samples, and is 

associated with the presence of water or octacalcium phosphate [22]. 

2.3.2 Coprecipitation resulted in significantly higher incorporation 

 The different protein incorporation methods resulted in significantly different 

amounts loaded into the films, p<0.001 (Figure 2.2).  The results are provided as the 

concentration (µg/ml) of protein in 10 mM HCl (demineralization solution).  All three 

coprecipitation groups (1, 3, 5) have significantly higher amounts of protein (p<0.05) in 

comparison to the three surface adsorption groups (2, 4, 6) (Figure 2.2).   When 

comparing the coprecipitation groups, protein loading was also significantly higher for 

Group 3 (3 day mineralization, 3 day coprecipitation) compared to Group 1 (6 day 

coprecipitation), and Group 5 (3 day mineralization, 2 day coprecipitation, 1 day 

mineralization), p<0.05.  When comparing the surface adsorption groups, protein loading 

was significantly less for Group 4 (3 day mineralization, 2 day surface adsorption, 1 day 

mineralization) compared to Group 2 (3 day mineralization, 3 day surface adsorption) 

and Group 6 (3 day mineralization, 3 day surface adsorption using acid), p<0.05. 
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2.3.3 Coprecipitation leads to higher protein retention in comparison to adsorption 

After rinsing to remove excess protein from the surface, amide peaks were still 

apparent in the spectra of the coprecipitated samples (Figure 2.3).    The amide (1652 and 

1539 cm
-1

), carbonate (1456 cm
-1

), and phosphate (1031, 600, and 531 cm
-1

) peaks that 

were present in the unrinsed samples were also denoted in spectra of most of the 

coprecipitation rinsed samples.  The amide peak intensity decreased for Group 3 (3 day 

mineralization, 3 day coprecipitation), and for Group 5 (3 day mineralization, 2 day 

coprecipitation, 1 day mineralization) after rinsing (e.g. compare the peak at 1652 cm
-1 

in 

Figure 2.3 to Figure 2.1).   

While rinsing significantly affects protein retention in the surface adsorbed 

samples, there was no significant difference in retention when the coprecipitated samples 

were rinsed (Table 2.1).  The efficiency of protein retention of each group was 

determined by obtaining the ratios of the quantity loaded after rinsing to the quantity 

loaded before rinsing.  A ratio of approximately 1 is indicative of high protein retention 

after rinsing.  A ratio much less than 1 is indicative of low protein retention.  Two surface 

adsorption groups (Groups 2 and 6) showed significantly lower protein loaded onto the 

films after rinsing (p<0.001). The one exception was Group 4 (3 day mineralization, 2 

day surface adsorption, 1 day mineralization), p=0.126.   

2.3.4 Protein coprecipitation changed mineral morphology 

 Incorporation of BSA via coprecipitation lead to changes in the plate-like mineral 

morphology observed in mineralized controls, while BSA incorporation via surface 

adsorption did not change the plate-like mineral (Figure 2.4). Control samples (6 day 

mineralization) exhibited plate-like morphology that is well defined with sharp edges 
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(Figure 2.4, Control).    Differences in morphology were found between the surface 

adsorbed and the coprecipitated samples.  For the 6 day coprecipitation (Panel 1) and the 

3 day mineralization, 3 day coprecipitation samples (Panel 3), the crystal plates were 

more rounded and there was less growth out of plane of the substrate due to the 

incorporation of BSA into the mineral.  For the 3 day mineralization, 3 day 

coprecipitation samples (Panel 3), changes were apparent due to the absence of definable 

sharp plate edges.  The 3 day mineralization, 2 day coprecipitation, 1 day mineralization 

sample (Panel 5), where the last day of treatment was mineralization without protein 

addition, showed similar plate-like structures to the control.  The presence of the pipetted 

PBS/BSA solution on the mineral surface in the 3 day mineralization, 3 day adsorbed 

sample is characterized by the smooth material that appears on the left hand side of the 

image (Panel 2).  Although the presence of PBS/BSA was not as apparent in the 3 day 

mineralization, 2 day surface adsorption, 1 day mineralization sample (Panel 4), the 

plate-like structures were similar to the control.  The plate-like structures were not 

rounded like the structures that were present in the 6 day coprecipitation sample (Panel 1) 

or in the 3 day mineralization, 3 day coprecipitation samples (Panel 3).   The acid etched 

sample (Panel 6) shows complete coverage of the acid/protein over the entire surface of 

each nucleation site resulting in smooth coverage.   

 HRTEM images of the films (A) without and (B) with BSA coprecipitation 

displayed plate-like apatite (Figure 2.5). The size, shape, and distribution of the apatite 

crystals did not appear to be affected by the presence of BSA. However, a careful 

examination of the samples revealed that the coprecipitated apatite consisted of locally 

parallel layers, all parallel to the long axis of the plates (Figure 2.5 B, marked with 
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arrows) whereas the layers were not visible in the samples without BSA coprecipitation 

(e.g. Figure 2.5A). Diffraction patterns from the samples (A) without and (B) with BSA 

coprecipitation exhibited differences in the crystallographic orientations. The (002) ring 

observed in the samples without BSA (A) is not visible in BSA coprecipitated samples 

(B).  

2.3.5 Coprecipitation allows for control over the localization of the protein  

For the 6 day coprecipitation sample (Group 1), fluorescence was present 

throughout the thickness of the mineral layer (Figure 2.6, Panel 1).  At the bottom of the 

mineral layer (layer closest to the polymer substrate), fluorescence occurred in the center 

of each nucleation site, and increased in intensity as more mineral and protein were 

deposited.  In Group 2 (3 day mineralization, 3 day surface adsorption) little of the 

protein was adsorbed to the surface of the mineralization sites.  Also, because the protein 

was surface adsorbed, the fluorescence was only on the surface of the mineral.  Images 

closer to the polymer substrate show the fluorescence surrounding a dark circular center.  

Group 3 (3 day mineralization, 3 day coprecipitation) demonstrated a similar principle of 

coprecipitation to Group 2.  The images closest to the substrate show fluorescence 

surrounding a dark center; towards the top of the mineral layer, fluorescence was 

exhibited throughout the entire mineralization site.  For Group 5 (3 day mineralization, 2 

day coprecipitation, 1 day mineralization), fluorescence occurred as a shell closer to the 

polymer substrate.  At the surface of the mineral (top image), darker circles were also 

present and fluorescence was less intense.  The additional dark circles were due to the 

additional day of mineralization that occurred for those samples.  The mineralization that 
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occurred on the last day had no protein incorporated; therefore fluorescence should not be 

present.      

Side depth profiles were obtained by stacking the images acquired through the 

100 µm thickness of mineral and substrate show fluorescence through the thickness 

(Figure 2.7).  Consistent fluorescence occurred over a flat surface in the 6 day 

coprecipitation samples (Panel 1), which is not the case for the other groups.  The 3 day 

mineralization, 3 day coprecipitation sample (Panel 3), and the 3 day mineralization, 2 

day coprecipitation, 1 day mineralization sample (Panel 5) both showed an uneven 

fluorescence due to the mineral nucleation sites that occurred before FITC-labeled BSA 

was incorporated.  In the 3 day mineralization, 3 day surface adsorption sample (Panel 2) 

fluorescence is also uneven, again due to the presence of the mineral nucleation sites that 

do not contain FITC-labeled BSA.     

 

2.4 Discussion 

 There are various ways to immobilize proteins to surfaces, including physical 

adsorption, cross-linking, covalent binding, and entrapment.  These methods have 

varying loading efficiency and varying levels of protein retention with manipulation [5].  

Physical adsorption leads to low levels of loading while entrapment maintains high levels 

of loading;  protein retention is low for physical adsorption and high for entrapment 

techniques.  While coprecipitation of mineral and protein has been investigated using 

titanium alloy implants and supersaturated calcium phosphate solutions, it has not been 

investigated on a polymer substrate.  The focus of this study has been on the use of mSBF 

and BSA to form a thin organic/inorganic layer on an organic film at a physiological pH, 
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temperature, and pressure, leading to spatially controlled protein localization within the 

mineral layer.   Using BSA as the model protein, we have demonstrated that more protein 

can be incorporated into a mineral layer nucleated onto PLGA films via coprecipitation 

than via surface adsorption, and coprecipitation also allows for more control over protein 

localization in comparison to surface adsorption. By being able to control protein loading 

and spatial localization, it is hypothesized that a desired biological response can be 

elicited due to the resultant protein or growth factor release profile.    

 The presence of the amide bands in the FT-IR spectra showed that BSA was 

incorporated into both the coprecipitated and the surface adsorbed mineral, with a slight 

difference in amide intensity.  The presence of phosphate and carbonate groups 

confirmed the presence of a carbonated apatite mineral [22].   

 Coprecipitation incorporates significantly more protein into a biomimetic apatite 

layer than surface adsorption.  BSA is an acidic protein that is negatively charged at a pH 

of 6.8, therefore electrostatic interactions are important [24].  Through the interactions of 

its COOH groups, BSA binds to the Ca
2+

 on the surface of the mineral [24].  Another 

possibility is a conformational change upon attachment of BSA to the mineral surface, 

resulting in the exposure of NH3
+
 groups, and therefore interactions between BSA and 

mineral would occur with the phosphate groups [24].  These interactions lead to higher 

incorporation via coprecipitation because mineral and protein were deposited together 

through the thickness of the mineral layer, whereas in adsorption, these interactions were 

limited to the surface.  

The significant increase in protein quantity when using 3 day mineralization, 3 

day coprecipitation in comparison to a 6 day coprecipitation suggests that the preliminary 



 

 36 

mineral layer that was deposited increases the affinity of the protein, thus increasing its 

incorporation.  BSA is a negatively charged protein, and PLGA a hydrophobic polymer.  

The mineral layer is both positively and negatively charged, and with the presence of this 

layer the protein can better interact with the biomaterial surface.  In the current study, 

once BSA has been incorporated onto the mineral surface, it increases the affinity for 

additional calcium phosphate deposition through its interactions with Ca
2+

.  The initial 

precipitated mineral serves to attract more BSA to the surface [25], resulting in a cyclical 

process.  With the 6 day coprecipitation group, the preliminary mineral layer is absent, 

therefore protein cannot be deposited as easily due to the absence of Ca
2+

 molecules.   

There was no significant difference in protein loaded between 6 day (Group 1) 

and 2 day (Group 5) coprecipitation.  Thus, by premineralizing the films, fewer days of 

coprecipitation are needed to achieve the same amount of protein loaded.  The significant 

decrease in protein amount between the 3 day mineralization, 2 day surface adsorption, 1 

day mineralization group and the 3 day mineralization, 3 day adsorption group indicates 

that a polymer film that has protein adsorbed loses a majority of the protein once it is 

placed into solution due to weak surface interactions.   

 Coprecipitation resulted in significantly higher retention of protein following 

rinsing (Figure 2.3 & Table 2.1).  These data point to a stronger interaction of the protein 

with the mineral surface when coprecipitation is utilized.  Higher protein retention is also 

the result of distributing the protein through the thickness of the apatite layer via 

coprecipitation, whereas in adsorption, the protein is bound to just the apatite surface.  

With surface adsorption, a large percentage of the protein is lost to solution once the 
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sample is rinsed, suggesting that the BSA desorbs from the mineral layer and is 

distributed back into solution[24].    

 By coprecipitating protein into the mineral, the morphology of the mineral 

changed.  BSA coats the surface of the mineral and alters the plate-like structures.  BSA 

is chemically bound into or onto calcium phosphate, as indicated by the change in 

morphology and composition of the crystals in this study, as well as the absence of BSA 

release without the dissolution of calcium phosphate [17].   

The addition of BSA, especially higher concentrations, results in a decrease in the 

crystallinity of the calcium phosphate precipitates [26].  Decreasing crystallinity of the 

calcium phosphate decreases protein release rates, which can contribute to better control 

of release kinetics [27].  The reason for the difference in the crystallographic orientation 

between the mineralized samples and the coprecipitated samples may be attributed to the 

interaction between BSA and crystallographic structure of apatite. With coprecipitation, 

protein may be incorporated into the three dimensional crystal latticework [14].  A model 

was recently suggested regarding the interaction between aspartic acid and apatite 

crystals, which proposed that aspartic acid was enclosed inside a fourfold carbonate 

substituted apatite unit cell [28].  Based on the analysis of the HRTEM images and the 

diffraction patterns, BSA also has an influence on the crystal structure during the 

nucleation and growth of the mineral. Apatite growth can be influenced by the presence 

of protein because of the strong affinity between Ca
2+

 and protein. Since the spatial 

distribution of Ca
2+

 is orientation dependent, the preferential growth orientation can be 

modified by the presence of BSA.  



 

 38 

With coprecipitation, the localization of the protein throughout the mineral layer 

can be controlled by changing the coprecipitation scheme.  By using a 6 day 

coprecipitation process, the protein is incorporated throughout the mineral layer, whereas 

with adsorption the protein is only on the surface of the mineral (Figure 2.6 & Figure 

2.7).  In coprecipitation, the mineral is depositing with the protein, therefore the protein is 

being incorporated simultaneously with the mineral.  The different coprecipitation 

schemes that were examined in this study show that the spatial localization of the protein 

can be controlled by controlling the start and extent of coprecipitation. 

The control of protein localization could be manipulated to control the release 

kinetics of growth factors or other biomolecules.  By changing the number of days of 

coprecipitation, or times at which protein is added to the mineralizing solution, the 

release kinetics of a growth factor can be varied.  Multiple growth factors or plasmid 

DNA could also be incorporated into the bone-like mineral layer and/or the polymer 

substrate.  Bone-like mineral will increase osteoconductivity and mechanical properties 

[2, 3], while growth factors or plasmid DNA will increase inductivity.  DNA [29] and 

other proteins [12, 15] bind to apatite crystals through affinity binding.  By controlling 

the loading quantity and localization of the protein through the mineral thickness, a 

desired release profile can be achieved.  Protein release kinetics from coprecipitation 

samples differ in comparison to surface adsorbed samples.  The burst release profile at 

early time points from adsorbed samples is minimized, suggesting that the protein has 

become an integral part of the mineral layer [14]. 
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2.5 Conclusion 

At standard temperature and pressure, coprecipitation processes were used to 

incorporate a model protein, BSA, into a biomimetic carbonated apatite mineral 

nucleated onto PLGA films.  Coprecipitation of apatite and protein increased the quantity 

of protein incorporated into the apatite, in comparison to surface adsorption of protein 

following apatite deposition.  This study also showed that coprecipitation allows for 

higher protein retention following rinsing, in comparison to adsorption.  Furthermore, 

coprecipitation of protein along with apatite allowed for control over the localization of 

protein through the apatite thickness.  The higher protein loading of this biomaterial 

system, and ability to spatially control the location of protein within the apatite, along 

with the provision of osteoinductivity and osteoconductivity, are important requirements 

for designing a desired protein release profile and effective delivery system of biological 

agents for bone regeneration. 
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Figure 2.1: Representative FT-IR spectra for the mineral-protein samples formulated via 

each of the following techniques:  mineralized control, (1) 6 day coprecipitation, (2) 3 

day mineralization, 3 day adsorption, (3) 3 day mineralization, 3 day coprecipitation, (4) 

3 day mineralization, 2 day adsorption, 1 day mineralization, (5) 3 day mineralization, 2 

day coprecipitation, 1 day mineralization, and (6) 3 day mineralization, 3 day acid etched 

adsorption.  The phosphate (1031, 600, 561 cm-1) peaks are denoted by dotted lines, a 

carbonate (1456 cm-1) peak is denoted by a dashed line, and the amide (1652 and 1539 

cm-1) peaks are denoted by solid lines.  Amide peaks are shown for all three 

coprecipitation groups. 
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Figure 2.2: Protein quantification for the mineral-protein samples via the following 

methods of protein incorporation:  (1) 6 day coprecipitation, (2) 3 day mineralization, 3 

day adsorption, (3) 3 day mineralization, 3 day coprecipitation, (4) 3 day mineralization, 

2 day adsorption, 1 day mineralization, (5) 3 day mineralization, 2 day coprecipitation, 1 

day mineralization, and (6) 3 day mineralization, 3 day acid etched adsorption.  The 

results are provided as a protein concentration (µg/ml) in 10 mM HCl.  Different 

incorporation methods resulted in significantly different amounts of protein loaded into 

the films, p<0.001. In the table, pair-wise comparisons of each of the groups were 

performed using the Student-Newman-Keuls post hoc test, significance is p<0.05 for the 

grey boxes.  The white boxes show no significant difference between the two groups 

compared.  The coprecipitation groups had a significantly higher quantity of protein 

loaded into the mineralized films in comparison to the surface adsorption groups. 
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Figure 2.3: Representative FT-IR spectra after rinsing for the mineral-protein samples 

formulated via each of the following techniques:  mineralized control, (1) 6 day 

coprecipitation, (2) 3 day mineralization, 3 day adsorption, (3) 3 day mineralization, 3 

day coprecipitation, (4) 3 day mineralization, 2 day adsorption, 1 day mineralization, (5) 

3 day mineralization, 2 day coprecipitation, 1 day mineralization, and (6) 3 day 

mineralization, 3 day acid etched adsorption. The phosphate (1031, 600, 561 cm-1) peaks 

are denoted by dotted lines, a carbonate (1456 cm-1) peak is denoted by a dashed line, 

and the amide (1652 and 1539 cm-1) peaks are denoted by solid lines.  The amide peak at 

1652 cm-1 decreased for Groups 3 and 5 following rinsing. 
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Table 2.1: Ratios of the amount of protein incorporated in the rinsed to unrinsed samples 

were calculated.  Significant differences between the rinsed and unrinsed samples were 

determined using t-tests. All coprecipitation groups showed no significant difference 

between unrinsed and rinsed sample results, while the surface adsorption groups showed 

a more significant difference (p<0.001) from unrinsed to rinsed samples for two groups. 
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Figure 2.4: SEM images of representative samples examined from each of the following 

groups (magnification 10,000X):  (Control) 6 Day mineralization, (1) 6 day 

coprecipitation, (2) 3 day mineralization, 3 day adsorption, (3) 3 day mineralization, 3 

day coprecipitation, (4) 3 day mineralization, 2 day adsorption, 1 day mineralization, (5) 

3 day mineralization, 2 day coprecipitation, 1 day mineralization, and (6) 3 day 

mineralization, 3 day acid etched adsorption.  BSA incorporation via coprecipitation 

leads to changes in the plate-like mineral structure that is observed in the control, while 

BSA incorporation does not change the mineral morphology. 
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Figure 2.5: Transmission electron microscope images of the mineral crystals:  (A) 

Mineralized sample without BSA and diffraction pattern showing the presence of the 

(002) ring, (B) Mineralized sample with BSA via coprecipitation and diffraction pattern 

showing the absence of the (002) ring. Arrows in (B) mark apatite that consists of locally 

parallel layers, all parallel to the long axis of the plates.  Arrows in the diffraction 

patterns of (A) and (B) mark the diffraction rings.  The size, shape, and distribution of the 

crystals do not appear to be affected by the presence of the protein; however, there are 

differences exhibited in the orientation of the crystals. 
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Figure 2.6: Images through the thickness of the mineral layer containing FITC-labeled 

BSA taken using confocal microscopy. Spatial distribution of the protein through the 

thickness of the mineral layer is exhibited for the following incorporation techniques: (1) 

6 day coprecipitation, (2) 3 day mineralization, 3 day adsorption, (3) 3 day 

mineralization, 3 day coprecipitation, and (5) 3 day mineralization, 2 day coprecipitation, 

1 day mineralization.  Fluorescence can be seen where coprecipitation or adsorption had 

occurred.  The 6 day and 3 day coprecipitation groups were taken at the same gain and 

offset while the 3 day adsorption and 2 day coprecipitation groups were taken at a higher 

gain and offset in order to image the fluorescence.  Control over the spatial distribution of 

the protein is shown by the presence of fluorescence through the thickness of the mineral 

for the different coprecipitation groups. 
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Figure 2.7: Side depth profiles through the thickness of the mineral were obtained by 

stacking each series of images from Fig. 6, resulting in an image of the cross section of 

the film through the mineral layer and polymer substrate.   The following groups were 

examined: (1) 6 day coprecipitation, (2) 3 day mineralization, 3 day adsorption, (3) 3 day 

mineralization, 3 day coprecipitation, and (5) 3 day mineralization, 2 day coprecipitation, 

1 day mineralization.  The side depth profiles show minimal protein incorporation for the 

adsorption group, whereas, all three of the coprecipitation groups show protein 

incorporation at varying locations through the thickness of the mineral.   
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Chapter 3  

Gene Delivery via DNA Incorporation Within a Biomimetic Apatite Coating
2
  

 

3.1 Introduction 

The clinical basis for developing strategies to regenerate bone is the healing of bone 

defects caused from trauma, congenital malformations, and progressively deforming 

skeletal disorders.  Bone tissue engineering provides an alternative to bone grafting and 

direct usage of growth factors to regenerate bone.  An ideal bone tissue engineering 

approach would incorporate osteoconductivity and osteoinductivity potential into the 

design of the supporting biomaterial, as well as biocompatibility, degradability, 

mechanical integrity, and the ability to support cell transplantation.    

Direct bonding between implants and bone, the ultimate goal of osteoconductivity, 

can occur if a layer of bone-like mineral forms on the surface of the implant [1].  It has 

therefore been hypothesized that formation of a bone-like mineral layer within the pores 

of a tissue engineering scaffold may enhance the conduction of host cells into scaffolds 

[2], and also enhance osteogenic differentiation of cells transplanted on scaffolds [3].  

The bone-like mineral enhances the osteoconductivity and mechanical properties of the 

scaffold and can serve as a cell transplantation vehicle [2].  Bone-like mineral coatings 

can also serve as carriers for inductive agents [2, 4], providing a platform for the three 

tissue engineering approaches of conduction, induction, and cell transplantation. 

                                                 
2
 Published as Luong, LN et al., Biomaterials 2009; 30: 6696-7004 
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The coprecipitation of biological factors and bone-like mineral has been used to 

incorporate growth factors on metal substrates, such as titanium alloy implants [5-7].  An 

important advantage to coprecipitation is the ability to form calcium phosphate coatings 

at a physiological temperature, minimizing conditions that would degrade the biological 

activity of the factors [8-11].  For example, the biological activity of bovine serum 

albumin, tobramycin, and recombinant human bone morphogenetic protein 2 (BMP-2) is 

retained when each of these biomolecules is coprecipitated with calcium phosphate onto 

titanium [6, 7, 12].  More specifically, BMP-2 coprecipitated into biomimetic apatite 

coatings can induce ectopic bone formation in vivo [13]. The ability to increase the 

loading efficiency and to control the spatial localization of proteins within bone-like 

mineral coatings has also been demonstrated utilizing coprecipitation [14]. 

Gene therapy is one approach to achieve the design objective of integrating 

inductivity into a material.  Gene delivery provides an alternative to utilizing proteins, 

and has advantages over protein delivery, including a longer half-life, and lower expense 

[15].  The incorporation of genes into cells can be achieved virally and non-virally [16-

19].  However, viral approaches present disadvantages, including the risk of mutations, 

insert size limitations, and viral-induced immune responses [15].    An alternative is the 

use of non-viral methods, such as naked DNA, cationic polymers, and cationic lipids [16, 

20, 21].  While non-viral methods are less efficient than viral techniques, they are more 

promising in terms of accommodating larger genes of interest, lower immunogenicity, 

and the potential for tissue targeting [15, 22].  An optimal non-viral gene delivery system 

will fulfill the following design objectives: 1) the carrier should avoid aggregation or 

negative interactions with the extracellular matrix, 2) the carrier should condense the 
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DNA to facilitate cellular internalization, and 3) cellular processes to transcribe and 

translate the gene of interest should not be inhibited [15].       

Non-viral gene delivery has been achieved by complexing DNA with cationic lipids 

[17], as well as precipitating DNA with calcium phosphate [23, 24].  However, the two 

approaches of cationic lipids and calcium phosphate precipitation have not been 

combined. Cationic lipids are typically composed of a positively charged head group, a 

hydrophobic chain, and a linker group [25].  The positively charged lipids interact with 

the negatively charged DNA chains, resulting in complexes. The cellular uptake of these 

complexes depends on their stability and size [25].  For example, Lipofectamine 2000
®
, 

which is a lipid based transfection agent for eukaryotic cells, protects the DNA from 

enzymatic digestion from DNase treatment [26], whereas plasmid DNA alone is prone to 

degradation by nucleases [15].  DNA-Lipoplexes are therefore successful in cellular 

transfection, both in vitro and in vivo [27, 28].      

The precipitation of DNA/calcium phosphate nanocomposites has also been 

successful in inducing transfection of cell lines, due to the concentrated quantity of DNA 

localized in the immediate cellular environment [20, 24].  The precipitation of a calcium 

phosphate coating onto a polymer scaffold increases the stiffness of the scaffold [2] and 

increased substrate stiffness increases cellular uptake of DNA condensates [29].  These 

advantages of calcium phosphates can be combined with the advantages of cationic lipids 

by coprecipitating coatings of calcium phosphate and DNA-Lipoplexes onto a 

biomaterial substrate.      

In this study, we developed an organic/inorganic hybrid by coprecipitating plasmid 

DNA encoding for the β-galactosidase gene complexed with a cationic lipid 
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(Lipofectamine 2000
®
) and biomimetic apatite onto a polymer substrate.  The lipid 

condenses the DNA, better enabling cellular uptake, while the coprecipitation of DNA-

Lipoplexes with mineral localizes high, homogeneously dispersed concentrations of DNA 

in the immediate cellular environment. We hypothesized that this combinatorial 

inductive/conductive system would result in enhanced transfection efficiency compared 

to DNA-Lipoplexes adsorbed to the mineral surface and DNA coprecipitated without 

Lipofectamine 2000
®
.  To test this hypothesis, experiments were conducted to address: 1) 

DNA-Lipoplex presence in mineral, 2) DNA-Lipoplex stability (vs. coprecipitation time), 

and 3) transfection efficiency (determined with C3H10T1/2 cells) as a function of 

coprecipitation time, DNA-Lipoplex concentration, and DNA incorporation method. 

 

3.2 Materials and Methods 

3.2.1 PLGA film preparation 

  The films were prepared using 5 wt. % PLGA, 85:15 PLA:PGA ratio (Alkermes), 

in chloroform solution.  The films (approximately 200-300 µm thick) were cast onto 15 

mm round glass coverslips, covered with aluminum foil and air dried for at least 24 hours 

under a fume hood.  Prior to mineralization, the films were etched in 0.5 M NaOH for 

seven minutes.  They were rinsed thoroughly with Millipore water before use.  

3.2.2 Modified simulated body fluid  

A modified simulated body fluid (mSBF, which contains 2X the concentration of 

Ca
2+

 and HPO4
2-

 as standard SBF) was used to mineralize the films [14].  mSBF consists 

of the following reagents dissolved in Millipore water: 141 mM NaCl, 4.0 mM KCl, 0.5 

mM MgSO4, 1.0 mM MgCl2, 4.2 mM NaHCO3, 5.0 mM CaCl2∙2H2O, and 2.0 mM 
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KH2PO4.  mSBF was prepared at 25°C and titrated to pH 6.8 using NaOH to avoid 

homogeneous precipitation of calcium phosphate.   

3.2.3 Plasmid DNA preparation and purification  

Plasmid DNA encoding for β-galactosidase (β-gal) was produced via the 

transformation of E. Coli competent cells (Promega #L2001).  Plasmid DNA purification 

was completed using the protocol provided by Qiagen.  Cells were harvested from 500 ml 

of LB broth.  Following centrifugation and cell lysis, the purified DNA was precipitated 

by isopropanol.  DNA pellets were washed with ethanol, dried, resuspended in TE buffer 

at pH 8.0, and stored at -20°C. 

3.2.4 Complexing plasmid DNA to Lipofectamine 2000
®
 

DNA-Lipofectamine 2000
®
 complexes (DNA-Lipoplex) were prepared in 

polypropylene centrifuge tubes according to the protocol provided by the manufacturer 

(Molecular Probes, Invitrogen).  The ratio of complexation was 3 µl of Lipofectamine 

2000
®
 per µg of plasmid DNA.   Briefly, the DNA and the Lipofectamine 2000

®
 were 

individually diluted in Opti-MEM Reduced Serum Medium and gently mixed.  The 

samples were then incubated for 5 minutes at room temperature, after which they were 

combined together.  The DNA-Lipofectamine 2000
®
 mixture was then incubated for 20 

minutes at room temperature. 

3.2.5 Mineralization and DNA incorporation methods 

Four types of samples were prepared: PLGA coated with mineral, PLGA with 

DNA incorporated, PLGA coated with mineral and coprecipitated DNA-Lipoplexes, and 

PLGA coated with mineral and DNA-Lipoplexes adsorbed to the mineral surface.   

PLGA covered glass slips were submerged into each Petri dish containing 50 ml of 
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mSBF.  Mineralization was carried out for 3 to 4 days at 37°C and the solutions were 

exchanged daily in order to replenish the ion concentration to supersaturated levels.  For 

coprecipitation of mineral-DNA and mineral-DNA-Lipoplexes, the mineralization 

scheme to deposit the precursor mineral layer was the same (i.e. the starting point for 

coprecipitation was similar).  Samples were removed from the Petri dishes after 

mineralization and placed into 24 well plates.  An mSBF solution containing DNA-

Lipoplexes or DNA alone was then added to the samples (1 ml per sample).  

Concentration and coprecipitation time were dependent on the experiment performed as 

detailed in Sections 3.2.6 to 3.2.10.  Coprecipitation was carried out at 37°C; the samples 

were placed on a rotational shaker to evenly distribute the complexes (approximately 50 

rpm).  For the DNA incorporated into PLGA, the DNA was added to the 5 wt. % PLGA, 

85:15 PLA:PGA ratio (Alkermes), in chloroform solution.  The films were cast onto 15 

mm round glass coverslips (250 µl), covered with aluminum foil and air dried for at least 

24 hours under a fume hood.  DNA-Lipoplexes incorporated into PLGA was not included 

due to the inability to achieve the required composition of DNA-Lipoplexes in 

PLGA/chloroform solution. For DNA-Lipoplex adsorption to mineral, the complexes 

were prepared in the Opti-MEM media and pipetted onto the surface of the mineralized 

substrate. 

3.2.6 Plasmid DNA incorporation and effects on mineral morphology 

Effects of DNA incorporation on mineralization were examined using scanning 

electron microscopy (Philips XL30 FEG Scanning Electron Microscope).  The following 

groups were examined: 1) Mineralized controls, 2) Plasmid DNA coprecipitated with 

mineral onto films, 3) Plasmid DNA-Lipoplex adsorbed to mineralized films, and 4) 
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Plasmid DNA-Lipoplex coprecipitated with mineral onto films. Films were coated with a 

thin layer of gold and examined at 3 kV.     

3.2.7 Verification of Plasmid DNA presence and spatial distribution 

The spatial distribution of the DNA was determined using a fluorescence 

microscope (Nikon TE 3000 Inverted Microscope).  The following groups were 

examined: 1) Mineralized controls, 2) Plasmid DNA incorporated into PLGA, 3) Plasmid 

DNA coprecipitated with mineral, 4) Plasmid DNA-Lipoplex adsorbed to mineralized 

films, and 5) Plasmid DNA-Lipoplex coprecipitated with mineral.  For this qualitative 

assessment, ten µg of plasmid DNA was used per sample.  For the coprecipitation groups, 

10 µg was the DNA concentration in solution and the samples were incubated at 37°C for 

24 h.  Samples were then removed and dried in the chemical fume hood.  Bisbenzimide 

Hoescht (Sigma-Aldrich) was used to determine the spatial distribution of the plasmid 

DNA, while DiO Cell Labeling Solution (MicroProbes, Invitrogen) was used to 

determine the presence of the Lipofectamine 2000
®
.  Briefly, a 1:500 dilution of Hoescht 

and a 1:200 dilution of DiO solution were made using 1X PBS.  Samples were placed 

into 24 well plates, and rewet with ddH2O, which was then removed.  Staining solution 

was placed over the samples; the plate was covered with aluminum foil and incubated for 

30 minutes at 37°C.  Solution was then removed and the samples were rinsed 4 to 5 times 

with ddH2O.  Samples were placed on glass microscope slides with GelMount 

(Biomedia) as a mounting medium.   Samples were imaged on the same day on a 

fluorescence microscope with emission wavelengths of 420 and 510-560 nm for DNA 

and Lipofectamine 2000
®
, respectively. 
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3.2.8 Plasmid DNA stability and Plasmid DNA- Lipofectamine 2000
®
 complex 

stability 

To determine the stability of the complexes formed, gel electrophoresis (based on 

size) and transfection efficiency at varying timepoints (6, 12, 24 and 48 h) were 

examined.  All samples were prepared in polypropylene tubes.  At first, the stability of 

the plasmid DNA in water was examined to determine its intrinsic stability.  The protocol 

was then repeated to examine DNA – Lipofectamine 2000
®
 complexation in Opti-Mem.  

The tubes were placed in an incubator at 37°C.  Samples were then removed at each 

timepoint and frozen (DNA in water) or stored at 4°C (DNA-Lipoplex in Opti-Mem).  

Samples were placed in wells in a 0.6% agarose gel containing ethidium bromide.  

Freshly thawed (no previous incubation) plasmid DNA and plasmid DNA conjugated to 

Lipofectamine 2000
®
 were prepared as controls.  Samples were loaded and run for 75 

minutes at 80V, and images were obtained and analyzed using a Fluor S MultiImager 

(Bio-Rad, CA).   

To determine plasmid DNA-Lipoplex stability in the mSBF during and after the 

precipitation of the apatite and complexes with respect to time of coprecipitation, a 

second set of experiments was performed using the mouse embryonic fibroblast cell line 

C3H10T1/2 (provided by Dr. Franceschi, University of Michigan).  The C3H10T1/2 cell 

line was chosen due to its capability of differentiating along the osteogenic lineage with 

either exogenous protein or via gene transfection [30, 31].  Samples (n=4) were prepared 

as stated in Section 3.2.5 using coprecipitation times of (6, 12, 24, and 48 h).  The 

baseline concentration for the samples was 10 µg in 1 ml of mSBF per sample.  At each 
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incubation timepoint, the samples were removed and rinsed with HBSS (Hanks buffered 

saline solution).   

MEMα medium (Invitrogen) containing 10% fetal bovine serum (FBS) without 

antibiotics was prepared, and one day before transfection, the cells were replated at a 

density of 50,000 in 1 ml of media.  The plates were gently rocked to evenly distribute 

the cells on the surface of the films and placed in the incubator at 37°C.  The media was 

exchanged after 24 hours.  The total time allowed for transfection was 48 hours.  Media 

was aspirated and the cells were washed with PBS.   

Cells were fixed for 15 min with a 0.25% v/v glutaraldehyde solution and then 

rinsed gently 3 times with PBS.  X-gal staining solution containing N,N-DMF, MgCl2, 

K4Fe(CN)6 3H2O, and K3Fe(CN)6 was added to each well containing cells and incubated 

at 37° C between 14-16 hours.  The X-gal solution was then removed and the samples 

were rinsed 2-3 times with PBS.  Samples were removed and placed onto microscope 

slides and mounted using GelMount.  Samples were then observed under the light 

microscope.  Fifteen random locations per sample were imaged, and then positively 

stained cells were counted. The average number of stained cells per location was then 

applied to the entire area of the well resulting in the total number of cells that were 

stained.  The cellular transfection efficiency is based on the total number of stained cells 

in the well divided by the initial seeding density of 50,000 cells. 

3.2.9 Effect of plasmid DNA concentration on transfection efficiency 

To determine the plasmid DNA-Lipoplex concentration needed to obtain the 

highest transfection efficiency, coprecipitation and adsorption were examined.  For 

coprecipitation, the concentration was varied (0, 10, 20, or 40 µg) in 1 ml of 1X mSBF. 
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For adsorption, the adsorption solution contained 0, 10, 20, or 40 µg of DNA-Lipoplexes.  

Samples (n=4) were prepared as stated in Section 3.2.5.  Coprecipitated and mineralized 

control samples were incubated at 37 °C.  The DNA-Lipoplexes were adsorbed onto 

mineralized films during the corresponding coprecipitation time period.  After 6 h, the 

samples were removed and rinsed with HBSS.  The C3H10T1/2 cell seeding density was 

50,000 per sample with 1 ml of media.  Fixing, staining, and analysis were the same as 

stated in Section 3.2.8.   

3.2.10 Effect of plasmid DNA incorporation technique on transfection efficiency 

The transfection efficiencies of the following methods of DNA incorporation were 

examined: 1) PLGA only, 2) Plasmid DNA incorporated into PLGA, 3) Mineralized 

controls, 4) Plasmid DNA coprecipitated with mineral, 5) Plasmid DNA-Lipoplex 

adsorbed to mineral, and 6) Plasmid DNA-Lipoplex coprecipitated with mineral.  The 

DNA or DNA-Lipoplex concentration was 40 µg (in 1X mSBF, adsorption solution, or in 

PLGA).  Samples (n=4) were prepared as stated in Section 3.2.5.  All of the samples 

containing mineral and controls (except adsorption) were incubated at 37 °C.  The DNA-

Lipoplexes were adsorbed during the corresponding coprecipitation time period.  After 6 

h, the samples were removed and rinsed with HBSS.  The cell seeding density was 

50,000 per sample with 1 ml of media.  Fixing, staining, and analysis were the same as 

stated in Section 3.2.8.   

3.2.11 Statistical analysis 

 The Kruskal-Wallis One Way ANOVA on Ranks and/or ANOVA were used to 

analyze the differences in transfection efficiency of the C3H10T1/2 cells with variations 
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in coprecipitation time, DNA-Lipoplex concentration, and incorporation method.  The 

Student Newman Keuls post hoc comparison test was used for pair-wise comparisons.   

 

3.3 Results  

3.3.1 Presence and localization of DNA and DNA-Lipoplexes in biomimetic apatite 

At low magnification, the macroscopic mineral morphology was similar for all 

sample groups.  The nucleation sites were approximately 10-15 µm in diameter (Figure 

3.1).  However, at higher magnification, morphological differences were more apparent. 

Mineralization resulted in the deposition of plate-like structures (Figure 3.2a). The 

coprecipitation of DNA and adsorption of DNA-Lipoplexes did not change the 

morphology of the plates (Figure 3.2b,c) from that of the mineralized controls.  

Incorporation of DNA-Lipoplexes via coprecipitation (Figure 3.2d) resulted in plate-like 

crystals that were covered by a “fibrous” coating (black arrows in inset), thickening the 

plate-like structures (white arrows), compared to samples in which only DNA was 

coprecipitated or the mineralized controls.   

The presence of both the plasmid DNA and the lipid transfection agent within the 

mineralized substrate was verified (Figure 3.3).  The mineralized controls that did not 

contain DNA or cationic lipid, did not exhibit fluorescence (Figure 3.3, a-b).  

Incorporating DNA into PLGA resulted in the detection of bubbles from DNA staining, 

but no staining for the lipid transfection agent was detected (Figure 3.3, c-d).  Plasmid 

DNA incorporation via coprecipitation resulted in an even distribution of DNA 

fluorescence over the entire substrate, and also demonstrated an absence of the lipid 

transfection agent (no red fluorescence) (Figure 3.3, e-f).  The superficial adsorption of 
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the DNA-Lipoplexes onto the surface of the mineralized films resulted in fluorescence 

for both DNA and lipid, however the areas of fluorescence are localized and limited 

(Figure 3.3, g-h).  Only for the DNA-Lipoplex coprecipitation samples was an even 

distribution of fluorescence demonstrated for both DNA and lipid (Figure 3.3, i-j).  The 

surface adsorption and coprecipitation of DNA-Lipoplexes demonstrated the 

colocalization of the DNA and the lipid as actual complexes in addition to free plasmid 

DNA that was not bound to complexes. 

3.3.2 Plasmid DNA stability in water and DNA-Lipoplex complexation in medium 

The plasmid DNA encoding for the β-galactosidase gene has a base-pair length of 

7504 bp.  As incubation time in water increased, the stability of the plasmid DNA 

decreased (Figure 3.4, a-b).  As the band (ca. 6557), which is representative of the 

supercoiled form of the plasmid DNA, decreased in intensity with increasing incubation 

time, another secondary band (between 9416 and 23130 bp, representing nicked circular 

form of DNA) formed and increased in intensity with increasing incubation time (Figure 

3.4, a-b).  DNA stability is demonstrated by these changes in supercoiled and nicked 

circular DNA, where the supercoiled form is preferred for gene transfection. 

The formation of the DNA-Lipoplexes in Opti-Mem was visually confirmed via gel 

electrophoresis (Figure 3.4c).  The complexation of the plasmid DNA to the transfection 

agent was almost complete, due to the absence of bands in all lanes containing the DNA-

Lipoplexes.  Due to size-exclusion effects, the complexes remained in the wells.  The 

bright outlines surrounding the wells containing the DNA-Lipoplexes compared to the 

lane containing only DNA (outline is not present) are also represented by the intensity 

profiles of 2 lanes: DNA 0 h and DNA-Lipo 48 h (Figure 3.4d).  The two peaks denote 
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the top and bottom edges of the wells, and the intensities were higher for the DNA-

Lipoplex lane compared to the DNA only lane (highest peak representing the DNA is 

shown in the inset image), which suggests the size exclusion effect.   

3.3.3 Effects of coprecipitation time on DNA-Lipoplex stability 

The ability of these complexes to be uptaken by the cells and then translated was 

not affected by the coprecipitation time (Figure 3.5).  There were no significant 

differences among the four coprecipitation time periods (p=0.084).  Based on the results 

from DNA stability (Figure 3.4) the time of coprecipitation was limited to 6 hours for the 

remaining experiments. 

3.3.4 Effects of adsorption/coprecipitation concentration on DNA-Lipoplex 

transfection 

Varying the concentrations of the DNA-Lipoplexes during adsorption and 

coprecipitation resulted in significantly different transfection efficiencies, p=0.004 and 

p<0.001 respectively (Figure 3.6).  Significantly different transfection efficiencies 

(p<0.05) existed between adsorption concentrations, except between 20 µg and 40 µg, 

with the highest transfection efficiency corresponding to a concentration of 10 µg.  

Significantly different transfection efficiencies (p≤0.009) existed between coprecipitation 

concentrations, except between 10 µg/ml and 20 µg/ml, with the highest transfection 

efficiency corresponding to a DNA-Lipoplex concentration of 40 µg/ml.  Coprecipitation 

resulted in significantly higher transfection efficiencies than adsorption for 20 µg/ml and 

40 µg/ml (p<0.05).    
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3.3.5 Effects of incorporation method on DNA-Lipoplex transfection 

Varying the incorporation method for the DNA resulted in significantly different 

transfection efficiencies, p<0.001 (Figure 3.7).  The coprecipitation of DNA-Lipoplexes 

resulted in the highest transfection efficiency compared with all groups (p<0.05).   The 

transfection efficiency of the DNA-Lipoplex adsorption group was significantly 

increased when compared with all groups (p<0.05), except the DNA-Lipoplex 

coprecipitation group. The higher transfection efficiency of the DNA-Lipoplex 

adsorption group compared to the DNA only coprecipitation group suggests that the 

addition of the cationic lipid enhances transfection. Higher transfection efficiency for 

coprecipitation compared to adsorption suggests higher availability of the complexes on 

the surface of the apatite.    

 

3.4 Discussion 

The focus of this study has been on the development of an organic/inorganic hybrid 

that incorporates plasmid DNA complexed with a cationic lipid into biomimetic apatite 

via coprecipitation.  This hybrid can be formed at physiological pH, temperature, and 

pressure.  The advantages of combining the methods of calcium phosphate based 

transfection and cationic lipid assisted transfection are many fold: the biomimetic mineral 

increases substrate stiffness and osteoconductivity in addition to serving as a carrier for 

the DNA which increases osteoinductivity.  The presence of the lipid condenses the 

DNA, making cellular internalization easier (Figure 3.7), while the deposition of apatite 

with the DNA-complexes provides for higher, homogeneously distributed concentrations 

of DNA available for cellular uptake (Figure 3.3).   
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Coprecipitation of the DNA-Lipoplexes displayed the highest transfection efficiency 

compared to all other incorporation techniques, including coprecipitation of the plasmid 

alone (Figure 3.7).  The transfection efficiency of the adsorbed DNA-Lipoplexes was 

higher than that of coprecipitated DNA (Figure 3.7), which is suggestive of the 

enhancement in transfection that the cationic lipid complexation provides.  This increase 

in transfection efficiency with cationic lipid is possibly caused by the change in charge 

and size of the DNA [32, 33].   A cationic lipid agent can promote the condensation of 

DNA particles, protect the DNA from degradation, and enhance cellular uptake [22, 34].  

Transport across the nucleus is limited to particle diameters less than 26 nm [35].  After 

condensation using cationic lipids, diameters of approximately 23 nm have resulted [32], 

thus enhancing cellular internalization. For example, polyethyleneimine (PEI), a cationic 

polymer, enables DNA encoding for bone morphogenetic protein 4 to condense, which 

significantly increases the mineral density of regenerated bone compared to uncondensed 

DNA [16].   

 Transfection efficiency is also DNA-Lipoplex concentration dependent.  For 

coprecipitation, higher concentrations of DNA-Lipoplexes tended towards higher 

transfection efficiencies (Figure 3.6).  However for adsorption, the reverse was true.  The 

different trends in transfection efficiency may be due to the ability of coprecipitation to 

better retain the complexes on the mineral compared to adsorption [14], suggesting the 

presence of a stronger interaction between the complexes and apatite during 

coprecipitation.  This enhanced retention of DNA-Lipoplexes at the apatite surface with 

coprecipitation leads to a higher surface density, which enhances transfection efficiency 

[20, 34, 36].  With adsorption, the lower transfection efficiencies may be the result of 
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DNA-Lipoplexes aggregating at higher concentrations without the opportunity for the 

complexes to be evenly dispersed (Figure 3.3). Alternatively, there may be a lower 

affinity between the complexes and the apatite surface during adsorption compared to 

coprecipitation, therefore less complexes adsorb.     

DNA stability is essential for the retention of biological activity and DNA topology 

may serve an important role in transfection ability.  Plasmid DNA can be found in 

different forms, the most common of which are supercoiled, nicked circular, and 

linearized [37].  The supercoiled form is the most condensed conformation; nicked 

circular results in the loss of the supercoiling capability; and linearized DNA forms when 

the strands are cleaved.  Over the time of incubation in water, DNA stability decreased, 

resulting in less of the supercoiled form of DNA and more of the nicked circular form 

(Figure 3.4).  Supercoiled DNA, when complexed to a cationic polymer exhibits higher 

transfection efficiencies compared to nicked circular or linearized DNA forms [38]. 

Therefore, longer coprecipitation times could lead to lower transfection efficiencies due 

to the change in DNA conformation.   Complexation in medium was demonstrated to be 

complete by the absence of bands since free DNA that did not complex would be visible 

as a band [26].  Incubation in medium over time did not result in the dissociation between 

the DNA and the cationic lipid.   Stability of the DNA-Lipoplexes was also tested by 

assessing the transfection efficiency using C3H10T1/2 cells at four coprecipitation times.    

There was no significant difference in transfection efficiency with increasing time of 

incubation (Figure 3.5).  To minimize the possibility of DNA instability (Figure 3.4a), the 

coprecipitation time for future experiments was limited to 6 hours.  Additionally, a 

precursor layer of mineral was applied before initiating the coprecipitation process since 
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longer periods of incubation of the DNA-Lipoplexes in mSBF may cause DNA 

instability, and therefore decrease the transfection efficiency.  In general, the supercoiled 

form of DNA is preferred for gene transfections; however, the presence of nicked circular 

DNA may not always decrease transfection efficiency in specific cases [39].  

By coprecipitating the DNA-Lipoplexes into the mineral, the morphology of the 

mineral changed, while adsorption of DNA-Lipoplexes or coprecipitation of just DNA 

did not change the plate-like mineral (Figure 3.2).  The distinctive morphological features 

resulting from the coprecipitation of the DNA-Lipoplexes with apatite demonstrate the 

interactions that occur between the complexes and the mineral plates.  The presence of a 

“fibrous” coating (Figure 3.2d) is most likely due to the presence of the cationic lipid, 

because the coprecipitation of DNA alone resulted in minimal differences in apatite 

morphology compared to the mineralized controls.  Condensation via cationic particles 

can result in the formation of toroids or rods [40, 41], which is a possible cause for the 

“fibrous” coating displayed on the plate-like mineral.  Even after thorough rinsing, the 

DNA-Lipoplexes were still retained on the apatite especially for the coprecipitation 

groups (Figure 3.3).  Coprecipitation may therefore lead to DNA-Lipoplex incorporation 

into the three dimensional crystal latticework resulting in the morphological changes 

observed.  It is probable that the interaction is between the positively charged Ca ions 

within the apatite and the negatively charged backbone of the DNA [42].  It has also been 

hypothesized that affinity binding can occur between DNA and hydroxyapatite crystals 

[42].  The interaction between the DNA-Lipoplexes and the mineral via coprecipitation 

may enhance the availability of these complexes for cellular uptake.  In addition to better 

retention, coprecipitation also distributes protein through the thickness of the apatite 
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compared to just placing it at the apatite surface as is the case with adsorption [14]. 

Therefore, coprecipitation offers an added advantage of prolonging delivery. 

Transfection efficiencies are low (~5-12%), which is typical of a non-viral gene 

delivery method when compared to viral delivery methods.  However, utilizing non-viral 

gene delivery is advantageous in regards to ease of reproduction without the risk of 

mutation [22].  Different methods of cationic carrier based gene delivery (lipid, gelatin, 

and PEI) have transfection efficiencies ranging from ca. 3% to 18%, which are dependent 

on both the method of delivery and the cell type utilized [43].  Generally, the transfection 

efficiencies that are typical of all non-viral methods are not high enough for in vivo gene 

therapy.  However, lipid based gene transfection has induced new bone tissue in vivo with 

and without cell transplantation [17, 28, 44].  Therefore, DNA-Lipoplex coprecipitation 

has the potential to become a viable method for gene therapy.  

Transfection efficiency is controlled by a combination of factors, including cell type, 

DNA topology, mechanism of cellular internalization, and cytoplasmic barriers including 

degradation via nucleases [20, 36, 45, 46].   More established cell lines are easier to 

transfect compared to primary cells [43].  Cells in the mitotic phase exhibit decreased 

uptake of DNA complexed to cationic lipids in comparison to cells in the interphase [45].  

Cell cycle varies between cell types, therefore the use of a different cell line may lead to 

higher transfection efficiencies.  The transfection efficiency of supercoiled plasmid DNA 

is higher compared to nicked circular or linear plasmid DNA when injected into the 

cytoplasm, however if these forms are directly introduced to the nucleus, this dependency 

is absent [46].  Therefore DNA stability in the cytoplasm is important to achieving 

successful transfection and must be considered since cells must uptake the DNA into the 
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cytoplasm before they can enter the nuclear pore complexes. There is potential for 

developing a better cationic agent than Lipofectamine 2000
®
 that can better protect the 

plasmid DNA from degradation in the cytoplasm, thereby increasing the transfection 

efficiency.  Endocytosis is hypothesized to be the manner in which DNA complexed to 

nanoparticles is internalized by the cellular environment [36].  When endocytosis is 

inhibited, transfection efficiency is reduced [36].  Therefore, the transfection efficiencies 

demonstrated in this study could be improved if the endocytosis pathway by which the 

DNA-Lipoplexes enter the cells is ascertained, since there are there are several possible 

pathways of entry into the cells [45, 47].  The development of an improved cationic agent 

that targets and enhances the type of endocytosis utilized by the cells could also increase 

transfection efficiency. 

There are a number of material factors that can be used to increase transfection 

efficiency.  DNA and calcium phosphate coprecipitation is influenced by concentrations 

of calcium and phosphate, DNA concentrations, temperature, and reaction time [23].   

The mSBF contained Mg, which may have impeded the coprecipitation of the DNA-

Lipoplexes resulting in relatively low transfection efficiencies.  Changing the 

composition of the mineralizing solutions by removing Mg could alter the transfection 

efficiency [20].  Concentrations of calcium and phosphate in solution may also affect the 

concentration of DNA-Lipoplexes that coprecipitate with the calcium phosphate [23].  

Therefore, changing the supersaturation of the mSBF could change the transfection 

efficiency.  Changing the composition of the mineralization solution can also change the 

rate of DNA release [20], which suggests that apatite dissolution affects DNA release.  

The differences in transfection efficiency can also be influenced by the surface 
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morphology and DNA retention at the mineral surface.  Additionally, the ratio of DNA to 

lipid and type of lipid can be altered. In cationic lipid mediated transfection, the higher 

the lipid dosage, the higher the transfection efficiency [43].  In this study, a commercial 

lipid agent was used as a model for developing a DNA-Lipoplex coprecipitation system.  

Designing a cationic lipid that can better protect supercoiled DNA, increase cellular 

internalization, and prevent degradation from occurring upon uptake would further the 

development of a feasible non-viral gene delivery method.    

 

3.5 Conclusion 

At standard temperatures, pressures and physiological pH, coprecipitation was used to 

incorporate plasmid DNA complexed with a cationic lipid into a biomimetic apatite.  The 

stability of the plasmid DNA-Lipoplexes is retained during coprecipitation and the 

complexes are colocalized on the mineralized polymer substrates.   DNA-Lipoplex 

coprecipitation resulted in a higher transfection efficiency in comparison to other 

methods of delivery, including adsorption of DNA-Lipoplexes.  By combining the 

methods of calcium phosphate based precipitation and cationic lipid assisted transfection, 

a gene delivery method was developed that has the ability to combine osteoconductivity 

and osteoinductivity.  The coprecipitation of DNA-Lipoplexes into biomimetically 

nucleated apatite has the potential to be used in bone regeneration and allows for more 

control over the cellular behavior in vivo.   
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Figure 3.1: Low magnification SEM images of the bone-like mineral surface following 

different DNA incorporation methods: a) Mineralized control b) Plasmid DNA 

coprecipitation c) DNA-Lipoplex adsorption and d) DNA-Lipoplex coprecipitation. 

Neither coprecipitation group demonstrated a difference in the size of the mineral 

nucleation sites as compared to the mineralized controls.  
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Figure 3.2: High magnification SEM images of the bone-like mineral surface following 

different DNA incorporation methods: a) Mineralized control b) Plasmid DNA 

coprecipitation c) DNA-Lipoplex adsorption and d) DNA-Lipoplex coprecipitation. 

DNA-Lipoplex incorporation via coprecipitation leads to the thickening (white arrows) of 

the plate-like mineral structures. The “fibrous” coating (black arrows in inset) is most 

likely due to presence of the cationic lipid because the coprecipitation of DNA alone 

resulted in minimal changes in apatite morphology. 
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Figure 3.3: Fluorescence images of DNA and lipid agent components from representative 

samples from each of the following groups:  a-b) Mineralized controls, c-d) Plasmid 

DNA incorporated into PLGA, e-f) Plasmid DNA coprecipitated with mineral, g-h) 

Plasmid DNA-Lipoplex adsorbed to mineralized films, and i-j) Plasmid DNA-Lipoplex 

coprecipitated with mineral. Distribution of both the plasmid DNA and the lipid 

transfection agent on the bone-like mineral was demonstrated by the colocalization of the 

fluorescent staining (after thorough rinsing) in the adsorption and coprecipitation groups 

and the absence of staining in the mineralized controls.  Scale bars represent 100 µm. 
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Figure 3.4: Plasmid DNA stability in water, as indicated by a) gel electrophoresis and b) 

quantification of relative percentages of different forms of DNA.  The total intensity of 

all bands of interest (supercoiled and nicked circular DNA) is equivalent to 100% at each 

incubation time.  Stability of DNA decreases with increasing incubation time as 

demonstrated by the increasing intensity of the top band (between 23130 and 9416, 

nicked circular form of DNA) and decreasing intensity of the bottom band, ca. 6557 

(supercoiled form of the plasmid DNA).  c) DNA-Lipoplex stability in Opti-Mem.  

Complexation of the DNA and lipid was almost complete due to the absence of bands in 

these groups.  Due to size exclusion, the complexes were not able to leave the wells, 

resulting in the brightness (white arrow) surrounding the wells.  d) Intensity profiles for 2 

lanes of the gel: DNA 0 h and DNA-Lipo 48 h demonstrate that the peaks that appear for 

these wells represent the edges of the wells.  Peak intensities for the DNA-Lipoplexes are 

higher compared to DNA only.  Profile intensities for the entire lanes are shown in the 

inset image. 
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Figure 3.5:  Transfection efficiency of DNA-Lipoplexes based on the period of 

coprecipitation: 6 h, 12 h, 24 h, and 48 h.  No significant differences in transfection 

efficiency existed between coprecipitation times (ANOVA, n=4, p=0.084).   
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Figure 3.6: Significant differences in transfection efficiencies with concentration of 

DNA-Lipoplexes were demonstrated for adsorption and coprecipitation groups, p=0.004 

(ANOVA on Ranks, n=4) and p<0.001 (ANOVA, n=4) respectively.  Highest 

transfection efficiency resulted when 10 µg was adsorbed (SNK, p<0.05 relative to other 

adsorption concentrations) and 40 µg/ml was coprecipitated (SNK, p≤0.009 relative to 

other coprecipitation concentrations).  Comparison of adsorption and coprecipitation at 

the same concentrations demonstrated a higher efficiency for the coprecipitation groups 

at 20 µg and 40 µg (SNK, p<0.05 for both concentrations). The higher retention of 

complexes on the apatite surface for the coprecipitation group leads to a higher surface 

density, and therefore results in a higher transfection efficiency. ^ represents p<0.05 

between coprecipitation and adsorption at a given concentration, # represents p<0.05 in 

comparison to the concentration of 0, and * represents p<0.05 in comparison to all other 

concentrations within the same technique (either adsorption or coprecipitation).   
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Figure 3.7: DNA-Lipoplex coprecipitation resulted in the highest transfection efficiency 

compared to all other groups (SNK, n=4, p<0.05).  The higher transfection efficiency of 

the DNA-Lipoplex adsorption group compared to the DNA only coprecipitation group 

suggests that the addition of the cationic lipid enhances transfection. Higher transfection 

efficiency for coprecipitation compared to adsorption suggests higher retention of the 

complexes on the surface of the apatite. * represents p<0.05 in comparison to each of the 

groups to the left, ** represents p<0.05 in comparison to each of the groups to the left.  
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Chapter 4  

Bone Marrow Stromal Cell Response to the  

Sequential Delivery of FGF-2 and BMP-2 

 

4.1 Introduction 

The clinical basis for bone regeneration is the correction of bone defects caused 

from trauma, congenital malformations, and progressively deforming skeletal disorders.  

Bone tissue engineering provides an alternative to bone grafting and direct usage of 

growth factors to regenerate bone.  Bone tissue engineering uses engineering design to 

strategically integrate cells, an extracellular matrix (ECM) analogue, and signaling 

molecules to induce bone regeneration: [1].  An ideal bone tissue engineering approach 

would incorporate osteoinductivity and osteoconductivity into the design of the 

supporting biomaterial, as well as biocompatibility, degradability, mechanical integrity, 

and the ability to support cell transplantation.    

Osteoinductive properties can be integrated into a tissue engineering system by 

immobilization of biomolecules to a biomaterial surface, or encapsulation within a 

biomaterial.   Growth factors are proteins that regulate cellular signals and can stimulate 

or inhibit cellular migration, adhesion, proliferation, and differentiation.  A single growth 

factor can act on different cells with varying effects, and can also influence the activation 

of other growth factors in a synergistic or antagonistic manner.  While the use of one 

growth factor is beneficial to eliciting cellular attachment, proliferation and/or 
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differentiation [2-4], the biological environment is not limited to the activation of a single 

growth factor.  To better simulate the microenvironment that cells are subjected to in 

vivo, exposure to multiple biological agents with a spatial and temporal gradient would be 

ideal.  For example, vascular endothelial growth factor (VEGF) alone is not sufficient to 

heal of critical size defects, however by combining VEGF with bone morphogenetic 

protein 4 (BMP-4) enhanced healing was demonstrated [5].  On the other hand, combined 

delivery of osteopontin-1 (OP-1) and bone morphogenetic protein 2 (BMP-2) did not 

enhance bone regeneration over delivery of each of these factors individually [6].  

Simultaneous exposure of rat BMSCs to IGF-I (insulin growth factor I) and BMP-2 did 

not significantly increase alkaline phosphatase expression or amount of calcium secreted, 

the optimized result was exposure to BMP-2 followed by IGF-I, demonstrating the 

importance of timing and the sequence of delivery of the growth factors on cellular 

response [7].   

To provide the design parameters for the development of a delivery system for 

bone engineering, two growth factors chosen due to their important roles in osteogenic 

differentiation were BMP-2 and fibroblastic growth factor 2 (FGF-2).  BMP-2 is a 

member of the transforming growth factor (TGF-β) superfamily.  In vitro, BMPs regulate 

the growth and differentiation of cells in the osteoblast lineage.  Osteogenic 

differentiation of BMSCs cultured in medium containing rhBMP-2 was demonstrated by 

a marked increase in the expression of osteopontin and increased mineralization in 

comparison to cells not exposed to rhBMP-2 [4].  In vitro, rhBMP-2 not only induces 

differentiation of osteoblastic precursors, but it also inhibits myogenic differentiation [8].  

BMP-2 is one of the earliest genes that is induced in fracture healing, with a second peak 
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occurring late in the period of osteogenesis [9], which suggests that a simple burst release 

or sustained release would not be sufficient to elicit an osteogenic response.   

Fibroblast growth factors promote cell growth, induce a mitogenic response, 

stimulate cell migration, and induce differentiation [10].  FGF-2 is a well known 

angiogenic factor, and it also plays a role in osteogenic differentiation.  FGF-2 can 

stimulate the replication of osteoprogenitor cells, which then further differentiate into an 

osteoblastic phenotype, however, prolonged treatment resulted in an inhibitory effect 

[11].   Because both BMP-2 and FGF-2 regulate osteogenesis, they have been used in 

combination.  FGF-2 stimulated cell growth and osteoblastic differentiation of 

dexamethasone treated MSCs, and upon exposing cells to both BMP-2 and FGF-2, bone 

formation was enhanced more than either growth factor individually [12], confirming 

again the importance of temporal gradients.    

The long term aim is to provide design criteria for a delivery system based on the 

effects of exposure of BMP-2 and FGF-2 on BMSCs.  The concentrations and sequence 

of BMP-2 and FGF-2 defined to optimally differentiate BMSCs cultured on tissue culture 

polystyrene (TCPS) in this study will be applied to the development of a delivery system 

based on coprecipitation of bone-like mineral and one or both of these growth factors. 

Delivering the growth factors from a mineralized substrate is a tissue engineering 

approach that combines osteoinductivity, provided by the inclusion of the growth factors, 

and osteoconductivity, provided by the presence of biomimetically precipitated apatite.   

To build toward this long term objective, the effects of individual and sequential 

delivery of BMP-2 and FGF-2 on osteogenic differentiation of murine BMSCs were 

examined with the aim of providing a design basis for a multiple growth factor delivery 
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system.  It was hypothesized that low concentrations of FGF-2 would increase cell 

number while high concentrations of BMP-2 would enhance osteogenic differentiation.  

It was also hypothesized that the sequence of FGF-2 followed by the administration of 

BMP-2 would best enhance the osteogenic activity of the BMSCs compared to the 

delivery of each of the growth factors independently.  DNA content, alkaline phosphatase 

activity (ALP), osteocalcin serum content, and mineralization were analyzed over a 3 

week time period for cells plated on TCPS with the addition of FGF-2 (2.5, 10, 40 ng/ml) 

or BMP-2 (50, 150, 450 ng/ml) for 6 days for the individual growth factors and FGF-2 

(2.5 ng/ml) and BMP-2 (300 ng/ml) for the sequential administration. 

 

4.2 Materials and Methods 

4.2.1 Murine bone marrow stromal cell extraction and cell culture 

Six week old C57BL6 mice were utilized for BMSC extraction.  Freshly extracted 

long bones (6 per mouse) were suspended in Hank’s Balanced Salt Solution (HBSS).  

The metaphyses of each bone were cut (to allow for an opening to the marrow cavity), 

and 2 bones were placed into a 200 µl pipette tip and then placed in a microcentrifuge 

tube. Tubes were spun for 8-12 sec up to a maximum speed of 2000 rpm [13].  An 18 

gauge needle was used to gently agitate the cell pellets.  Cell pellets were then pooled and 

split into T75 flasks.  Media was exchanged and non-adhesive cells were removed after 5 

days. Media was exchanged every 3 days until cells reached confluency, at which time 

cells were split 1:3 and replated.  After reaching confluency, cells were counted and 

replated in 24 well plates.   



 

87 

 

Growth medium for primary cell culture and plating was composed of 10% FBS, 

1% penicillin-streptomycin, and MEMα medium.  During growth factor administration, 

the growth medium was supplemented with 10
-8 

M dexamethasone for six days.  After 

this time period, osteogenic medium was utilized which was growth medium 

supplemented with dexamethasone, 50 mg/L L-ascorbic acid-phosphate, and 10 mM β-

glycerol phosphate hydrate disodium salt. 

4.2.2 Single growth factor optimization 

The growth factors rhBMP-2 and rhFGF-2 were obtained from Peprotech (Rocky 

Hill, NJ).  FGF-2 was reconstituted in 5 mM Tris buffer containing BSA. BMP-2 was 

reconstituted in sterile water containing BSA.  

Cells were plated into 24 well-plates (n=4 per group) at a density of 40,000 cells 

per well and allowed to attach for 24 h.  Medium was then removed and replaced with 

growth medium containing dexamethasone and growth factor (FGF-2 at 0, 2.5, 10, and 

40 ng/ml or BMP-2 at 0, 50, 150, and 450 µg/ml) which was designated as Day 1.  The 

media containing growth factor was then replaced on Day 4.  On Day 7, and every 3 days 

thereafter , the medium was replaced with osteogenic medium. 

4.2.3 Multiple growth factor optimization 

Cells were plated into 24 well-plates (n=5 per group) at a density of 50,000 cells 

per well and allowed to attach for 24 h.  Medium was then removed and replaced with 

growth medium containing dexamethasone and growth factors on Days 1 and 4 (Table 

4.1).  On Day 7, and every 3 days thereafter, the medium was replaced with osteogenic 

medium. 
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4.2.4 DNA content 

To determine DNA content and ALP activity, cells were washed twice with 

HBSS and harvested utilizing a buffer containing 10 mM Tris-HCl, 0.2% Igepal, and 2 

mM PMSF in ethanol.  Samples were then placed at -80
o
C for later analysis.  

For DNA determination, samples were thawed, and homogenized on ice. Samples 

were then centrifuged at 12,500 rpm for 10 min at 4
o
C.  The Quant-iT Picogreen kit 

(Molecular Probes, Eugene, OR) was used to determine DNA content according to the 

protocol adapted from the manufacturer.  Samples were prepped in duplicate, and the 

fluorescence (480 nm excitation and 520 nm emission) was determined using a 

microplate reader and DNA quantity was determined by using standard curves. DNA 

content was determined for all timepoints. 

4.2.5 Alkaline phosphatase (ALP) activity 

Thawed homogenized samples were then vortexed with assay buffer (glycine, 

MgCl2), harvest buffer, and p-nitrophenyl-phosphate (PnPP) substrate solution (Sigma, 

St. Louis, MO) and incubated at 37
o
C for 15 min.  The reaction was then terminated by 

adding 0.1 N NaOH and samples were placed in a 96 well-plate.  A standard curve using 

alkaline phosphatase from calf intestine (Roche, Indianapolis, IN) was used to compare 

the activity and absorbance was determined at 405 nm. Values were then normalized to 

DNA content.  ALP activity was determined for all timepoints. 

4.2.6 Osteocalcin (OCN) content 

Media was removed and frozen every 3 days in microcentrifuge tubes for OCN 

analysis.  The serum OCN content was determined using a mouse OCN EIA kit 

(Biomedical Technologies, Stoughton, MA) according to manufacturer’s protocol.  
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Samples were thawed and placed into the 96 well-plate.  A standard curve was also 

prepared ranging from 0 ng/ml to 50 ng/ml. After reaction termination, measure the 

absorbance at 450 nm immediately. 

4.2.7 Von Kossa Staining 

To determine mineralization, the BMSC cultures were stained with silver nitrate. 

Briefly, media was removed from the wells, and submerged in Z-fix for 30 min. The 

wells were gradually rehydrated using EtOH/H2O mixtures, and then rinsed with H2O. 

The wells were exposed to UV light, stain was removed, and wells were imaged using a 

dissection microscope. Image analysis of % stained area was obtained using ImageJ 

(NIH). 

4.2.8 Statistical analysis 

One way ANOVA was used to analyze DNA content, ALP activity, OCN content, 

and von Kossa staining of the BMSC cells with regards to growth factor concentration, 

and growth factor sequence. Tukey or Dunnett’s T3 post hoc comparison tests were used 

for pair-wise comparisons.   

 

4.3 Results 

4.3.1 FGF-2 has a proliferative effect on BMSCs, while BMP-2 does not 

The addition of BMP-2 to BMSCs did not have a significant effect on DNA 

content (Figure 4.1a). For 150 and 450 ng/ml of BMP-2, DNA content increased from 

Day 8 to Day 15 (p<0.001 and p=0.013 respectively).  The addition of FGF-2 to BMSCs 

had a proliferative effect (Figure 4.1b).  At Day 8 (ANOVA, p=0.002) and Day 15 

(ANOVA, p<0.001), there was significantly higher DNA content for groups that had 
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been treated with FGF-2 (2.5, 10, and 40 ng/ml) compared to the untreated controls.  

However, there was not a significant dose dependent response with increasing the FGF-2 

concentration from 2.5 ng/ml to 40 ng/ml.  For 2.5 and 40 ng/ml of FGF-2, DNA levels 

were significantly higher at Day 15 compared to Day 8 (p<0.05).  At Day 22, DNA levels 

were significantly lower for all FGF-2 concentrations compared to their respective DNA 

levels at Day 8 (p<0.05). 

4.3.2 BMP-2 has a dose dependent enhancement of ALP activity, while FGF-2 has a 

dose dependent inhibitive effect 

At Day 8, ALP activity (normalized to DNA content) was significantly higher 

(ANOVA, p=0.004) for cells treated with 450 ng/ml BMP-2 compared to both the 

untreated controls (Tukey, p=0.006) and cells treated with 50 ng/ml BMP-2 (Tukey, 

p=0.008) (Figure 4.2a). A lower concentration of BMP-2 (150 ng/ml) did not result in 

significantly higher amounts of ALP activity  compared to untreated controls, suggesting 

a minimum concentration has to be reached before osteogenic enhancement occurs.   

FGF-2 also had a significant effect on ALP activity (ANOVA) of BMSCs, 

however, the effect is inhibitive when compared to the untreated controls (Figure 4.2b).  

At Day 8, normalized ALP was significantly lower for all FGF-2 concentrations 

compared to the controls (p<0.05).  At Day 15, normalized ALP activity was significantly 

lower for 2.5, 10, and 40 ng/ml (Tukey, p<0.01) compared to untreated controls.  For Day 

22, ALP activity for 2.5 ng/ml was significantly higher compared to 10 and 40 ng/ml 

(Dunnett's T3, p<0.01).  Exposing BMSCs to FGF-2 at higher concentrations delays or 

even inhibits osteogenic activity. 
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4.3.3 BMP-2 administration significantly enhances late stage differentiation, while 

FGF-2 inhibits 

In later stages of osteogenic differentiation, osteocalcin secretion (Figure 4.3) is 

higher for cells that were treated with higher concentrations of BMP-2 (ANOVA, 

p=0.036).  At Day 22, BMSCs treated with a BMP-2 concentration of 450 ng/ml secreted 

significantly more osteocalcin than control cells (Tukey, p=0.045) and marginally more 

than cells treated with 50 ng/ml BMP-2 (Tukey, p=0.056).  For 450 ng/ml of BMP-2, 

OCN secretion at Day 22 was significantly compared to OCN levels on Day 16, and Day 

19 (p<0.05).  In contrast, for the groups treated with FGF-2 at increasing concentrations, 

osteocalcin secretion levels were not significantly different (data not shown). 

 At Day 22, the % mineral coverage for cells treated with 150 ng/ml of BMP-2 

was marginally higher than the untreated cells (Dunnett’s T3, p=0.104) (Figure 4.4 and 

Figure 4.5).  Adding FGF-2 at any concentration inhibits mineral deposition. The control 

cells demonstrated some mineral deposition, however, the difference with varying FGF-2 

concentration was not statistically significant. 

4.3.4 Effects of BMP-2 and FGF-2 sequence on DNA content  

The concentrations that were used in the sequential exposure experiments were 

based on the results from the individual exposure of each growth factor.  For the 

sequential experiments, 2.5 ng/ml of FGF-2 and 300 ng/ml of BMP-2 were used.  Since 

FGF-2 increases DNA content, but inhibits osteogenic differentiation, the minimum 

concentration was chosen to increase the number of cells that can be osteogenically 

induced (Figure 4.1).  For BMP-2, a concentration of 300 ng/ml was chosen due to cost 

limitations and the necessity for a concentration of BMP-2 that was higher than the 150 
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ng/ml threshold for significant results (Figure 4.2). Due to the cell layers contracting for 

some of the treatment groups, the time points at which DNA, ALP, OCN, and mineral 

deposition were examined differed from the times in the individual growth factor 

experiments (8, 11, 13 d). 

The duration of FGF-2 exposure significantly affects the total DNA content 

(Figure 4.6).  At Day 8, F/F, F/BF, and BF/BF had significantly higher DNA levels 

compared to the untreated controls and the groups that delivered BMP-2 first (Tukey, 

p<0.05). At Day 11, B/F, F/F, and BF/BF had higher DNA content compared to the DNA 

level for the group that only delivered BMP-2 (Dunnett’s T3, p<0.05). At Day 13, the 

groups that delivered FGF-2 first (F/F, F/B, F/BF, BF/BF) had significantly higher DNA 

content compared to B/B and B/F where BMP-2 is delivered first (Tukey, p<0.05). 

Groups that delivered FGF-2 the entire time period tended towards having higher DNA 

levels.  Most groups that delivered FGF-2 second also trended towards having higher 

DNA levels. 

4.3.5 Effects of BMP-2 and FGF-2 sequence on ALP activity 

Delivering BMP-2 alone led to the highest ALP levels (Figure 4.7).  However, 

taken in conjunction with relatively low DNA levels compared with other groups (Figure 

4.6), this suggests that a smaller population of cells had enhanced osteogenic activity. 

Delivering FGF-2 alone also resulted in a low level of ALP expression. However, when 

both growth factors were delivered, the effects of BMP-2 and FGF-2 did vary depending 

on the sequence of delivery (ANOVA, p<0.001).  At  Day 8, ALP levels for F/F and 

F/BF are significantly lower compared to all other groups. The sequential delivery of 

BMP-2 and FGF-2 in either order led to significantly higher ALP levels compared to 
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delivering both factors simultaneously on Day 8 (Dunnett’s T3, p<0.05).  Delivery of 

FGF-2 first, and then BMP-2 resulted in higher ALP levels compared to delivery of 

BMP-2 first, followed by FGF-2.  Inclusion of FGF-2 resulted in significantly lower 

levels in all groups except B/BF and F/B. Groups that were not exposed to FGF-2 for the 

entire 6 days had higher ALP levels compared to all of the other groups.  At Day 11, F/B 

still demonstrated higher ALP compared to all groups except the untreated cells and 

B/BF (Dunnett’s T3, p<0.05). At Day 13, F/B continued to demonstrate high ALP levels 

compared to all groups except the controls and B/BF (Dunnett’s T3, p<0.05). Untreated 

cells, B/B, and F/B had significantly higher ALP levels compared to BF/BF. Even though 

cells were subjected to the same two growth factors, the sequence of delivery did 

significantly affect osteogenic differentiation.  

4.3.6 Effects of BMP-2 and FGF-2 sequence on late stage osteogenic differentiation 

The different sequences of delivery also had an impact on OCN secretion 

(ANOVA, p<0.001) (Figure 4.8a).  F/B, B/BF, and BF/BF had higher levels of OCN 

compared to F/F and F/BF (Dunnett’s T3, p<0.05).  When both growth factors were 

delivered, delivering BMP-2 the entire 6 days led to higher OCN levels compared to 

delivering FGF-2 during the entire time period (B/BF compared to F/BF), which suggests 

that if the cells had not contracted early, the differences between the groups would have 

increased since OCN is a late marker for differentiation. 

Mineral deposition also demonstrated dependence on when the growth factors 

were administered (ANOVA, p<0.001) (Figure 4.8b).  Groups that delivered FGF-2 the 

entire 6 days had lower mineral coverage, including the simultaneous delivery of FGF-2 

and BMP-2 (Dunnett’s T3, p<0.05).  Delivering FGF-2 first followed by BMP-2 had 
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higher mineral coverage compared to the delivery of both factors simultaneously. 

Additionally, B/BF also had higher mineral coverage compared to simultaneous delivery, 

suggesting that the delivery of BMP-2 the entire 6 days can override the inhibitive effects 

of delivering FGF-2 to osteogenic activity. 

 

4.4 Discussion 

The aim of this study was to provide design criteria for the development of a 

delivery system in which the concentration and timing of release of multiple growth 

factors can be controlled.  The aim was accomplished by investigating the effects of 

BMP-2 and FGF-2 on osteogenic differentiation of murine BMSCs.  The first objective 

was to determine the concentrations of the growth factors required, and the second was to 

determine the impact that the sequence in which the factors are delivered have on 

osteogenic differentiation.   

BMP-2 is a potent osteogenic factor that has effects on different stages of 

osteoblastic maturation ranging from osteoblast progenitor cells to more mature 

osteoblasts [8].  Pertaining to DNA content, BMP-2 did not have a significant effect even 

at higher doses (Figure 4.1).  BMP-2 demonstrated a dose dependent increase in ALP, 

OCN and mineral deposition (Figure 4.2a, Figure 4.3, and Figure 4.5a), which suggests 

that a higher concentration of BMP-2 may increase ALP, OCN and mineral deposition 

even further.   With a more mature osteoblastic cell line, this dose dependent increase is 

absent [8], however, the presence of more osteoprogenitor cells in a base population 

could lead to the dose dependency demonstrated here.  Based on the concentrations 
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examined, 450 ng/ml is most appropriate for further experimentation, however, due to 

cost limitations, 300 ng/ml was chosen for the sequential delivery experiments. 

 FGF-2, as a well known mitogenic factor, increased DNA content for all 

concentrations compared to the untreated controls (Figure 4.1b), however dose 

dependency was not demonstrated.  FGF-2 plays an active mitogenic role for various 

cells types including endothelial, fibroblastic, and smooth muscle cells.  In vitro, FGF-2 

also has a mitogenic effect on preosteoblastic cells [14]. The effect that FGF-2 has on 

osteogenic differentiation in vivo is biphasic, high concentrations also result in an 

inhibitory effect on bone regeneration [15].  This inhibitory effect may be due to the 

differentiation stage of the cell population in question [16].  In this study, FGF-2 has a 

significant negative impact on both early and late stage osteogenic differentiation (Figure 

4.2, Figure 4.3, and Figure 4.5). Even at a low concentration of 2.5 ng/ml, there was an 

inhibitory effect on ALP, OCN and mineral deposition.   A concentration of 2.5 ng/ml 

was determined to be most appropriate for the dual growth factor experiments in order to 

balance the proliferative properties of FGF-2 with its delaying effect on osteogenic 

differentiation. 

 Using a concentration of 2.5 ng/ml for FGF-2 and 450 ng/ml for BMP-2, different 

growth factor sequences were administered to BMSCs (Table 4.1).  Treatment sequences 

that delivered FGF-2 for the entire 6 day time period demonstrated higher DNA content 

while sequences that delivered BMP-2 for the same 6 day time period did not lead to a 

significant increase in DNA levels (Figure 4.6), which implies that a more prolonged 

treatment of FGF-2 increases cell number better than treating the cells for a shorter period 

of time. However, the inclusion of FGF-2, even at a low concentration of 2.5 ng/ml 
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results in a marked decrease in osteogenic activity (Figure 4.7 and Figure 4.8), even with 

a shorter time period of administration.  The groups in which FGF-2 was administered for 

the entire 6 day time period, had the lowest levels of osteogenic activity (ALP, OCN, and 

mineral deposition), compared to the groups that only delivered FGF-2 for 3 days.  FGF-

2 induced osteogenic enhancement could be dependent on the stage of cellular 

differentiation, where late administration of FGF-2 can lead to matrix mineralization but  

no change in cell growth [16]. In vivo, nanogram levels of FGF-2 with BMP-2 can 

synergistically increase osteogenic differentiation, but on a microgram level serve to 

inhibit bone regeneration, demonstrating biphasic bioactivity [17]. 

 Differences in the delivery sequence had a significant impact on the osteogenic 

activity of the BMSCs.  Delivering FGF-2 first, followed by BMP-2 led to higher ALP 

levels and mineral deposition compared to simultaneous delivery of BMP-2 and FGF-2 

(Figure 4.7, Figure 4.8b). Bone chamber studies have also shown a high inhibition due to 

a simultaneous delivery of BMP-2 and FGF-2 [18].  For OCN expression, FGF-2 

followed by BMP-2 was not significantly different from from simultaneous exposure. 

The comparable OCN levels suggests that due to the binding affinity of OCN for apatite 

[19], the OCN secreted from the cultured cells may have adsorbed to the mineralized 

nodules formed, especially in the case of FGF-2 followed by BMP-2 where mineral 

coverage was significantly higher compared to simultaneous exposure (Figure 4.8).  

The importance of sequential administration of FGF-2 and BMP-2 is also 

supported by finding that FGF-2 followed by BMP-2 resulted in higher ALP activity and 

possibly higher mineral deposition than the reverse order of administration.  Delivering 

BMP-2 the entire 6 days, and FGF-2 in the latter 3 days also resulted in relatively high 
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osteogenic activity compared to the simultaneous delivery of both growth factors (Figure 

4.7 and Figure 4.8).  This is most likely due to the continuous presence of BMP-2, which 

is a potent inducer of osteoblastic differentiation. There are a few possible theories for the 

efficacy of the sequential exposure of FGF-2 followed by BMP-2.  First, FGF-2 may 

serve to increase the efficacy of BMP-2 induction by stimulating precursor cells to enter 

the early stages of osteogenic differentiation [20-22].  Second, by treating cells with 

FGF-2 early, the population of osteoprogenitor cells that can be induced by BMP-2 to 

undergo the later stages of osteogenic differentiation is increased [12, 22]. In the another 

theory, the increase in osteogenic activity with sequential exposure may be due to FGF-2 

selectively increasing the number of cells that have already expressed BMP-2 receptors 

or increasing the expression of a specific receptor, BMPR-1B, which would potentiate 

BMP-2 induction [12, 23].  Selective BMP-2 receptor dependency was suggested to be a 

possible cause for ectopic bone formation induced by delivering low doses of FGF-2 with 

BMP-2 [23].   

 From this study, we have demonstrated the importance of the sequence of growth 

factor delivery in enhancing osteogenic differentiation.  By understanding the response of 

BMSCs to FGF-2 and BMP-2, we can design a substrate based delivery system to mimic 

these responses (Chapter 5), especially since cells in their surrounding microenvironment 

would respond to spatial and temporal gradients that growth factors exhibit in vivo.  The 

hybrid delivery system based on coprecipitation has the potential to deliver any number 

of growth factors in order to better mimic the cellular environment.   Coprecipitation 

potentiates the integration of the mechanical support and conductivity of apatite with the 
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inductivity of biomolecules in a hybrid delivery system that can better control the 

sequential delivery of multiple biomolecules. 

 

4.5 Conclusion 

To best design a delivery system for multiple growth factors, the biological basis 

for the delivery of two growth factors was characterized. BMP-2 and FGF-2 were chosen 

and osteogenic differentiation was evaluated as a means of measuring the importance of 

sequential delivery.  From the individual growth factor experiments, low concentrations 

of FGF-2 resulted in higher cell number while high concentrations of BMP-2 best 

enhanced osteogenic activity.  The sequence of delivery of BMP-2 and FGF-2 had a 

significant impact on osteogenic differentiation.  The delivery of FGF-2 followed by 

BMP-2 or even the delivery of BMP-2 followed by the delivery of both BMP-2 and FGF-

2 enhanced osteogenic differentiation compared to the simultaneous delivery of both 

factors.  In Chapter 5, the results of the biological response of BMSCs to the two growth 

factors will be applied in the development of a coprecipitation based delivery system with 

the aim of mimicking the cellular response. 
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Figure 4.1: Total DNA quantified using Picogreen. A) There was no significant 

difference in DNA amounts with varying concentrations of BMP-2 (n=4) as determined 

by ANOVA at the respective timepoints.  B) All concentrations of FGF-2 demonstrated 

higher DNA content compared to the untreated cells for Day 8 and Day 15 (* indicates 

p<0.05) as determined by ANOVA at the respective time points. The bars represent 

significance between timepoints within the same concentration treatment. 
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Figure 4.2: Normalized ALP with respect to total DNA. A) At Day 8, a BMP-2 

concentration of 450 ng/ml led to higher ALP expression compared to the untreated 

controls. The BMP-2 concentration of 450 ng/ml was also significantly higher than the 50 

ng/ml BMP-2 concentration. B) The normalized ALP of untreated controls was higher 

compared to all concentrations of FGF-2 for Day 8 and Day 15 (* indicates p<0.05) as 

determined by ANOVA at the respective timepoints. The normalized ALP on Day 22 was 

also higher for the 2.5 ng/ml concentration compared to both 10 ng/ml and 40 ng/ml 

(Bars indicates p<0.05). 
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Figure 4.3: Osteocalcin secretion levels determined by ELISA. For Day 22, the cells 

treated with 450 ng/ml of BMP-2 demonstrated significantly higher OCN levels 

compared to the untreated controls as determined by ANOVA.  OCN level for the 450 

ng/ml was also marginally higher compared to the 50 ng/ml BMP-2 treatment group.  

(Gray bars indicate p<0.05). 
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Figure 4.4: von Kossa staining of mineral deposition from BMSCs A) BMSCs treated 

with BMP-2 at 0, 50, 150, and 450 ng/ml. B) BMSCs treated with FGF-2 at 0, 2.5, 10, 40 

ng/ml. 

 



 

103 

 

 

Figure 4.5: Mineral deposition (% of area covered) determined using von Kossa staining. 

A) For Day 22, the area covered with mineral for the group treated with 150 ng/ml of 

BMP-2 was marginally higher than the control group (Dunnett’s T3, p=0.104). There is a 

general trend towards higher mineral coverage when BMSCs are treated with BMP-2 

compared to untreated controls. B) In contrast, treatment with FGF-2 in any 

concentration inhibits the deposition of mineral.  Although this was not statistically 

significant, the control cells demonstrated mineral deposition. 
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Growth Factor Administration 

Day 1 Day 4 

None None 

FGF-2 FGF-2 

BMP-2 BMP-2 

FGF-2 BMP-2 

BMP-2 FGF-2 

BMP-2 BMP-2 & FGF-2 

FGF-2 BMP-2 & FGF-2 

BMP-2 & FGF-2 BMP-2 & FGF-2 

Table 4.1: List of growth factor sequences. On Day 1, the growth factor(s) in media is 

added. On Day 4, the media is removed and new media containing the new growth 

factor(s) is/are added. 

  



 

105 

 

 

 

 

 

Figure 4.6: Total DNA quantified using Picogreen based on exposure to BMP-2 and 

FGF-2. At Day 8, F/F, F/BF, and BF/BF have significantly higher DNA levels compared 

to untreated controls and the groups that delivered BMP-2 first (Tukey, p<0.05). At Day 

11, B/F, F/F, and BF/BF had significantly higher levels of DNA compared to the group 

that only delivered BMP-2 (Dunnett’s T3, p<0.05). At Day 13, F/F, F/B, F/BF, and 

BF/BF had higher DNA content compared to B/B and B/F where BMP-2 is delivered first 

(Tukey, p<0.05). Bars represent p<0.05. (* denotes significance compared to F/F, F/BF, 

BF/BF; # denotes significance compared to B/F, F/F, BF/BF; and ^ denotes significance 

compared to F/F, F/B, F/BF, BF/BF) 
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Figure 4.7: Normalized ALP with respect to total DNA. For Day 8, the ALP activity of 

B/B was significantly higher than all other groups (Dunnett’s T3, p<0.05).  The ALP 

levels for F/F and F/BF are significantly lower compared to all other groups. Sequential 

delivery of FGF-2 followed by BMP-2 led to significantly higher ALP levels compared 

to delivering both factors simultaneously. Delivering FGF-2 first, and then BMP-2 

resulted in higher ALP levels compared to delivering BMP-2 first, followed by FGF-2. 

Additionally delivering BMP-2 the entire time period also resulted in higher ALP levels 

compared to delivering FGF-2 the entire time period.  Inclusion of FGF-2 resulted in 

significantly lower levels in all groups except B/BF and F/B. For Day 11, F/B still 

demonstrated higher ALP compared to all groups except the untreated cells and B/BF. 

For Day 13, F/B continued to demonstrate high ALP levels compared to all groups except 

the controls and B/BF. Untreated cells, B/B, and F/B had significantly higher ALP levels 

compared to BF/BF. Bars also indicate p<0.05. (* denotes significance compared to all 

groups; ^ denotes significance compared to all other groups; # denotes significance 

compared to all groups except the untreated cells; % denotes significance compared to all 

groups except untreated cells and B/BF; and @ denotes significance compared to all 

groups except B/BF and F/B) 
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Figure 4.8: A) OCN secretion of BMSCs in response to BMP-2 and FGF-2 

administration. F/B, B/BF, and BF/BF had higher levels of OCN compared to F/F and 

F/BF (Dunnett’s T3, p<0.05). Delivering BMP-2 the entire time period when both growth 

factors are included led to higher OCN compared to delivering FGF-2 the entire time 

period. B) Mineral deposition (% of area covered) determined using von Kossa staining. 

Delivering FGF-2 first followed by BMP-2 had higher mineral coverage compared to 

delivery both factor simultaneously. Groups that delivered FGF-2 the entire time period 

tended to have lower mineral coverage including the delivery of both growth factors at 

the same time (Dunnett’s T3, p<0.05).   
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Chapter 5 

Organic/Inorganic Hybrid Biomaterial Designed to Deliver Multiple Growth 

Factors to BMSCs 

 

5.1 Introduction 

The clinical basis for bone regeneration is the correction of bone defects caused 

from trauma, congenital malformations, and progressively deforming skeletal disorders.  

Bone tissue engineering provides an alternative to bone grafting and direct usage of 

growth factors to regenerate bone.  Bone tissue engineering uses engineering design to 

strategically combine the following biological components essential in regeneration: 

cells, an extracellular matrix (ECM) analogue, and signaling molecules [1].  An ideal 

bone tissue engineering approach would incorporate osteoconductivity and 

osteoinductivity into the design of the supporting biomaterial, as well as biocompatibility, 

degradability, mechanical integrity, and the ability to support cell transplantation.  

Osteoconductive properties are derived from the implantation of synthetic or natural 

materials, which can serve as ECM analogs, allowing the recruitment of targeted host 

cells while simultaneously preventing unwanted cells from entering.  Osteoinductive 

properties can be integrated into a tissue engineering system by a variety of methods such 

as immobilization of a biomolecule to a biomaterial surface, or encapsulation within a 

biomaterial.   
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Employing an inductive approach to bone regeneration in the form of growth 

factors can regulate cellular responses (proliferation, migration, differentiation), and have 

either synergistic or antagonistic effects on other growth factors.  Although the activation 

of a single growth factor can have an impact on several signaling pathways, in the 

cellular environment, activation is not limited to single growth factor but a multitude of 

growth factors at different locations and times.    In developing a delivery system to 

better simulate the microenvironment that cells are subjected to in vivo, exposure to 

multiple biological agents with a spatial and temporal gradient would be most 

advantageous.  For example, vascular endothelial growth factor (VEGF) alone is not 

sufficient in healing of critical size bone defects, however by combining VEGF with 

BMP-4 healing is enhanced [2].  On the other hand, combined application of osteopontin-

1 (OP-1) and BMP-2 did not enhance bone regeneration over single growth factor 

applications [3], implying that simultaneous administration of multiple factors is 

sometimes not sufficient to induce an osteogenic response. Therefore, the sequential 

delivery of multiple factors must be examined. 

 To deliver multiple biomolecules, a delivery system must be developed that 

expands on the advantages that a single factor delivery system exhibits.  Polymeric dual 

delivery systems have been developed that are based the fusion of a polymer containing 

one biomolecule with microspheres containing a second biomolecule [4].  Another 

approach is to coat a scaffold using polymer hydrogel coatings containing biomolecules, 

where the biomolecules can diffuse through the different coatings instead of their release 

being degradation based [5].  However, protein aggregation within the polymer matrix 

can occur, resulting in incomplete release [5].  A third approach uses a peptide-modified 
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alginate hydrogel, where multiple factors are delivered in conjunction with cells to induce 

ectopic bone formation.  However, the sequence of delivery was not controlled [6]. 

An alternative to polymeric systems is the coprecipitation of proteins with 

biomimetic apatite onto an implant or scaffold surface.  In addition to providing spatial-

temporal control of delivery like many polymer systems, bioceramic coatings provide a 

high degree of osteconductivity.  The formation of a bone-like mineral layer leads to the 

interfacial bonding between implants and bone [7].  The bone-like mineral layer may 

enhance the conduction of host cells into scaffolds [8], in addition to inducing the 

osteogenic differentiation of cells transplanted [9].  Additionally, the apatite is a better 

source of mechanical integrity (e.g. substrate stiffness), a design parameter not provided 

by polymer systems capable of temporal delivery.  An important advantage to 

coprecipitation is the ability to produce calcium phosphate coatings at a physiological 

temperature [10, 11], minimizing conditions that would alter the biological activity of the 

factors [12].  Biomolecules can be incorporated at different stages of the deposition of the 

calcium phosphate coatings [12], which spatially localizes the biomolecule through the 

apatite thickness [13], thus impacting biomolecule release.   

In the design and development of our hybrid organic/inorganic delivery system, 

BMP-2 and FGF-2 were chosen as the growth factors.  BMP-2 is a potent osteogenic 

factor that has an important role in bone regeneration, while FGF-2 plays an active 

mitogenic role for various cells types.  Because both BMP-2 and FGF-2 regulate 

osteogenesis, they have been used in combination.  FGF-2 stimulates cell growth and 

osteoblastic differentiation of dexamethasone treated MSCs, and upon exposing cells to 

both BMP-2 and FGF-2, bone formation was enhanced more than either growth factor 
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individually [14], confirming again the importance of temporal gradients.   In Chapter 4, 

the effects of BMP-2 and FGF-2 on BMSCs cultured on tissue culture polystyrene were 

examined.  Low concentrations of FGF-2 increased cell number while increasing 

concentrations of BMP-2 enhanced osteogenic activity (ALP, OCN, and mineral 

deposition.  The delivery of FGF-2 followed by BMP-2 or even the delivery of BMP-2 

followed by the delivery of both BMP-2 and FGF-2 resulted in enhanced osteogenic 

differentiation compared to the simultaneous delivery of both factors.  Thus, the sequence 

in which multiple growth factors are delivered has a substantial effect on cellular 

response.  

In this chapter, the hybrid delivery system was designed to allow for the 

sequential delivery of FGF-2 and BMP-2 with the aim of mimicking the concentration 

and sequence of growth factor administration discovered to optimally differentiate 

BMSCs on TCPS.  First, the release of BMP-2 and FGF-2 from apatite was determined 

by varying their concentrations in mSBF during coprecipitation. Growth factor 

concentrations chosen for their release profile, were then used in coprecipitation schemes 

to mimic the sequential exposure of FGF-2 and BMP-2.   By controlling the location of 

FGF-2 and BMP-2 within the biomimetic apatite, the sequence of delivery can be 

manipulated to provide a desired release.  DNA content, alkaline phosphatase activity 

(ALP), and osteocalcin (OCN) content, were analyzed for BMSCs seeded on 

coprecipitated samples containing different sequences of the two growth factors.   
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5.2 Materials and Methods 

5.2.1 Growth factors and additives 

The growth factors rhBMP-2 and rhFGF-2 were obtained from Peprotech (Rocky 

Hill, NJ).  FGF-2 was reconstituted in 5 mM Tris buffer containing BSA. BMP-2 was 

reconstituted in sterile water containing BSA. Heparin sodium salt derived from porcine 

intestinal mucosa was purchased from Sigma Aldrich (St. Louis, MO). 

5.2.2 PLGA film preparation 

  The films were prepared using 5 wt. % PLGA, 85:15 PLA:PGA ratio (Alkermes), 

in chloroform solution.  The films (approximately 200-300 µm thick) were cast onto 15 

mm round glass coverslips, covered with aluminum foil and air dried for at least 24 hours 

under a fume hood.  Prior to mineralization, the films were etched in 0.5 M NaOH for 

seven minutes.  They were rinsed thoroughly with Millipore water before use.  

5.2.3 Modified simulated body fluid  

A modified simulated body fluid (mSBF, which contains 2X the concentration of 

Ca
2+

 and HPO4
2-

 as standard SBF) was used to mineralize the films [13].  mSBF consists 

of the following reagents dissolved in Millipore water: 141 mM NaCl, 4.0 mM KCl, 0.5 

mM MgSO4, 1.0 mM MgCl2, 4.2 mM NaHCO3, 5.0 mM CaCl2∙2H2O, and 2.0 mM 

KH2PO4.  mSBF was prepared at 25°C and titrated to pH 6.8 using NaOH to avoid 

homogeneous precipitation of calcium phosphate.   

5.2.4 Mineralization and BMP-2 and FGF-2 coprecipitation for release kinetics 

For mineralization, samples were incubated in mSBF at 37°C.  mSBF was 

exchanged every 24 h. Samples were mineralized between 6-8 days before 
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coprecipitation.  Before coprecipitation, mineralized films were sterilized under UV light 

for 30 min. 

For coprecipitation, mineralized films were placed into a new petri dish. A mSBF 

solution containing either BMP-2 (0, 0.5, 5 µg/ml) or FGF-2 (0, 0.01, 0.05 µg/ml) and 

heparin (1:1 mass ratio with FGF-2) was prepared and placed into each dish containing 

the premineralized films.  The films were incubated for 24 h at 37°C.  Samples 

containing neither BMP-2 nor FGF-2 were mineralized for 24 h at 37°C in mSBF. 

5.2.5 BMP-2 and FGF-2 release kinetics 

Samples (n=7) were placed into 24 well plates. One ml of calcium free PBS 

(BMP-2) or 1 ml PBS with 0.1% BSA (FGF-2) was placed into each well and gently 

agitated at ca. 75 rpm. PBS was removed and replaced at each of the following time 

points: 6 h, 1 d, 3 d, 7 d, and 14 d.  Samples were frozen for later analysis. 

ELISA (Antigenix America, Huntington Station, NY) was used to analyze the 

release of BMP-2 and FGF-2.  Kits were adapted for each growth factor and optimized 

for sample analysis. Briefly, tracer antibody was reconstituted in 0.1% BSA solution. 

BMP-2 and FGF-2 standard curves were prepared using diluent composed of 0.1% BSA 

and 0.05% Tween 20. Samples were diluted and added in duplicate. Color development 

was read at 450 nm with a plate correction at 650 nm after stop solution was added. 

5.2.6 Murine bone marrow stromal cell extraction and cell culture 

Six week old C57BL6 mice were utilized for BMSC extraction.  Freshly extracted 

long bones (6 per mouse) were suspended in Hank’s Balanced Salt Solution (HBSS).  

The metaphyses of each bone were cut (to allow for an opening to the marrow cavity), 

and 2 bones were placed into a 200 µl pipette tip and then placed in a microcentrifuge 
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tube. Tubes were spun for 8-12 sec up to a maximum speed of 2000 rpm [15].  An 18 

gauge needle was used to gently agitate the cell pellets.  Cell pellets were then pooled and 

split into T75 flasks.  Media was exchanged and non-adhesive cells were removed after 5 

days.  Media was exchanged every 3 days until cells reached confluency, at which time 

cells were split 1:3 and replated.  After reaching confluency, cells were counted and 

replated in 24 well plates.   

Growth medium for primary cell culture and plating was composed of 10% FBS, 

1% penicillin-streptomycin, and MEMα.  After 48 h, osteogenic medium was utilized, 

which was growth medium supplemented with dexamethasone, 50 mg/L L-ascorbic acid-

phosphate, and 10 mM β-glycerol phosphate hydrate disodium salt. 

5.2.7 Mineralization and BMP-2 and FGF-2 coprecipitation for sequential release 

For mineralization, samples (n=6 for ALP/DNA and n=5 for OCN) were incubated in 

mSBF at 37°C.  mSBF was exchanged every 24 h. Samples were mineralized between 8-

10 days before coprecipitation.  Before coprecipitation, mineralized films were sterilized 

under UV light for 30 min.   

For coprecipitation, mineralized films were placed into a new petri dish. The samples 

were then mineralized according to Figure 5.1.  A mSBF solution containing either BMP-

2 (5 µg/ml) or FGF-2 (0.05 µg/ml) was prepared and placed into each dish containing the 

premineralized films.  The films were incubated for the specified time period and 

specified mSBF solution at 37°C. 

5.2.8 Substrate mediated sequential delivery of BMP-2 and FGF-2 to BMSCs 

Mineralized films containing growth factors were placed in 24 well-plates.  An o-

ring was placed into each well to prevent films from floating during media exchange.  
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Cells were plated into 24 well-plates (n=6 per group) at a density of 50,000 cells per well 

and allowed to attach for 48 h.  Medium was then removed and replaced with osteogenic 

growth medium.  Every 3 days thereafter, the osteogenic medium was replaced. 

5.2.9 DNA content 

To determine DNA content and ALP activity, cells were washed twice with HBSS 

and harvested utilizing a buffer containing 10 mM Tris-HCl, 0.2% Igepal, and 2 mM 

PMSF in ethanol.  Samples were then placed at -80
o
C for later analysis.  

For DNA determination, samples were thawed, and homogenized on ice. Samples 

were then centrifuged at 12,500 rpm for 10 min at 4
o
C and used for ALP activity.  

Samples were resuspended for DNA quantification.  The DNeasy kit (Qiagen, Valencia, 

CA) was used to determine DNA content according to the protocol adapted from the 

manufacturer.  Absorbance was determined using a microplate reader and DNA quantity 

was calculated.  DNA content was determined at day 8, 15 and 22. 

5.2.10 Alkaline phosphatase (ALP) activity 

Thawed homogenized samples were then vortexed with assay buffer (glycine, 

MgCl2), harvest buffer, and p-nitrophenyl-phosphate (PnPP) substrate solution (Sigma, 

St. Louis, MO) and incubated at 37
o
C for 15 min.  The reaction was then terminated by 

adding 0.1 N NaOH and samples were placed in a 96 well-plate.  A standard curve using 

alkaline phosphatase from calf intestine (Roche, Indianapolis, IN) was used to compare 

the activity and absorbance was determined at 405 nm. Values were then normalized to 

DNA content.  ALP activity was determined at day 8, 15 and 22. 
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5.2.11 Osteocalcin (OCN) content 

Samples were rinsed with PBS and demineralized with 0.5 M EDTA and 

phenylmethanesulfonylfluoride (PMSF).  Samples were gently shaken at ca. 80 rpm for 

24 h at 4 °C.   Demineralization solution was removed and spun at 10,000 rpm for 1 min.  

Supernatant was removed at Day 22 and frozen for analysis.  OCN content was 

determined using a mouse OCN EIA kit (Biomedical Technologies, Stoughton, MA) 

according to manufacturer’s protocol.  Samples were thawed and placed into the 96 well-

plate.  A standard curve was also prepared ranging from 0 ng/ml to 50 ng/ml. After 

reaction termination, measure the absorbance at 450 nm immediately. 

5.2.12 Statistical analysis 

ANOVA with repeated measures was used to analyze the concentration of BMP-2 

and FGF-2 released at each time.  ANOVA was used to analyze DNA content, ALP 

activity, and OCN content, with regards to treatment. Tukey or Dunnett’s T3 post hoc 

comparison test was used for pair-wise comparisons depending on whether or not the 

assumption of equal variance was met.   

 

5.3 Results 

5.3.1 BMP-2 and FGF-2 have differing release kinetics 

Varying the concentration of BMP-2 used during coprecipitiation had significant 

effects on BMP-2 release (ANOVA repeated measures, p<0.001) (Figure 5.2).  Adding 5 

µg/ml of BMP-2 during coprecipitation resulted in significantly higher release compared 

to a concentration of 0.5 µg/ml, suggesting a higher BMP-2 incorporation into the apatite.  

The amount of BMP-2 released per time period was also significantly different (p<0.001) 
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(Figure 5.2b).  Over time, the amount of BMP-2 released decreased.  There was also a 

significant interaction (p<0.001) between the time period of release and concentration, 

which suggests that BMP-2 release profile was significantly dependent on the 

concentration of BMP-2 used during coprecipitation. 

Varying the concentration of FGF-2 in mSBF also had significant effects on the 

concentration released (ANOVA repeated measures, p<0.001) (Figure 5.3).  Adding 0.05 

µg/ml of FGF-2 during coprecipitation resulted in significantly higher concentration 

released compared to a concentration of 0.01 µg/ml, suggesting a higher FGF-2 

incorporation into the apatite.  The amount of FGF-2 released per time period was also 

significantly different (p<0.001) (Figure 5.3b).  For 0.05 µg/ml, the amount of FGF-2 

released per time period does not change significantly with the exception of the last time 

period (7-14 d).  There is also a significant interaction (p<0.001) between the time period 

of release and concentration, which suggests that the FGF-2 release profile was also 

significantly dependent on the concentration of FGF-2 used during coprecipitation.   

5.3.2 Delivering FGF-2 and BMP-2 to BMSCs had moderate effects on DNA content 

On Day 8, there were no significant differences in DNA content of BMSCs 

exposed to growth factors (Figure 5.4).  On Day 15, simultaneous administration of FGF-

2 and BMP-2 (Tukey, p=0.022) led to significantly higher DNA content compared to 

cells that were cultured on TCPS.  Delivering FGF-2 first, followed by BMP-2 led to 

marginally higher DNA levels compared to cells seeded on TCPS (Tukey, p=0.061).  

There is a trend of increased DNA content for cells seeded on mineral compared to 

TCPS.  At Day 15, there is also a trend of increased DNA level for groups in which FGF-
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2 was delivered immediately compared to cells cultured on mineralized films containing 

no growth factors. 

5.3.3 Delivering FGF-2 and BMP-2 at these concentrations had minimal effects on 

osteogenic differentiation of BMSCs 

On Day 8, cells seeded on mineralized films demonstrated significantly higher 

normalized ALP activity compared to delivering BMP-2 first, followed by FGF-2 

(Dunnett’s T3, p=0.009) (Figure 5.5).  On Day 15, normalized ALP activity was 

significantly higher for cells seeded on TCPS compared to all other treatment groups 

(Tukey, p<0.001).  At all three times, there is a trend of increased ALP expression for 

cells cultured on TCPS compared to all groups that were cultured on mineralized 

substrates.  At Day 22, there is a trend of increased ALP levels for the groups that 

delivered the growth factors in a sequence compared to cells that were only cultured on 

mineral (FGF-2 followed by BMP-2 and BMP-2 followed by FGF-2).  OCN levels were 

not significantly different amongst the different experimental groups (Figure 5.6).   

 

5.4 Discussion 

The aim of these studies was to design a hybrid delivery system that would 

deliver multiple growth factors at concentrations and sequences determined to optimally 

differentiate BMSCs in the in vitro cell experiments from Chapter 4.  Briefly, the 

sequence in which growth factors are delivered has a statistically significant effect on 

osteogenic differentiation (Figure 4.7 and Figure 4.8).  An early marker (ALP) and a late 

marker (OCN) were used to measure osteogenic differentiation of BMSCs subjected to 

different sequences of FGF-2 and BMP-2.  The delivery of FGF-2 followed by BMP-2 
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resulted in significantly increased expression of ALP and mineral deposition compared to 

the simultaneous delivery of both factors (Figure 4.7 and Figure 4.8).  In order to design a 

delivery system based on controlling the delivery of growth factors from an apatite 

coating, the concentrations of both of the growth factors needed during coprecipitation 

were examined.  Based on these findings (Figure 5.2 and Figure 5.3), FGF-2 and BMP-2 

were spatially localized within biomimetic apatite using coprecipitation.   

Osteoconductivity, in the form of biomimetic apatite, and osteoinductivity, in the 

form of growth factors, were integrated in the development of the hybrid delivery system. 

The aim was to utilize coprecipitation to control the spatial location of multiple growth 

factors, and thereby dictate the sequential release of the two factors shown to more 

optimally differentiate BMSCs compared to simultaneous administration. However, in 

this first iteration of the delivery system, minimal effects of growth factor sequence on 

DNA content (Figure 5.4) and osteogenic differentiation (Figure 5.5 and Figure 5.6) was 

shown.    A trend of increased DNA content for cells seeded on mineral compared to 

TCPS suggests that the mineral had an osteoconductive effect on BMSCs.  The trend of 

increased DNA content for treatment groups in which FGF-2 was delivered immediately 

compared to cells seeded on mineralized films containing no growth factors implies that 

FGF-2 has a mitogenic effect when delivered to BMSCs.  Normalized ALP levels at day 

15 were significantly higher for cells that were seeded on TCPS compared to all other 

groups (Figure 5.5), similar to the results in Chapter 4 when BMSCs were only seeded on 

TCPS (Figure 4.7).  However, the presence of mineral resulted in a significant inhibition 

of ALP activity (Figure 5.5).  At Day 22, the trend of higher ALP expression for the 

sequential delivery of the growth factors (FGF-2 followed by BMP-2 and BMP-2 
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followed by FGF-2) compared to cells that were only cultured on mineral implies that 

growth factor delivery compensates for the inhibitive effects of mineral. Additionally, the 

trend of higher ALP expression for sequential delivery compared to simultaneous 

delivery suggests that prolonged FGF-2 delivery inhibits osteogenic differentiation. The 

comparable ALP expression for both sequences of delivery (FGF-2 followed by BMP-2 

and BMP-2 followed by FGF-2) demonstrates the potency of BMP-2 in initiating 

osteogenic differentiation in the early absence of FGF-2. Additionally, a late osteogenic 

differentiation marker, OCN, did not demonstrate significant differences among the 

different treatment groups (Figure 5.6). 

There are many possible reasons for the minimal success of the hybrid delivery 

system in mimicking the cellular response that was expected from Chapter 4.  The 

significant decrease in ALP expression by cells seeded on mineralized substrates 

compared to TCPS suggests that the mineral may have led to a decrease in osteogenic 

differentiation.  Although bone-like apatite formed using a supersaturated ionic solution 

and calcium phosphate cements, such as 70% carbonated apatite and 90% hydroxyapatite 

have been demonstrated to increase osteogenic differentiation [9, 16],  it has inhibited 

osteogenic differentiation of human mesenchymal stem cells while increasing cellular 

proliferation [17].  Rat bone marrow stromal cells cultured on plastic also express higher 

levels of ALP compared to cells attached to a calcium phosphate coating [18].  

Differences in osteogenic differentiation of cells seeded on bone-like mineral may be 

attributed to differences in the ionic strength and pH of the solution used to form the 

bone-like mineral, where the level of supersaturation can drive the material 

characteristics of the apatite formed. 
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The composition of the mineral may play a significant role in controlling 

osteogenic differentiation. Varying the type of SBF utilized during mineralization has 

significant effects on osteogenic differentiation [19]. The hydroxyapatite that is typically 

formed from a supersaturated ionic solution is carbonated [20].  For instance, osteoblastic 

differentiation was increased on 70% carbonated apatite compared to amorphous calcium 

phosphate [16].  It is possible that the quantity of carbonated apatite in our experimental 

study may have led to a decreased osteogenic effect of the BMSCs.   

Surface topography, crystallinity, and dissolution may also have inhibited or 

delayed the osteogenic differentiation of the BMSCs in this study.  The amount of 

carbonate that is incorporated during mineralization influences crystallinity, and 

solubility [21].  Changing the composition of mSBF can change the topography and the 

crystallinity of the apatite formed [22].  Increasing the roughness of HA results in a delay 

in ALP expression of hMSCs [23].  In our study, the roughness of the apatite may have 

contributed to the inhibition in osteogenic activity [24].  HA coatings with lower 

crystallinity exhibit higher cellular attachment compared to highly crystalline HA [25].  

However lower crystallinity also results in higher solubility, which would affect pH, and 

could lead to toxic effects [25].  The crystallinity of the bone-like mineral formed during 

this study may have affected the initial attachment of BMSCs to the apatite surface 

compared to TCPS, resulting in a lower number of cells exposed to the dual growth factor 

release.  The influence of crystallinity suggests that the composition of the SBF, which 

dictates the material properties of the mineral formed, can be manipulated to minimize 

the inhibitive effects that the mineral may have on osteogenic differentiation.   
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Another possibility for the minimal effects of the sequential release of BMP-2 and 

FGF-2 on differentiation is related to the delivery of the growth factors. More BMP-2 

was released in the earlier time periods, with decreases at subsequent times (Figure 5.2). 

However, while FGF-2 also demonstrated a “burst” release, it was more sustained over 

time (Figure 5.3).  The differing release kinetics suggests the affinity of the factors for 

apatite influenced their release.  This interpretation is supported by data showing that 

increasing adsorption affinities of antibacterial agents to apatite surfaces results in 

decreased release rates [26].  Based on the release kinetics, it is possible that BMP-2 may 

have a lower affinity to the bone-like mineral layer relative to FGF-2.  BMP-2 has a pI of 

8.2 while FGF-2 has a pI of 9.6 [27, 28], therefore, at the same pH, slightly different 

charges exist that may affect their binding to apatite.   

From Chapter 4, a high concentration of BMP-2 was necessary for significant 

enhancement of osteogenic differentiation of BMSCs, while a low concentration of FGF-

2 for short time periods was necessary to minimize inhibition/delay (Figure 4.2).  

Therefore, the coprecipitation time of FGF-2 was adjusted to lower the amount of FGF-2 

incorporated into the coatings, thus lowering the amount of FGF-2 released.  On Day 15, 

ALP activity was higher for cells on mineralized films compared to delivering FGF-2 

first, followed by BMP-2 (Figure 5.5).  Therefore, it is still possible that the FGF-2 

concentration was high enough to have inhibitive effects.  Another possibility is that the 

concentration of BMP-2 (5 µg/ml) may have still been too low to sufficiently initiate the 

cells into an osteogenic pathway due to its relatively higher release rate.   

 The interaction of BMP-2 and FGF-2 may have also contributed to the inability of 

the first iteration of the delivery system to mimic the cellular response of the same two 
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growth factors when they were added exogeneously to BMSCs seeded on TCPS (Chapter 

4).  In the study from Chapter 4, when FGF-2 was administered exogeneously for the 

entire 6 day time period, lower levels of osteogenic activity resulted compared to when 

FGF-2 was administered for half the time.   FGF-2 derived osteogenic enhancement 

could be dependent on the stage of cellular differentiation [29].   In vivo, low nanogram 

levels of FGF-2 with BMP-2 can synergistically increase osteogenic differentiation, but 

on a microgram level serve to inhibit bone regeneration [30], which may extend towards 

in vitro experiments.  For this study, the concentration of FGF-2 remaining within the 

mineral may have prolonged the exposure that the cells were subjected to in their 

immediate environment. 

 BMP-2 has been incorporated in similar calcium phosphate coatings where 

bioactivity was preserved [18, 31] and heparin has been used to increase FGF-2 stability 

by protecting it from acid or heat induced inactivation [32].  However, growth factor 

instability may still have contributed to minimal effects on osteogenic response even with 

the inclusion of heparin to stabilize FGF-2.  Possible mechanisms of protein instability 

include protein unfolding, aggregation, and chemical inactivation [33].  Coprecipitation 

may have initiated conformational changes leading to reduced bioactivity due to possible 

interactions within the supersaturated solution or when the growth factors are precipitated 

onto the surface of the apatite.  With adsorption to a hydrophilic surface, which is the 

case with the carbonated apatite, the factor may desorb without a conformational change 

or it may change to better bind to the substrate.   

ALP levels were lower in cells were seeded on mineralized substrates (Figure 

5.5), however, there was a non-significant increase in ALP levels within each treatment 
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group by Day 22 suggesting that if the differentiation was allowed to proceed, differences 

between the treatment groups may have become significant. The lack of significance in 

OCN levels between all groups suggests that osteogenic differentiation was also delayed. 

If differentiation was allowed to proceed longer, differences among the groups may have 

become significant since OCN is a late marker of osteogenic differentiation.  Delayed 

differentiation may be due to the inhibitive properties of FGF-2, but it may also have 

been a result of the heterogeneous population of BMSCs.  While stromal cells were 

selectively passaged, other cell types were also present.  The effects of BMP-2 and FGF-

2 on BMSCs can differ depending on the stage of differentiation.  For example, dose 

dependency of BMP-2 may be different for osteoblast progenitor cells compared to more 

mature osteoblasts [34].   

 From this study, we have demonstrated that incorporating growth factors during 

coprecipitation can significantly dictate their release kinetics.  Even though this first 

iteration of a hybrid substrate-based delivery system did not fully mimic the cellular 

response of BMSCs to BMP-2 and FGF-2, it still has potential to deliver multiple growth 

factors or other biological molecules including DNA and peptides.  In Chapter 4, the 

importance of delivering BMP-2 and FGF-2 in a specific sequence compared to 

delivering them simultaneously was demonstrated.  Incorporating biomolecules using 

coprecipitation potentiates the integration of the conductivity of apatite with the 

inductivity of biomolecules in a hybrid delivery system that can better control the 

sequential delivery of multiple biomolecules.  Further iterations of the delivery system to 

could involve changing the: formulation of mSBF, growth factor concentration during 

coprecipitation, and time period for coprecipitation.  In changing the composition of the 
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mSBF, mineral characteristics such as surface chemistry, and dissolution, would also 

change.  Changing dissolution rates would also change the rate of release of the growth 

factors.  Increasing or decreasing the growth factor concentrations during coprecipitation 

and changing the time period for coprecipitation would alter the amount and the duration 

that a growth factor is released.  For example, decreasing the time period of 

coprecpitation or the concentration for FGF-2 would most likely decrease the inhibitive 

effects that FGF-2 has on osteogenic activity.  This hybrid delivery system has the 

potential to be beneficial in many clinical applications including fractures or dental 

implants since delivery is not limited to only growth factors [26, 35]. 

  

5.5 Conclusion 

For this model system, BMP-2 and FGF-2 were chosen for the design of a hybrid 

delivery system based on dual release. ALP and OCN expression were evaluated as a 

means of measuring the ability of the delivery system to mimic the osteogenic response 

demonstrated in Chapter 4.  The release of BMP-2 and FGF-2 was significantly affected 

by the concentration used during coprecipitation.  BMP-2 demonstrated a higher “burst” 

release compared to FGF-2.  In the first iteration of the hybrid substrate delivery system, 

minimal effects on both DNA content and osteogenic differentiation were shown.    DNA 

levels were not significantly different between the groups that delivered multiple growth 

factors.  Normalized ALP activity was significantly higher for untreated cells that were 

seeded on TCPS compared to all other groups.  The mineral inhibited or delayed 

osteogenic activity. However, the trend of increased ALP expression for sequential 

growth factor delivery indicated that the delivery of BMP-2 and FGF-2 in either order 
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compensated for the inhibitive effects of mineral. With further experimentation, this 

organic/inorganic delivery system based on coprecipitation has the potential to deliver 

multiple biological factors to better mimic spatial and temporal gradients that cells are 

exposed to in vivo by controlling the release of biomolecules from within apatite.   
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Growth Factor Coprecipitation Order 

First Hrs Second Hrs 

Cells Only - Cells Only - 

Cells + Min - Cells + Min - 

FGF 6 BMP 24 

BMP 24 FGF 6 

BMP + FGF 30 BMP + FGF 30 

 

 

Figure 5.1: Experimental groups for substrate-mediated delivery of growth factors to 

BMSCs. The table lists the coprecipitation order of the experimental groups. The diagram 

is a pictorial representation of the spatial distribution of growth factors based on the 

coprecipitation order.  The “thickness” of the layers with regards to time were: mineral 

(8-10 days), BMP-2 (24 or 30 hr), and FGF-2 (6 or 30 hr). For example, for the 3
rd

 group, 

FGF-2 will be coprecipitated for 6 h, and then BMP-2 will be coprecipitated for 24 h. 

Therefore, BMP-2 is the topmost layer, followed by FGF-2 below it.  

FGF-2

BMP-2

mineral

PLGA

BMP-2 &

FGF-2

1) FGF-2

2) BMP-2

1) BMP-2
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Figure 5.2: Release of BMP-2 is dependent on BMP-2 concentration in mSBF. A) 

Cumulative release of BMP-2 over the 14 day time period. B) Release of BMP-2 during 

each time period (6 h, 1, 3, 7, 14 d).  Varying the BMP-2 concentration during 

coprecipitation had a significant effect on BMP-2 release (ANOVA repeated measures, 

p<0.001). There are also significant changes in the amount of BMP-2 released for each 

time period (p<0.001).  Additionally, there is significant interaction (p<0.001) between 

time and concentration, further suggesting that BMP-2 release is significantly dependent 

on the concentration of BMP-2. 
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Figure 5.3: Release of FGF-2 is dependent on FGF-2 concentration in mSBF. A) 

Cumulative release of FGF-2 over the 14 day time period. B) Release of FGF-2 during 

each time period (6 h, 1, 3, 7, 14 d).  Varying the FGF-2 concentration during 

coprecipitation had a significant effect on FGF-2 release (ANOVA repeated measures, 

p<0.001). There are also significant changes in the amount of FGF-2 released for each 

time period (p<0.001).  Additionally, there is significant interaction (p<0.001) between 

time and concentration, suggesting that FGF-2 release kinetics is significantly dependent 

on the concentration of FGF-2. 
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Figure 5.4: Total DNA quantified using DNeasy.  On Day 15, the DNA content was 

significantly higher for the simultaneous administration of FGF-2 and BMP-2 (Tukey, 

p=0.022) and marginally higher when FGF-2 was delivered first, followed by BMP-2 

second (Tukey, p=0.061) compared to cells seeded on TCPS. Simultaneous delivery of 

BMP-2 and FGF-2 was significantly higher at Day 15 compared to Day 22 (Tukey, 

p=0.031). For the coprecipitation groups, the order of coprecipitation is the reverse order 

of release. 
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Figure 5.5:  ALP normalized with respect to total DNA. A) On Day 8, ALP expression 

was significantly higher for cells on mineralized films compared to treating cells with 

BMP-2 first, followed by FGF-2 (Dunnett’s T3, p=0.009). On Day 15, normalized ALP 

activity was significantly higher for cells seeded on TCPS compared to all other 

treatment groups (Tukey, p<0.001).   
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Figure 5.6: Osteocalcin secretion levels determined by ELISA. There was no significant 

difference in OCN levels on Day 22. 
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Chapter 6  

Conclusions and Future Work 

 

6.1 Conclusions 

Bone defects resulting from trauma, congenital malformation, and skeletal 

diseases present major challenges not only for the medical community but also for the 

scientific community.  While current medical therapies are successful, there is still a 

continuing need for the development of a more ideal treatment for bone healing.  

Emerging strategies in bone regeneration have focused on the use of natural or synthetic 

materials to support cell transplantation or to guide bone growth.  Necessary 

characteristics of the ideal biomaterial used for implantation are: biocompatibility, 

osteoconductivity, osteoinductivity, mechanical support, and biodegradability, with the 

measure of success based on its ability to induce cells to infiltrate, grow, and replace the 

implant.  The work throughout this thesis is aimed at the development of an 

organic/inorganic delivery system utilizing coprecipitation, a biomimetic approach that 

precipitates apatite onto a biomaterial, to enhance cell response in a spatially and 

temporally controlled manner.  Employing coprecipitation imparts osteoconductivity, 

derived from apatite (inorganic), and osteoinductivity, derived from DNA and growth 

factors (inorganic), into the design of a biomaterial. 

In the development of biomaterials for bone tissue engineering, the inclusion of 

inductive factors has been researched as a means of enhancing bone regeneration.  
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Methods of immobilizing biomolecules include adsorption, covalent binding and physical 

entrapment, with varying levels of loading efficiency and retention. Coprecipitation is a 

biomimetic approach designed to incorporate a bioactive factor within a conductive layer 

of apatite, which is formed using a supersaturated ionic solution that heterogeneously 

precipitates in a defined range of pH, temperatures, and ionic concentrations.  The ease at 

which coprecipitation can be manipulated demonstrates that this process is beneficial in 

creating biomaterials with conductive surfaces that can control the release of any 

bioactive factor including DNA, growth factors, peptides, or proteins to better mimic the 

cellular microenvironment where cellular response is highly dependent on spatial and 

temporal gradients.   

In Chapter 2, our experiments elucidated the ability of coprecipitation to spatially 

localize a protein within mineral, which is necessary for designing a desired release 

profile and an effective delivery system for bone regeneration. Using BSA as a model 

protein, we have demonstrated that higher quantities of protein can be incorporated and 

retained within the apatite via coprecipitation compared to adsorption (Figure 2.2 and 

Table 2.1).  Furthermore, employing coprecipitation as a means to distribute the protein 

allowed for more control over the spatial localization of the protein (Figure 2.6 and 

Figure 2.7).  The spatial location and quantity of the protein can be controlled by 

manipulating the start, extent, and end of the coprecipitation process resulting in 

numerous release profiles that can be tailored to enhance a specific cellular response.  

Additionally, the mineralization process can also be controlled to change the type of 

apatite produced. Changing apatite chemistry and structure affects the dissolution rate of 

apatite, thereby changing the release of the biomolecules incorporated.  
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Next, we employed coprecipitation in the development of an organic/inorganic 

hybrid that delivers genes (Chapter 3).  Coprecipitation of DNA-Lipoplexes into 

biomimetically nucleated apatite has the potential to be used in bone regeneration as 

additional means of controlling cellular behavior in vivo.  By combining the methods of 

calcium phosphate based precipitation and cationic lipid assisted transfection, plasmid 

DNA complexed with a cationic lipid (Lipofectamine 2000
®
) was incorporated into 

biomimetic apatite.  Through coprecipitation, the stability of the plasmid-DNA 

Lipoplexes was retained (Figure 3.4 and Figure 3.5) and colocalization of the complexes 

on the mineralized polymer substrates was confirmed (Figure 3.3).  DNA-Lipoplex 

coprecipitation demonstrated higher transfection efficiency in comparison to other forms 

of delivery, including adsorption (Figure 3.7).  Integrating calcium phosphate based 

transfection with cationic lipid transfection increases substrate stiffness and conductivity 

via the presence of the apatite, in addition to serving as a carrier for DNA.  Complexation 

of the lipid to DNA condenses the DNA enabling easier cellular internalization, while the 

deposition of apatite with the DNA-Lipoplexes facilitated high, homogeneously 

distributed concentrations of DNA on the apatite surface that are available for uptake.  By 

incorporating DNA-Lipoplexes during coprecipitation, aggregation of the complexes was 

minimized (Figure 3.6).  Since nuclear uptake is dependent on size, by distributing the 

complexes on the apatite surface, cells have a higher probability of uptake and therefore 

transfection efficacy.    

The ability to spatially localize a biomolecule within the apatite can be extended 

to genes.   Upon successful entry of the complex into the cell and further into the nucleus 

for transcription and translation, secretion of the desired bioactive protein occurs, 
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instigating a more delayed release compared to an immediate delivery of the protein. This 

enables the development of a more clinically relevant delivery system in which a gene for 

an osteogenic factor can be incorporated.  The promising use of cationic lipid transfection 

suggests that by manipulating the complexation agent via reducing cellular toxicity and 

increasing cellular internalization, the transfection efficiency can be improved.  

Additionally, since this system is adaptable for the incorporation of DNA based 

complexes, the emergence of siRNA technology offers another possibility for exerting 

control at the gene level.  The successful transfection of the cell line via gene 

incorporation in biomimetic apatite serves as a foundation the development of a gene 

based scaffold system that can deliver multiple genes at specified times or for specified 

durations further enhancing the bone healing process.   

Directing the spatial localization of a protein within apatite (Chapter 2) was next 

extended to the development of an organic/inorganic substrate based delivery system that 

could deliver multiple growth factors to regulate osteogenic differentiation (Chapter 4 

and Chapter 5).  The two growth factors, BMP-2 and FGF-2, have important roles in 

osteogenic differentiation and were used in conjunction to elucidate their combined 

effects on osteogenic response.  BMP-2 is a widely known osteogenic factor with the 

ability to regulate growth and osteoblastic differentiation of cells.  FGF-2, a well known 

angiogenic factor, also stimulates the proliferation and the differentiation of 

osteoprogenitor cells.  Delivering FGF-2 can result in an angiogenic response, however, 

its efficacy can vary with dose in a nonlinear relationship [1].  For angiogenesis, FGF-2 

concentrations can range from 1 µg to 100 µg, with the dose dependent on the type of 

delivery system used [2].  To best design a delivery system for BMP-2 and FGF-2, we 
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first needed design criteria for the two growth factors to determine if the sequence of 

delivery is critical in controlling osteogenic differentiation (Chapter 4).  Evaluating the 

growth factors separately, low concentrations of FGF-2 increased DNA content (Figure 

4.1), while BMP-2 concentrations greater than 150 ng/ml enhanced osteogenic activity 

(Figure 4.2 – Figure 4.5).   

Employing the optimal concentrations determined from the studies on individual 

growth factors, the sequence of delivery of BMP-2 and FGF-2 was ascertained to have a 

significant impact on the extent of osteogenic differentiation of BMSCs.  Delivery of 

FGF-2 followed by BMP-2 or even the delivery of BMP-2 followed by the delivery of 

both BMP-2 and FGF-2 enhanced osteogenic differentiation compared to the 

simultaneous delivery of both factors (Figure 4.7 and Figure 4.8).  The delivery of FGF-2 

followed by BMP-2 enhanced osteogenic differentiation better compared to the reverse 

administration, suggesting that FGF-2 may selectively increase the population of cells 

that are more receptive to BMP-2.  However, the overall extent of osteogenic 

differentiation was still highest for the delivery of BMP-2 alone, suggesting that the 

inclusion of FGF-2 had a strong influence in delaying or inhibiting osteogenic response, 

even at nanogram levels.  Clinically, these findings have great significance in bone 

regeneration.  If a population of osteoprogenitor cells seeded on a three-dimensional 

matrix can be increased by FGF-2, a greater number of cells will then be osteogenically 

induced by BMP-2 to enhance bone formation in vivo. Additionally, if host cells are the 

target population, FGF-2 can serve to increase the proportion of cells that can be 

osteogenically induced by BMP-2.   



 

145 

 

The design criteria provided by the osteogenic response of BMSCs to BMP-2 and 

FGF-2 (Chapter 4) were then applied in the development of a coprecipitation based 

delivery system (Chapter 5) in which the concentration and the timing of the release of 

multiple growth factors can be controlled to mimic the osteogenic response of BMSCs to 

the sequential exposure of the growth factors in Chapter 4.  First, the release profile of 

each growth factor was determined as a function of concentration of each growth factor 

during coprecipitation.  The release of BMP-2 and FGF-2 was significantly impacted by 

the concentration used (Figure 5.2 and Figure 5.3), with BMP-2 exhibiting a higher 

release in the earlier time periods compared to FGF-2.     

Applying the design criteria from Chapter 4 with the release characteristics of the 

individual growth factors into a first iteration of the organic/inorganic delivery system 

resulted in minimal effects on both DNA content and osteogenic differentiation (Figure 

5.4 and Figure 5.5).  Among the treatment groups delivering FGF-2 and BMP-2, DNA 

levels were not significantly affected.  There was a trend of increased DNA content on 

cells that were seeded on mineralized substrates compared to cells on TCPS.  There was 

also a trend of increased DNA levels for treatment groups that delivered FGF-2 first.  

Normalized ALP activity was significantly higher for untreated cells seeded on TCPS 

compared to cells that were seeded on mineralized substrates, which suggests that the 

inhibited activity may be due to the presence of the apatite.  Specifically, the material 

properties of the apatite formed via mineralization, such as surface topography, and 

crystallinity, may have played a role in determining the osteogenic response of the cells. 

The trend of higher ALP expression for the sequential delivery of the growth factors 

(FGF-2 followed by BMP-2 and BMP-2 followed by FGF-2) compared to cells that were 
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only cultured on mineral implies that growth factor delivery compensated for the 

inhibitive effects of mineral. 

With further iterations of the design, the organic/inorganic delivery system has the 

potential to deliver multiple biological factors to better mimic spatiotemporal gradients 

that cells are exposed to in vivo by controlling the release of biomolecules from within 

the apatite.   Translating the delivery system from in vitro to in vivo requires 

consideration of blood flow, other extracellular proteins and cells endogenous to the 

defect site, immune response, the varying pH, and the interactions of other signaling 

molecules. Dissolution would have a significant role in the in vivo environment, and 

thereby, have a significant effect on the release of the growth factors in a defect site.  Cell 

response in a 2D environment can differ from cells in a three-dimensional environment. 

While biomimetic mineral may have delayed or inhibited osteogenic response in cell 

culture on a 2D surface, the bone-like apatite may induce an improved osteogenic 

response in a three-dimensional environment.   

In regards to clinical relevance, this system is not limited to the use of BMP-2 and 

FGF-2; it can be applied to other osteogenic growth factors or other bioactive factors 

including genes. This biomimetic approach can also be applied to metal substrates, which 

would be preferred for load bearing applications. The development of a three-

dimensional system applying the same design approach utilizing coprecipitation would 

enable the study of the sequential delivery of multiple inductive factors in vivo.  Bone-

like apatite has already demonstrated its advantage at improving the bone-implant 

interface by enhancing interfacial bonding. With the inclusion of multiple inductive 

factors that can be released in a controllable manner on a surface that enhances 
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mechanical integrity, this delivery system can advance the development of biomaterials 

in the area of bone regeneration.   

 

6.2 Future work 

Based on the work detailed in this thesis, there are a number of directions that 

future research could take.  In Chapter 2, the ability of coprecipitation to spatially localize 

a protein through the thickness of biomimetically nucleated apatite was examined using a 

simulated body fluid.  One of the advantages of using such a biomimetic approach is that 

the apatite can be altered via modification to the ionic concentrations of the salts used to 

precipitate the mineral heterogeneously onto the substrate.   By altering the 

concentrations, material properties that influence cellular response can be controlled 

including surface morphology, crystallinity, dissolution, and surface chemistry.  These 

material characteristics can affect cellular attachment, migration, proliferation, and 

differentiation.  Cellular response can be further directed when bioactive factors are 

incorporated within the apatite.  In Chapter 5, the mineral may have inhibited or delayed 

osteogenic differentiation.  The ability to manipulate the material properties of apatite 

would not only be beneficial in furthering biomaterial development but also in 

illuminating the complexities that exist between bone-like apatite and the surrounding 

cells. 

In Chapter 3, a gene delivery system comprised of DNA-Lipoplexes and apatite 

successfully transfected cells.  One avenue of research that naturally follows would be the 

incorporation of a gene to induce osteogenic differentiation, such as BMP-2.  Another 

direction is to improve the transfection efficacy of this non-viral gene delivery method.  
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A commercially available cationic lipid was complexed to the gene of interest. 

Developing different lipid complexes has the potential to reduce cellular toxicity, and 

increase transfection efficacy.  Research into altering the complexes to target a specific 

cell type or the inclusion of a nuclear localization signal to increase the chance of uptake 

and transfection by cells would also enhance the clinical relevance of this technique.  The 

advancement of gene therapy has led to many new arenas of research including siRNA 

technology.  Therefore, cellular pathways can be influenced by silencing a factor of 

interest that possibly inhibits or enhances a cellular response.     

The work discussed in Chapter 4 and Chapter 5 serves as a foundation for the 

development of a multiple factor delivery method where the release is controlled by the 

incorporation of the factors spatially within the mineral matrix.  In the process of 

designing the delivery system, and assessing the DNA levels, ALP activity, and OCN 

content, we encountered a few limitations with previously established protocols.  Further 

adaptation or the development of new protocols to better assess a system based on apatite 

would advance the development of improved biomaterials utilized in bone regeneration.   

As demonstrated in Chapter 5, the presence of the mineral may have negated the 

osteogenic effects of BMP-2 and FGF-2.  The next iteration of the delivery design could 

entail changing the type of SBF used, increasing the concentrations of the individual 

growth factors, changing the time period of coprecipitation for each of the growth factors, 

and increasing the time period for study.  By manipulating the ionic concentrations, the 

type of apatite can be changed, which would affect cellular response.  Changing the 

growth factor concentrations, and the time period of coprecipitation could also change the 

osteogenic response of the cells.  To address the clinical significance of this research 
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requires the translation of the in vitro delivery of the factors to in vivo application via an 

apatite coating on a 3D implant or scaffold.  For example, the release of the growth 

factors can be controlled via changing the concentration of the SBF used during the 

coprecipitation process, which influences the dissolution rate of the apatite entrapping the 

growth factors.  The pH in the cellular environment also affects the dissolution rate of 

apatite, thereby, also affecting the release of the growth factors to cells.  The 

concentrations of BMP-2 and FGF-2 in SBF during coprecipitation could be increased for 

in vivo application.  While the concentration of BMP-2 and FGF-2 incorporated is 

important, the ratio of the growth factors in relation to each other may also have a 

significant impact on osteogenic response, especially in a three-dimensional environment.   

While BMP-2 and FGF-2 were used in Chapter 4 to provide the design criteria for the 

system developed in Chapter 5, other biological factors such as peptides, proteins, growth 

factors, and genes, can also be dually delivered in a sequentially controlled manner to 

enhance a preferred cellular response (attachment, migration, proliferation, and 

differentiation). 

Clinically, rhBMP-2 has been used in conjunction with absorbable collagen 

sponges (ACS) in human clinical trials for open tibial fractures at doses of 6 or 12 mg [3]. 

Gelatin hydrogels containing rhFGF-2 have also been applied to tibial shaft fractures at 

doses of 0.8 or 2.4 mg [4]. Since a high quantity of BMP-2 or FGF-2 is required for 

advanced healing of these fractures, treatment can be costly.  With the usage of 

ACS/BMP-2, the retention of the growth factor is improved over buffer delivery [5], 

however different defect sites have varying requirements in regards to treatment period as 

well as treatment profile.  For example, in environments where fluid clearance is high, a 
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slow release is more beneficial.  With coprecipitation, the strong affinity of apatite for 

osteogenic factors can be utilized to better retain and to better control the release of the 

factor to the local cell environment by manipulating the concentration of the SBF, the 

growth factor concentration in SBF during coprecipitation, and/or the coprecipitation 

time period.  With a higher retention capability, the need for a high dose of BMP-2 or 

FGF-2 can be mitigated and therefore lower the costs of treatment.  With the use of ACS 

and gelatin hydrogels, the inherent properties of collagen and gelatin must also be 

considered including the interaction with the growth factors at varying pH, the effects 

that processing and sterilizing may have on structure and cross-linking, and mechanical 

properties.   With the deposition of apatite, the mechanical integrity and increased 

interfacial bonding ability can be taken advantage of in conjunction with the 

incorporation of the growth factors.  

For both gene and growth factor delivery, in order to increase biological as well 

as clinical relevance, a three-dimensional scaffold delivery system would need to be 

developed.  To extend a two-dimensional design to a clinically relevant three-

dimensional matrix necessitates the re-evaluation of the process of coprecipitation in 

incorporating biological factors homogeneously through the scaffold.  The overall release 

kinetics of a biological factor would change since the release of a factor from the inner 

pores of a scaffold can differ greatly from the release of a factor that is on the surface of 

the scaffold with the presence of diffusion.  Other controllable characteristics of a matrix 

design would be porosity, pore size, and interconnectivity.   Additionally, the 

homogeneous precipitation of the biomimetic apatite layer on all surfaces of the scaffold 

is critical for developing a delivery system. Developing a scaffold enables the design of 
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in vivo studies where cellular response can differ greatly from the response that occurs in 

in vitro environments. 

The approach detailed in this dissertation could be used to incorporate a 

combination of osteoinductive factors with apatite onto a biodegradable implant.  This 

implant could accelerate bone healing, while requiring minimal intervention and eliciting 

minimal immune response, due to ability of the implant to degrade, leaving behind a 

natural matrix that has characteristics of natural bone.  However, the approach is not 

limited to biodegradable scaffolds; it can be applied to different base materials depending 

on the defect location.  For instance, for more load-bearing applications, increased 

mechanical support from metal implants would be required.  Application of a bone-like 

apatite layer containing bioactive factors as a coating on a metal implant would increase 

interfacial bonding between the bone and implant.  However, a secondary surgery is 

necessary if the implant fails. The culmination of this research would be the development 

of a scaffold system that can enhance the generation of multiple tissue types such as bone 

and cartilage via the localization of several genes or growth factors within the mineral 

deposited.     

Integrating the research from this dissertation, and future studies that better 

simulate the biological environment that cells reside in would be advantageous in the 

field of bone tissue engineering, especially with interfaces involving apatite. 
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Appendix A 

 

Thin Film Coprecipitation Protocol 

Materials Needed: 

Petri Dishes  

NaOH  

1XM SBF  

Corning 0.22 µm CA 150 ml bottle top filter   

Pre-cut PLGA (85:15) films (2 X 2 cm
2
) 

3-6 50 ml or 100 ml beakers 

Millipore H2O 

Tweezers 

70% Ethanol 

Media bottle (33mm) for SBF changes (autoclaved) 

½ gallon waste bottle for SBF/BSA (autoclaved) 

Time in the Tissue Culture hood 

BSA 

 

Etching samples 

1. Prepare 0.5M NaOH for etching.  Prepare approximately 50 ml per 6 films etched. 

2. Each Petri dish can etch 6-7 films.  Lay out as many dishes as needed.   

3. Pour 0.5 M NaOH in each Petri dish, about ½ full. 

4. Submerge 6-7 films per dish.  After submerging your first dish, start the timer.  

Each film is etched 7 minutes per side.  Takes approximately 30 s to 1 min to 

submerge one dish.  Ensure that the films in each of the dishes have been etched 

for 7 minutes (but not longer). 
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5. Flip the films when 7 minutes have passed, again time accordingly for the rest of 

the samples. 

6. Pour H2O into beakers for rinsing.   

7. After etching place each film in a beaker full of H2O.  You can place more than 

one film per beaker. 

8. Layout dishes and pour H2O near the top of the Petri dish.   

9. Place the films in the beaker into a Petri dish (approximately 6-7 films per dish). 

10. Approximately 5-10 minutes later, flip each film and submerge. 

11. Replace the H2O in the beakers with fresh H2O.  Resubmerge films into the 

beakers. 

12. Replace H2O in the dishes with fresh H2O. Resubmerge films into the dishes. 

13. Repeat steps 10-11 one or two more times. 

 

Preparing samples 

1. Label as many dishes as needed 

2. Cut parafilm for closing dishes. 

3. Bring paper towels, tweezers, and a dumping container for old SBF. 

4. About ½ hour before going up to the TC hood, warm up SBF in warm water. 

5. Make sure all containers that contact SBF have been washed the previous day 

with soap, hot water, and then DI water from the faucet. (ie grad cylinders, 

graduated flasks, beakers) 

6. Take Petri dishes and other equipment upstairs. 

7. Turn off UV. 

8. Turn on blower to hood. 

9. Spray down inside of hood with ethanol. Wipe with paper towels. 

10. Whenever you put your hands back inside the hood, spray them with ethanol first. 

11. Spray tweezers with ethanol, and wipe thoroughly.  Place in fume hood on a paper 

towel. 

 

Mineralization only (Petri dishes should be switched every 3 days) 

1. For the first day of mineralization: Filter SBF 
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2. Pipette 40 ml of SBF in each of the Petri dishes. 

3. Using clean tweezers, submerge one film per Petri dish.  Make sure that the film 

is completely submerged.   

4. Carefully parafilm the cover of the Petri dish to the bottom.   

5. Repeat steps 1-3 for all samples. 

6. Carefully transport all samples back to the incubator.  The incubator should be set 

to 37 °C. 

7. For each consecutive day of mineralization (up to 3 for samples, up to 6 for 

controls): carefully unwrap the parafilm. 

8. Using clean tweezers, carefully pick up the film, pour the old SBF into a dump 

container.  Place the film back into the now empty Petri dish.  If the film had been 

floating, make sure to flip the film before placing back in the dish. 

9. Filter SBF. 

10. Pipette 40 ml of SBF into the Petri dish.  Take care to submerge each sample 

completely in SBF.  If the film had been floating, put the side that was in contact 

with solution contact side up.  Mineralization need only take place on one side. 

11. Parafilm each Petri dish. 

12. Transport back to incubator. 

13. Repeat steps 6-10 for each day of mineralization. 

 

Coprecipitation only (Petri dishes should be switched every day) 

1. Pour out the total amount of SBF needed to make a specific concentration of 

SBF/BSA. 

2. Place magnetic stirbar into the ½ gallon autoclaved bottle. 

3. Measure BSA.  Pour BSA into the ½ gallon autoclaved bottle. 

4. Filter SBF. Pour into bottle. 

5. Mix contents of bottle on the mixer for approximately 10-15 minutes. Bring back 

to the TC hood. 

6. Filter SBF for controls. 

7. Again pour out contents of dishes while carefully holding the films. 

8. Pour in SBF in controls, pour SBF/BSA into the coprecipitation samples 
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9. Parafilm and incubate. 

10. Repeat per day of coprecipitation. 
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Appendix B 

 

Protocol for Hoescht and Vybrant for Cells 

Materials 

Bisbenzimide H 33258   

Vybrant 22886 

PBS 

70% EtOH 

Pipetters 

Pipette tips 

Microcentrifuge tubes 

 

Methods 

 

To make stock solution using 25 mg of B2883 (10 mg/ml): 

1) Prepare a 10 mg/ml Hoechst 33258 solution in DD H2O. 

2) Add 2.5 ml of DD H2O to 25 mg. Aliquot into microcentrifuge tubes (100 µl) and 

store covered in foil. 

3) Store at -20°C. 

 

To make dilute staining solution: 

4) Use a 15 ml Falcon tube to prepare 1:500 dilution (0.02 mg/ml) solution of dye. 

5) Add 4.65 ml of 1 X PBS.  Add 10 µl of Hoechst to the PBS.  

6) Prepare a 1:200 dilution of Vybrant to the PBS solution.  Add 5 µl for every 1 ml 

of solution.  Add 25 µl of Vybrant to the PBS solution. 

7) Mix well.  Store in the dark covered in foil. 

8) Take out samples needed and place into 12 well plate. 
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9) Wet samples with 200 µl of water, and then remove. 

10) Add 150 µl of the staining solution per well.  Cover entire plate in the dark.  

11) Place dish in the incubator for 15-30 min. 

12) Remove solution, and wash 4 to 5 times with ddH2O, let sit for 1-2 minutes per 

rinse. 

13) Remove samples from 24 well plate and place them on microscope slides.  Place 

GelMount onto the sample and coverslip.  Must image same day or early next 

day. 

14) Image on fluorescence microscope. 
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Appendix C 

 

Determining Alkaline Phosphatase activity for a 24 well plate 

 

Materials: 

HBSS 

      70% EtOH 

10mM Tris-HCl, pH=7.4 

0.2% Igepal (CA-630) 

PMSF 

EtOH 

Glycine 

MgCl2 

p-nitrophenylphosphate 

NaOH 

ALP standard 

 

Consummables: 

 Gloves 

 50 ml Falcon tubes  

 Sterile aspirating pipets  

 Pipette tips 

 Plastic vials 

 1.5 ml tubes 

 Tissue culture flasks T75 

 Kim-wipes 

 Stericup Filter 1 L  
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Equipment: 

 Laminar flow hood 

 Tweezers 

 Pipettor 

 Test tube rack 

 Microscope 

 Centrifuge 

 Markers 

 Sonicator 

 Vortexer 

 

 

Methods: 

1. Make harvest buffer for the cells. 

a. Ingredients to the harvest buffer are 

- 10 mM Tris-HCl, pH=7.4 

- 0.2% Igepal 

- 2 mM PMSF in EtOH (make 200 mM PMSF: 0.3484 g/10ml EtOH aliquot 

to 1 ml each) 

b. Example: 10 ml of harvest buffer for one entire 24 well plate (Make aliquots) 

- 9.78 ml of acid free DNase RNase free H2O 

- 100 µl 1 M Tris-HCl, pH=7.4 

- 20 µl of Igepal 

- 100 µl of 200 mM PMSF in EtOH (added fresh the day of making the harvest 

buffer) 

- *NOTE: If used within a month or two, make and place in fridge without the 

PMSF added. 

2. Make assay buffer for the cells. 

- 100 mM glycine (3.785g/500ml) 

- 1 mM MgCl2,   (47.61mg/500ml) 

- pH=10.5 (Titrate up or down with NaOH or HCl) 
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- *NOTE: Aliquot the buffer and freeze them at -20°. 

3. PNPP: 50 mM of p-nitrophenylphosphate 

a. Use it straight from the bottle, thaw before you setup for the sonication. 

b. Aliquot and cover with foil (light sensitive) if you know that you need to do 

more than one assay. Thaw completely, aliquot 4 ml. 

4. Make stop solution: 0.1N NaOH.  Add 2 ml of NaOH to 18 ml of DNase/RNase free 

water. Make aliquots. 

5. Thaw samples from the freezer. 

6. Homogenize at low power (7-8 level, 2 times x 10sec)  (sonicator in Dr. Franceschi’s 

lab)  

7. Keep the tube on ice before and after the homogenization 

8. Keep the tube on a beaker (ice + 70% ethanol) during the homogenization so that the 

sample is not overheated by the sonicator tip 

9. Centrifuge the homogenized sample at 12,500 rpm for 10 min (Set the centrifuge at 

4
o
C in advance) 

10. Standard curve preparation for the ALP standard. 

a. Make 50 mM Tris buffer. Add 500 µl of 1M Tris to 9.5 ml of DNase/RNase 

free water. Make aliquots of this. 

b. Make a 1 mg/ml solution of BSA.  Add 10 mg to 10 ml of Tris buffer. 

c. Add 4 µl of ALP (81.3 U) to 3.996 ml of Tris/BSA solution.  This makes a 

stock solution of 20.33 U/ml 

 

 

  



 

162 

 

11. Vortex the following components in a new eppendorf tube placed in 37
o
C water bath 

- 250ul assay buffer 

- 120ul harvest buffer *This gets adjusted if the sample needs to be concentrated 

- 100ul PnPP  

*Mix these components thoroughly using the vortexer, place them into a rack and 

place them into the 37
o
C water bath with the caps open 

- 30ul sample (set the timer from this moment to measure exactly 15 min); for 

example, put the sample into the tube every 30 seconds. Therefore at most, 30 

samples can be done per assay or if 3 samples can be done per minute, then 45 

samples can be done. 

12. At the end of 15 minutes, put 500ul 0.1N NaOH (stop solution); for example, put this 

stop solution every 30 seconds so that every tube are on reaction for exact 15 min, or 

every 20 secs if you plan to do 3 samples per minute. 

13. Cap the tubes, and vortex to mix thoroughly.  Immediately, pipette 200 µl per well in 

a 96 well plate. 

14. Read them at A405nm in the spectrophotometer. 
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Appendix D 

 

EDTA Demineralization Protocol for Mineralized Substrates 

 

Materials: 

PBS 

EDTA 

PMSF 

      70% EtOH 

 

Consummables: 

 Gloves 

 Sterile aspirating pipets  

 Pipette tips 

 Plastic vials 

 1.5 ml tubes 

 Kim-wipes 

 

Equipment: 

 Laminar flow hood 

 Tweezers 

 Pipettor 

 Test tube rack 

 Centrifuge 

 Markers 

 Vortexer 
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Method: 

 

1. Rinse samples with Ca Free PBS 2X. 

2. Make a 9.997 ml 0.5 M EDTA (pH 8.0) +  3 ul 200 mM PMSF. 

3. Add 300 ul to each well. Tape with a cell plate sticker. Place in a plastic bag. 

4. Shake at ~80 rpm for 24 h at 4°C. 

5. Pipette up and down a few times, remove solution and place in a 1.5 ml centrifuge 

tube. Spin samples down in the minicentrifuge at 10,000 rpm for 1 min. 

6. Remove 250 ul of the supernatant into a new tube. Assay this tube for OCN. 
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