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ABSTRACT 

Gene therapy using non-viral vectors that are safe and efficient at transfecting 

target cells is an effective approach to overcome the shortcomings of delivery of growth 

factors in protein form. The objective of this study was to develop and test a non-viral 

gene delivery system for bone regeneration utilizing a collagen scaffold carrying 

polyethylenimine (PEI)-plasmid DNA (pDNA) complexes. 

Two different pDNA were used: pDNA encoding platelet derived growth factor-B 

(PDGF-B) and pDNA encoding vascular endothelial growth factor (VEGF). The 

complexes were fabricated at an amine (N) to phosphate (P) ratio of 10 and then 

characterized for size, surface charge, as well as in vitro cytotoxicity and transfection 

efficacy in human bone marrow stromal cells (BMSCs). The influence of the PEI-

pPDGF-B complex-loaded collagen scaffold on cellular attachment and recruitment was 

evaluated in vitro using microscopy techniques. The in vivo regenerative capacity of the 

gene delivery system, using PEI-pPDGF-B and PEI-pVEGF complexes, was assessed in 

5 mm diameter critical-sized calvarial defects in Fisher 344 rats. A different biomaterial, 

chitosan, loaded with copper was also evaluated in vivo. 

The complexes were ∼100 nm in size with a positive surface charge. Complexes 

prepared at an N/P ratio of 10 displayed low cytotoxicity as assessed by a cell viability 

assay. High magnification scanning electron microscopy imaging demonstrated the 

recruitment and attachment of BMSCs into the collagen scaffold containing PEI-pPDGF-

B complexes. Confocal microscopy revealed significant proliferation of BMSCs on PEI-

pPDGF-B complex-loaded collagen scaffolds compared to empty scaffolds. 

In vivo studies showed significantly higher new bone volume/total volume (BV/TV) % in 
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calvarial defects treated with the PEI-pPDGF-B complex-activated collagen scaffolds 

following 4 weeks of implantation when compared to the other treatment groups. 

Together these findings suggest that non-viral PDGF-B gene-activated collagen scaffolds 

effectively promote bone regeneration and are an attractive gene delivery system with 

significant potential for clinical translation. 
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PUBLIC ABSTRACT 

Bone regeneration is critical in autogenous skeletal deficiencies, bone fractures 

and aging. Treatment with growth factors and recombinant human proteins is limited by a 

high degree of variability, limited bone formation, high cost and high physiological 

dosage needed. Lack of a continual supply of these proteins for a long time is also a 

limitation. Another alternative, viral gene therapy, is hindered due to safety concerns. 

One method to overcome these drawbacks is non-viral gene therapy.  

Our aim was to develop an efficient non-viral gene delivery system using 

polyethylenimine (PEI) and plasmid DNA (pDNA) containing genes encoding for critical 

bone formation growth factors, platelet-derived growth factor (PDGF) and vascular 

endothelial growth factor (VEGF). I fabricated complexes of PEI and pDNA and loaded 

these particles, containing genes needed for producing bone, on a collagen platform. We 

inserted this bio-patch into a missing area of the bone in test animals. Cells located 

around the damaged area migrate into the scaffold, interact with the plasmid, the plasmid 

enters the cells, and the cells receive the genetic instructions to start producing proteins 

that enhance bone regeneration. In my experiments, the bio-patch successfully regrew 

bone fully enough to cover bone defects in test animals. It also stimulated new growth in 

human bone marrow stromal cells in culture. 

Using this approach, I get local, sustained effect over a prolonged period of time 

without having to give continued doses of proteins. This bio-patch serves as an effective 

gene delivery and bone regeneration system with significant potential for clinical 

translation. 
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CHAPTER I 

BACKGROUND AND INTRODUCTION  

 

Bone healing mechanism-understanding bone biology and biology underlying tissue 

formation 

Bone is a dynamic, highly vascularized tissue whose main function is to provide 

mechanical and structural support to the body [1]. It has good capacity to heal as it has 

high amount of vasculature that supply osteoprogenitor cells and can mobilize minerals 

especially calcium, when needed. Bone healing involves a complex set of events 

encompassing large number of genetic and molecular triggers, morphogens, signaling 

molecules and transcriptional regulators that act in concert during specific stages of the 

healing process [2, 3]. The steps involved are: blood clotting, inflammation, granular 

tissue formation, macrophage and osteoclast activity, bone resorption and finally 

followed by bone deposition. Repair process starts with the formation of a blood clot, 

followed by an inflammatory phase to remove the potential antigens or foreign material 

from the wound bed. Any impairment in the clotting process due to local or systemic 

factors or due to the use of anticoagulation drugs may lead to impaired healing. The 

blood clot is then gradually replaced by the granulation tissue and mediators such as 

vascular endothelial growth factor (VEGF) and angiopoietins play crucial role in this 

phase. The granulation tissue is highly vascularized which is replaced by callus of 

cartilage and primary bone by intramembranous and endochondral ossification. 

Macrophage colony stimulating factor (M-CSF) and receptor activator of nuclear factor 

kappa-B ligand (RANKL) mediates the activity of macrophages and osteoclasts in the 

resorption of hard tissue debris [2]. In the reparative phase, growth factors such as 
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transforming growth factor-β (TGF-β), basic fibroblast growth factor (bFGF), platelet-

derived growth factor-BB (PDGF-BB), and insulin-like growth factor-I (IGF-I) help in 

the induction of callus formation within the granulation tissue. Endothelial cells 

proliferate and chondroblasts differentiate in the clot area due to lack of oxygen, 

ultimately resulting in the formation of hyaline cartilage. Chondroblasts after 

synthesizing the cartilaginous matrix become hypertrophic and produce VEGF and 

bFGF. New blood vessels are formed in this region which results in the transport of 

osteoprogenitor and haematopoeitic cells, resulting in the formation and replacement of 

cartilage with bone and bone marrow.  

 

Tissue engineering strategies to regenerate bone 

 

The healing capacity of bone in some situations might be limited or insufficient to 

heal the damage caused to large bone defects. Major progression was done in the bone 

tissue engineering like bone grafting but it has several limitations. Bone substitutions 

were produced in the area of material sciences but no adequate bone substitute is made. 

Thus most of the injuries caused to bone still remain untreated. Each year there are 

around a million cases of skeletal defects that need bone grafting to achieve union. 

Current treatments are based on autologous or autogenous bone grafting which is 

considered as the gold standard approach for bone healing and regeneration [4]. 

Autografts are bones transferred from a different part of patient’s own body and provides 

excellent osteoconductive, osteoinductive, and osteogenic properties. However, due to 

second surgical site morbidity, associated pain, and limitation in the amount of autograft 

that can be obtained from the patient, this strategy is currently utilized only in minimal 
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cases. Allograft is the technique in which bone is taken from a different individual. But 

again, there are several limitations such as possibilities of immune rejection, pathogen 

transmission from donor to host, and infrequent infections after transplantation. The graft 

incorporation rate is also lower than the autograft. Other alternatives are usage of metals 

and ceramics. They too, possess some disadvantages such as poor integration with the 

tissue at the site of defect and may fail due to fatigue or infection caused due to their 

loading. Ceramics, in contrast, are very brittle and cannot be used in the locations of high 

stress or mechanical load. Over the last few decades, identification of key molecules 

involved in bone development and fracture healing has led to the introduction and rapid 

expansion of biomimetic materials [5, 6]. One such advancement is the introduction of 

growth factors, cytokines, and morphogens for clinical use. Tissue engineering is an 

emerging field of science that has been gaining importance from the last 15 years. Langer 

and Vacanti, defined tissue engineering as ‘‘an interdisciplinary field of research that 

applies the principles of engineering and the life sciences towards the development of 

biological substitutes that restore, maintain, or improve tissue function’’[7]. For 

successful tissue engineering, cells, extracellular matrix, intercellular communications, 

cell-matrix interactions and growth factors are essential. Healing of the fracture requires 

integration of engineered tissues with surrounding host tissues. The tissue engineered 

bone should be similar to the normal natural bone both structurally and functionally. As 

the bone has three-dimensional structure and the cells when used alone cannot grow in a 

three-dimensional manner, supportive substances that can mimic bone substances like 

scaffolds are also required for the success of bone tissue remodeling. Tissue-engineering 

strategies for bone regeneration have included protein therapy to deliver osteogenic 
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cytokines and growth factors in the form of recombinant proteins [8], delivery of genes 

encoding growth factors for mesenchymal stem cell gene transfer that promotes bone 

growth [9], and transplantation of osteogenic cells at sites of bone defects [10]. The cells 

can be utilized as such or can be either transduced with viruses or transfected with non-

viral vectors. These approaches for tissue engineering applications may be modified by 

combining with biomimetic biomaterial scaffolds to boost the therapeutic response and 

bone repair process [11]. The 3-dimensional macroporous scaffolds fabricated from 

biodegradable polymers act as osteoconductive substrates for direct implantation in vivo, 

recruiting progenitor cells to the wound site. The biomaterial scaffold-based delivery 

systems are to be designed such that they can control and maintain the activity of the 

incorporated therapeutics and serve to prolong their residence time. Osteoconductivity 

can be achieved using an ideal scaffold that allows for blood vessel network formation by 

bFGF, VEGF, PDGF-BB, TGF-β and angiopoietins-1 and 2 (that play a key role in 

angiogenesis), and cells to attach and migrate [12]. 

 

Growth factor and cytokine based approaches 

 

Growth factors control cell migration, differentiation and proliferation by binding 

to the receptors on cell surface (Table 1.1). Thus, growth factors which act in a 

concentration and time dependent manner, can be used in the engineering of damaged 

tissues [13]. Osteoinductivity is achieved by the action of bone morphogenetic proteins 

(BMPs, BMP-2 to BMP-8), TGF-β and other growth factors that directly stimulate 

osteogenesis [14]. Delivery of multiple growth factors has been shown to synergistically 

promote enhanced angiogenesis and bone regeneration than delivery of the individual 
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growth factors alone [15, 16]. For regenerating bone, therapeutic protein treatment with 

osteoinductive factors (such as BMPs) possesses the capability of inducing bone 

formation. However, one significant drawback of the current protein-based therapies is 

their lack of specificity for osteoblasts or bone-forming cells. Even though very small 

quantities of proteins are required for osteoinduction, high doses are necessary for direct 

clinical application, taking into account their short half-lives and rapid degradation. 

Additionally, the functional heterogeneity and large dose administration (in milligrams) 

of proteins may form unwanted bone in undesired parts of the body, along with other 

unpredictable adverse events, and together with cost considerations, may therefore limit 

their usage [17]. 

 

Cell-based approaches 

 

Cell therapy is another approach that is based on transplantation of key cells 

which can synthesize the desired therapeutic growth factors. Isolated autologous cells that 

are expanded by ex vivo cell culture can be genetically modified to produce growth 

factors and they can be transplanted into the defect. Cell based bone tissue engineering 

includes both the somatic and the undifferentiated stem cells. Somatic cells have limited 

potency, lack self-renewal ability and are committed to the production of only a single 

cell type in contrast to the stem cells. Hence, they have very limited use in the complex 

tissue engineering processes. As a result, most of the research is concentrated on stem 

cells. Genetic engineering of human mesenchymal stem cells (MSCs) can also result in 

multiple growth factor delivery. Combinations of growth factors like bFGF and VEGF, 

BMP-2 and BMP-7 proteins, and VEGF and BMP-4 can be produced by changing the 
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culture conditions of the genetically-modified MSCs. Mesenchymal stem cells have been 

mainly isolated from the adipose tissue, bone marrow, umbilical cord, and teeth (dental 

pulp and periodontal ligament) in addition to other sources [18]. Before implantation at 

the defect site, gene transfer to these cells can be performed ex vivo using viral vectors 

and mixing with polymers such as collagen type I to create cell/polymer constructs [19]. 

Various studies have also reported the use of ex vivo expanded autologous bone marrow-

derived osteoprogenitor cells grow on macroporous hydroxyapatite scaffolds for 

implantation at the lesion sites. This treatment, devoid of any cellular genetic 

modifications, was intended for the repair of large bone defects in long bones and 

demonstrated repair and functional recovery of segmental bone defects [20, 21]. 

 

Gene therapy for bone regeneration  

 

Proteins have short half-lives, so supra-physiological doses of proteins are 

required to be delivered to achieve therapeutic efficacy of inducing bone formation [22]. 

These large doses can lead to systemic toxicities and adverse effects. For example, high 

doses of BMP-2 has been reported to result in soft tissue swelling, radiculitis and ectopic 

bone formation [23, 24]. In order to overcome the limitations of using high protein doses, 

gene therapy can be considered as a means of delivering growth factors to provide 

sustained protein delivery. Gene therapy is the introduction of genetic material into cells 

to enhance their expression and protein production that has autocrine and/or paracrine 

effects on cells at the implanted site. Apart from sustained delivery/release of growth 

factors at the intended site of bone formation, gene therapy has several other advantages 

over protein therapy. Gene delivery is more cost-effective than the protein delivery and it 
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can be well-controlled. Moreover, delivery of multiple genes is possible and 

customization is relatively less complicated Thus, gene therapy is considered to be an 

effective alternative to protein therapy [25]. The three essential components of gene 

therapy include target protein coding plasmid DNA, vector to carry and transfer genetic 

material that encodes protein, and target tissue or cells that produce the desired protein. 

Most of the gene therapy models use vectors to carry and transport genes to the cells 

being transduced or transfected by viral or non-viral vectors, respectively.  

 

Viral vs non-viral gene delivery  

 

An ideal vector for successful gene therapy must possess a number of crucial 

attributes that allow for therapeutic levels of transgene expression for adequate duration 

of time. The transgenes must be delivered to the target cell nuclei in a selective manner 

that ensures efficient transfection associated with minimal cytotoxicity and safety 

concerns. In addition, it should ideally be target cell-specific and have a controllable 

timeframe of protein expression [26-29]. Non-viral gene delivery systems are an 

attractive alternative to viral vectors because of their long safety record but they suffer 

from lower transfection efficiency, significantly hampering their potential in the past. 

Tremendous growth in the field of nanotechnology in the last decade has led to the 

production of safer non-viral vectors with improved transfection efficiency. Recently, 

studies have explored the in vivo and ex vivo delivery of genes (encoding growth factors 

or transcriptional factors) using non-viral vectors for bone regeneration. The non-viral 

gene delivery agents are advantageous over viral vectors in that the responses to the 

treatment are less immunogenic, less toxic, and there are no pathogenic, carcinogenic or 
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other mutagenic concerns, thus making them safer for clinical applications. Moreover, the 

gene expression induced is transient and the gene expression levels can be tightly 

regulated as needed depending on the acute or chronic nature of the disease condition. It 

is also relatively easy to alter and optimize the properties of these gene carriers for cell 

gene transfer so as to result in a balance between the transfection and cytotoxicity 

attributes [30]. The plasmid DNA can be condensed via electrostatic interactions with 

liposomes, polymers or other polycations to form either lipoplexes or polyplexes. Among 

the numerous non-viral gene vectors studied, polyethyleneimine (PEI), especially the 

branched 25 kDa PEI polymer is the most successful gene transfer agent to-date, both in 

vitro and in vivo [29, 31-33]. PEI exhibits higher transfection efficiencies due to a 

phenomenon known as the ‘proton sponge effect’[34-37] and the level of transfer 

efficiency attained with PEI is considered as comparable with that of viral vectors [38].  

 

In vivo vs ex vivo gene therapy 

 

The gene is incorporated into an expression vector, usually a plasmid or virus 

construct designed to introduce a specific gene into a target cell for protein expression. 

There are two main methods of gene transfer for tissue regeneration: 1) transfection of 

MSCs in vitro and subsequent transplantation into the site of the defect [10], and 2) direct 

application of osteogenic genes to the defect site. The plasmid or viral vector containing 

the cDNA equivalents of the therapeutic genes can be present by itself or the plasmid can 

be complexed with polycations to form nanoparticulates. These methods could be used in 

conjunction with scaffolds, while being embedded in a scaffold matrix for enhanced bone 

regeneration [9, 39]. Mesenchymal stem cells are the non-haematopoeitic stromal cells 
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that are the part of the cell-based bone defect repair strategies. These cells are inherently 

able to differentiate into bone tissue cells under the appropriate environment favorable for 

bone tissue engineering [40, 41]. For treating bone loss, these cells can either be used 

alone or in combination with scaffolds [42].  

Gene transfer can be classified as in vivo and ex vivo delivery. In vivo gene 

transfer is the direct injection of vector-gene complex (genes encoded by virus or plasmid 

DNA which may be condensed further by non-viral vectors) into the defect site. With this 

approach, it is difficult to obtain targeted gene delivery to specific cells, as the cells 

surrounding the target tissue of interest may also be transfected.  Considerable amount of 

transfection of host cells and the resulting protein production is required for the in vivo 

gene delivery approach to be effective. Moreover, when using viral vectors, viruses are 

directly administered to the body, thereby limiting safety testing of the treatment. In ex 

vivo gene transfer the isolated, culture-expanded cells are either transduced (with viral 

vectors) or transfected (with non-viral vectors) in vitro and are then implanted into the 

defect. Ex vivo gene therapy can target specific cell population of interest and permits 

selection, control, and scrutiny of the genetically-altered cells prior to re-implantation. 

However, compared with in vivo gene therapy, the ex vivo approaches are generally more 

surgically invasive, technically complex and tedious, and expensive, thus reducing its 

scope for clinical translation [43]. Therefore, there is growing interest in the development 

of non-viral vectors with higher transfection efficiencies that can deliver multiple gene-

encoding plasmid DNA in vivo.   

Gene-activated matrices (GAMS) are inert scaffold systems containing viral or 

non-viral gene delivery vectors that have been widely investigated and have found 
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extensive use in wound healing and tissue engineering approaches. In the gene therapy 

applications with this technology, cytokines and growth factors are delivered in the form 

of genes, not recombinant proteins. The vectors can commandeer the host cell's 

machinery and mechanism for protein synthesis to produce the protein encoded by the 

gene. Following gene delivery, the recombinant protein could be expressed in situ by 

endogenous would repair cells. Although secreted in small amounts, protein expression 

for prolonged period of time leads to bone regeneration [44]. Scaffolds are biomaterial 

substitutes that have been modified to contain genes encoding growth factors to facilitate 

healing of defects. They temporarily serve as three-dimensional templates for tissue 

formation and guide the growth of new functional tissue. The GAMs are an approach to 

encapsulate and retain the gene within the sponge matrices for longer duration of efficient 

gene transfer and cell expression during bone formation [45]. This has been known to 

enhance matrix deposition and blood vessel formation in the developing bone tissue. On 

the other hand, direct injection of the gene mediates shorter cellular expression and does 

not significantly affect tissue formation [46]. Our recent work has demonstrated the 

ability of a GAM design comprising a collagen scaffold injected with non-viral PEI 

condensed and complexed plasmid DNA encoding PDGF-B (Figure 1.1) [47]. On 

implantation into an osseous defect, the complexes are released into the surrounding 

tissues and the plasmid DNA is delivered to the infiltrating reparative cells. When 

transfected, these cells express the transgene/protein and an autocrine and paracrine 

osteogenic environment is thus created. Very promising results were obtained in critical-

sized cranial defect model in rats. 
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Although viral gene therapy is proven to be efficacious in several animal studies, 

its reputation for being unsafe presents challenges in conducting human clinical trials and 

ultimately its clinical application, especially for non-lethal diseases is believed to be risky 

[48]. In spite of lower transfection efficiency compared to that of the viral vectors, non-

viral vectors are safer to use and can be clinically translated for potential bone 

regeneration. Hence the main focus of this review is on the utilization of non-viral 

vectors, mainly polymers as gene delivery vectors. The non-viral delivery of genes in 

vivo can significantly enhance bone regeneration and can potentially address the 

drawbacks of protein therapy. Since this system employs non-viral vectors, we also 

overcome the safety concerns associated with viral vectors. The long-term goal of 

utilizing bone tissue engineering is to develop a safe and efficient non-viral gene delivery 

system to deliver multiple genes in vivo for periodontal and bone regeneration and other 

orthopedic applications. 

 

Role of GAMs in tissue engineering 

 

Scaffold design criteria for gene delivery systems 

 

Gene-activated matrices are scaffolds containing gene delivery vectors and/or 

mesenchymal stem cells (MSCs) that act as a gene depot for local tissue regeneration. 

Additionally, they may also incorporate ligands that enhance adhesion of cells to the 

matrix and cell-cell communication. Together with the gene-expressed soluble growth 

factors, signaling cell populations can initiate and promote cellular recruitment, 

proliferation, and cell differentiation [13]. The scaffolds are essentially composed of 

biodegradable and biocompatible polymeric materials that are bioresorbable upon in vivo 
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implantation into osseous defects. The scaffold matrix provides structural support for 

osteogenesis or bone remodeling by the infiltrating reparative cells expressing the 

transgene. The three-dimensional GAMs are typically highly porous in nature and can be 

fabricated with different desired geometries that can regenerate the functional bone tissue 

while maintaining its original size and shape. A biologically active scaffold specifically 

engineered for bone tissue regeneration must possess a number of key qualities necessary 

for enabling new tissue deposition [49]. Ideally, biomaterials need to be osteoconductive 

and mechanically compatible with and integrate with the surrounding native bone in the 

repair process. The matrix must be suitable for creating and maintaining appropriate 

space and favorable environment in vivo to support tissue development and control the 

size and shape of the space-filling regenerating tissue. It must also be structurally and 

mechanically stable, and homogenously porous suitable for promoting cell adhesion and 

growth. For bone healing involving the guided bone regeneration strategy, it is critical 

that the scaffold matrices possess suitable physical and mechanical properties for 

supporting cell survival and proliferation. The ability of the scaffolds to engineer the 

bone tissue and control its structure is defined by the mechanical properties and 

degradation rate of the scaffolds. For this reason, the scaffold must maintain architectural 

integrity after placement in vivo, essential for the gradual filling-in of critical-sized 

defects during the process of bone formation. The biological scaffold must degrade at a 

rate such that it is insoluble and remains intact especially during cellular activities critical 

for bone repair. Eventually, new bone tissue is formed, gradually replacing the sponge-

like scaffold. The scaffold itself must be biocompatible with non-toxic degradation 

products. It is desirable that the chemical composition of the scaffold contains binding 
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sites (ligands) appropriate for specific cell populations. In addition, the optimal pore size 

must allow maximal cell entry and migration through the pores (large enough), yet retain 

a high specific surface area for cell attachment and matrix deposition (small enough) [50-

52]. The scaffold should allow for migration and attachment of progenitor cells from the 

surrounding tissue into the scaffold. With cell sizes smaller than the pore sizes, the 

macroporous scaffolds provide space within the scaffolds for the cells to anchor 

themselves and subsequently proliferate, differentiate and ultimately form the 

mineralized tissues [53]. It is also necessary for the cell growth and efficient transport of 

cells, metabolites, and nutrients, that the scaffolds possess large pore volume fraction 

(high porosity, usually > 90 %) together with an interconnected pore network [54]. The 

pore size, pore shape, and the porosity of the scaffold are critical parameters governing 

the availability of total specific surface area as well as ligand distribution to the cells. The 

regenerative process involves an interplay between the scaffolds, infiltrating cells and the 

right structural, mechanical, and biological cues necessary for the cells to start the 

remodeling process. For bone regeneration applications, a series of scaffolds with tailored 

structural, and mechanical and biological properties can be fabricated that facilitate 

cellular adhesion, migration, and tissue development (Table 1.2). This may significantly 

enable engineering of the bone tissue with pre-defined structures. 

 

Soft tissue healing 

 

In addition to the bone defect repair, some bone defects such as those resulting 

from trauma need treatment for reconstructing other soft tissue injuries as well. These 

include repair of blood vessels, cartilage, muscles, ligaments and tendons, neural tissue, 

and skin. Even the process of bone formation alone requires integration among a number 
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of physiological events, angiogenesis being one of them [55, 56]. New blood vessels are 

essential for supplying oxygen and providing nutrients necessary to sustain cell 

metabolism of the highly metabolically active repair cells. They also serve to carry 

inflammatory and mesenchymal tissue progenitor cells to, and waste, breakdown 

products from the wound site. By modifying vascularization through exogenous delivery 

of various growth factors including VEGF, PDGF, BMPs and FGF, bone regeneration 

and healing can be accelerated/improved. This could be a viable therapeutic approach for 

healing of soft tissues too. The well-vascularized soft tissue envelopes, periosteum and 

endosteum, restores normal blood supply at the fracture site. By combining the 

osteogenic and angiogenic inductive growth factors, complete wound healing can be 

potentially achieved. Work by Shea et al. showed that polymeric PLGA scaffolds 

incorporating gene encoding VEGF resulted in local and sustained delivery of the growth 

factor at the site of implantation [57]. The system led to increased blood vessel density at 

the local tissue site. In a separate animal study, Mooney at al showed that when plasmid 

DNA encoding gene for a human recombinant PDGF-B was encapsulated into PLGA 

matrices, an increase in granulation tissue and vascularization was observed [46]. There 

was a statistically significant increase in the granulation tissue thickness, and number and 

area of blood vessels from two weeks to four weeks, thus demonstrating continuous 

expression of the delivered gene and its sustained, increasing effect on tissue formation 

over time. Enhancement of skeletal muscle repair was reported by Pierce’s group using 

collagen-gelatin matrix-immobilized gene vectors encoding either FGF-2 or FGF-6 

transgenes [58]. When delivered to excisional muscle defects, these biomatrices were 

responsible for producing angiogenesis that later remodeled to form arteries. Along with 
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enhancing the density of endothelial cells and muscular arterioles at the treatment sites, 

myotube regeneration and muscle repair was also facilitated. For cartilage engineering 

purposes, Zhang and colleagues carried out a study employing porous chitosan-gelatin 

scaffolds containing the TGF-β1 gene for sustained release [59]. This GAM proved 

effective for the proliferation of chrondrocytes and also increased the synthesis of major 

ECM components, thereby promoting cartilage regeneration. The GAM approach can be 

similarly utilized for gene delivery in the regeneration of other soft tissues [60-62].  

 

Hard tissue regeneration 

 

By immobilizing and localizing the gene-vector constructs within the scaffolds, 

the duration and location of DNA delivery and gene expression can be controlled. These 

localized depots create a platform for bone development at the region of defect [63]. For 

engineering the bone tissue, only transient transfection is typically needed with growth 

factor production and signaling for time period of weeks. This application is now 

enhanced when the GAMs are implanted at the desired site of bone formation. 

Furthermore, the localized gene expression evades the unwanted adverse effects 

associated with systemic exposure to other parts of the body. A variety of natural, 

synthetic, and semi-synthetic polymers can be used as substrates for gene delivery. An 

advantage of employing synthetic polymers as depot systems is that they can be tailored 

specifically with properties favorable for bone tissue regeneration. These modifications 

provide control over the amount embedded, presentation and availability to the cells, and 

the release kinetics. Thus, the time frame of gene expression and cell or spatial specificity 

can be modulated. The GAMs may also contain the therapeutic gene of interest 
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encapsulated or entrapped into polymeric nanospheres or microspheres for prolonging the 

release even further. When formulating plasmid DNA into these spherical particles, either 

the uncondensed (naked) or condensed form (with polycations) can be incorporated.  

Alternatively, the lyophilized plasmid DNA can either be mixed with the polymer 

particles or pre-encapsulated into polymer microspheres before processing the polymer 

particles or microspheres into porous scaffolds. The latter approach may result in a more 

even distribution of plasmid DNA throughout the matrix, with release being regulated by 

the degrading microspheres. These two approaches may be combined to provide delivery 

of multiple genes (encoding different growth factors), each with a distinct release rate and 

delivery kinetics from the same structural scaffold unit. The different phases of bone 

healing rely on the action of multiple growth factor signaling typically presented to 

MSCs at distinct stages for regulating differentiation, mitosis, and chemotaxis [64, 65]. 

Using the aforementioned combinatorial approach for tissue-specific controlled dose and 

rate of delivery, these signals can be then temporally and spatially manipulated so as to 

enhance the cellular events necessary for bone regeneration. Again, the formulation 

properties such as polymer concentration, polymer molecular weight, and the method of 

preparation can influence the loading efficiency, rate of release to the exterior 

environment, and the bioactivity of the released plasmid DNA. The kinetics of gene 

construct release can also be varied by altering the polymer degradation rate using 

various polymer formulations. The polymer constructs can be fabricated from synthetic 

polyesters such as PLGA, PGA, and polycaprolactone, and natural polymers such as 

chitosan, alginate, hydroxyapatite, calcium phosphate, collagen, and hyaluronan (Table 

1.3).  
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Advantages and disadvantages of GAMs for bone regeneration: 

biocompatibility/safety of GAMs 

Major barriers exist with protein therapies involving growth factors, 

transcriptional factors and morphogenetic proteins, either administered as such or merged 

with the scaffolds [9, 66, 67]. Being recombinant proteins, the therapy is accompanied by 

their high costs. In order to compensate for the shorter duration of action of the protein 

drugs in vivo, they are utilized in supra-physiological dosage to obtain therapeutic 

efficacy. This, along with adding further to the expense, is associated with the risk of 

inducing toxicity and presents serious health concerns [17, 68]. Side effects have been 

increasingly reported with high-dose protein delivery. Moreover, the exogenously 

supplied proteins are more prone to instability, rapid clearance from the body due to short 

half-lives, poor tissue distribution, thus leading to low bioavailability, loss of functional 

bioactivity, and the need for frequent dosing [29]. When entrapped into polymeric 

nanospheres and microspheres for protection against degradation and controlled release, 

they may in fact be denatured by the harsh processing conditions itself. An additional 

concern is protein aggregation prior to release, leading to its inactivation [69]. Also, when 

compared to the endogenously occurring proteins, the recombinant proteins may not offer 

the same degree of therapeutic benefit owing to the absence of inherent typical post-

translational modifications [70, 71]. One approach to overcome these shortcomings of 

protein-based strategies is gene therapy with GAMs [72, 73]. As discussed above, gene 

therapy using viral vectors is perceived as unsafe and more risky than the non-genetic 

modes of treatment. However, for bone healing applications, it is important to take into 

consideration the relatively small doses that will be delivered locally, and if ex vivo 
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methods are employed, the safety issues can be addressed. Utilizing non-viral GAMs for 

tissue engineering has been shown to be more advantageous in generating a sustained 

expression of the recombinant growth factors by the transfected infiltrating wound repair 

cells, more cost-effective, and may be safer for use clinically as compared to the large 

amounts of recombinant protein and viral therapy [9, 26, 74, 75]. The implanted GAMs 

provide for gene expression and protein production for an extended period of time that 

stimulates an enhanced therapeutic response to osteogenesis and bone repair. Localized 

gene therapy also has been reported to eliminate or reduce systemic toxicity resulting 

from dose dumping occurring during bolus parenteral protein presently administered in 

the clinic [76, 77]. Alternatively, gene delivery system using GAMs is less expensive 

than the recombinant protein delivery system. The in vitro production of plasmid DNA is 

relatively simple and economical as compared to the commercial protein production 

which is quite expensive [78]. In addition, it has been shown that localized gene delivery 

via GAM approach directs the production of endogenous proteins which are less altered 

and thereby less immunogenic, in a targeted, controlled manner at the site of implantation 

[79]. The in situ production of proteins by the transfected bone repair cells ensures 

efficient cell surface receptor targeting. Consequently, significantly lower doses of 

proteins are required to attain similar or even higher levels of therapeutic effect for 

enhanced bone regeneration, when compared to protein delivery [26]. Also, with the 

GAMs, a long term healing effect due to induced continuous, sustained transgene 

expression can be achieved and maintained in vivo [80]. The gene transfer from GAMs 

causes specific cells to be differentiated into desired, selected cell types over time. This 

abolishes the need for repeated administration [81]. Moreover, rather than direct 
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introduction, incorporation of the gene vectors into the porous scaffold affords protection 

from physiological degradation and delays clearance from the wound site. Hence, this 

design of distribution throughout the matrices renders them more available to the cells for 

transfection and subsequently, effective transgene concentrations are maintained long 

term. This is critically important for enhanced efficacy of gene therapy to the defect [82] 

Also, formulation-wise, the GAM constructs are designed to be stable. However, in the 

field of regenerative medicine, the GAM material system for new tissue deposition is a 

recent development. There is incomplete knowledge on the amount of proteins actually 

produced by transfected cells and the amount needed for therapeutic effect in a given 

clinical situation. We need to seek answers to questions such as how much protein is 

required to be synthesized for bone healing applications, and at what phases, time frames 

and duration of the healing process. Regarding clinical applications, the lack of 

preclinical data in large animal models due to the highly expensive and time consuming 

nature of the studies is a major hindrance. Even if the encouraging data is obtained 

readily by simple, available technologies, still the funding and the regulatory 

environment raises issues and pose additional impediments to progress [83]. 

 

Conclusions and future prospects for clinical applications     

 

Severe bone damage occurring due to genetic disorders and trauma may not be 

capable of self-healing and regeneration without intervention. This necessitates 

treatments for repairing skeletal defects that facilitate rapid new bone development and 

reduce the healing times. Gene therapy is being investigated in pre-clinical models as a 

way to treat tissue loss and enhance the regenerative process. Gene transfer can be 
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performed using a variety of viral and non-viral vector as gene carriers. Depending on the 

biology of the indication (bodily location and treatment time), either in vivo or ex vivo 

methods can be implemented. To address the safety aspects of clinical translation, non-

viral vectors may be preferred. In engineering bone tissue, the GAM technology for 

sustained gene delivery and localized gene transfer, and extended expression of tissue 

inductive growth factors is a highly versatile approach. Enhanced and prolonged high 

gene transfection levels can be obtained locally without being distributed to distant 

tissues, thereby reducing any possible immune responses to the system. The polymeric 

scaffold design can control tissue development by controlling the release and maintaining 

sufficient availability of growth factors to the site of injury.  The combination of tissue 

engineering scaffolds with gene therapy has immense capability of targeting any cellular 

processes and promoting bone regeneration. The GAM design provides a powerful and 

useful tool to study, regulate and manipulate cell functions in the bone developmental 

processes important in our understanding of the biology beneath tissue formation and 

regeneration. The GAM delivery system can be readily fabricated in a variety of 

structures with different geometries for engineering numerous types of tissues. This 

system might be of potential use in different therapies and biological processes as well 

and therefore holds a great promise in the areas of tissue engineering and regenerative 

medicine.  
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Table 1.1.  A list of growth factors and their role in bone regeneration. 

 

Growth 

factor/Protein 

Known activities 

EGF [84] Growth and proliferation of mesenchymal and fibroblast cells, 

induction of  granulation tissue formation and angiogenesis  

PDGF-BB [85, 86] Acts as a chemo-attractant, induces mitogenesis, promotes 

angiogenesis, and extracellular matrix synthesis and deposition  

TGF-β [87, 88] Regulation of cell proliferation, differentiation, and matrix 

synthesis  

rhBMP [89, 90] Stimulation of angiogenesis and migration, induces proliferation 

and differentiation of mesenchymal stem cells into cartilage and 

bone-forming cells 

VEGF [91, 92] Promotes chemotaxis of MSCs, indirectly induces proliferation 

and differentiation of osteoblast precursor cells  

bFGF [93, 94] Stimulates migration and proliferation of endothelial cells, 

hypertrophic chondrocyte differentiation, and 

osteoblast/osteoclast recruitment to the growth plate  

Activin [95-97] Induction of osteoblastic cell proliferation and collagen 

synthesis 

IGF-I [98, 99] Induces cellular proliferation and matrix synthesis  

EGF: Epidermal Growth Factor 
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Table 1.2.  A list of different polymeric scaffolds implicated in tissue engineering 

applications with their respective modifications.   

 

Scaffold material Variation Examined Outcome 

Collagen-GAG [100, 

101]  

Addition of GAG to 

collagen scaffolds, 

constant cooling rate 

during the freezing 

process prior to 

lyophilization 

GAG effectively improves 

attachment, migration, and 

infiltration of cells throughout the 

porous scaffold; uniform porous 

structure and less variation in mean 

pore size 

Collagen-GAG [102] Collagen concentration 

(0.25 %, 0.5 %, and 1 %) 

and crosslink density 

(dehydrothermal 

crosslinking processes at 

105 oC for 24 h and 150 
oC for 48 h)  

Significant improvement in the 

biological and mechanical 

properties of the scaffold with 

increased collagen amount (1 %) 

and crosslinking (at 150 oC for 48 

h); enhanced pore size, 

permeability, compressive 

strength, cell number, and cell 

metabolic activity 

Hyaluronic acid-

based polymer 

scaffold [103-105] 

Chemical modification 

through total 

esterification of 

carboxylic groups 

Insoluble polymer with good 

stability against acidic hydrolysis; 

covalent binding of hydroxyl  

functional moieties; promote cell 

adhesion, proliferation, ECM 

production, osteogenic 

differentiation, and mineralization 

Hydroxyapatite/β-

tricalcium phosphate 

ceramic implants 

[106] 

MSCs loaded onto the 

porous carrier 

Stronger bone formation superior 

to the carrier alone 

Collagen-PGA [107, 

108] 

Collagen sponge 

mechanically reinforced 

by incorporation of PGA 

fiber (dehydrothermal 

cross-linking) 

Enhancement in compression 

strength; sustained release of 

plasmid DNA complex; significant 

attachment of fibroblasts, greater 

and deeper cell proliferation and 

infiltration; reduction in sponge 

shrinkage 

Gelatin-PLGA [109] PLGA microspheres 

loaded into gelatin 

scaffold 

Increased mechanical strength and 

flexibility; delivery of multiple 

genes with distinct release kinetics 

PLA, PGA, PLGA 

[110] 

Type of polymer, 

molecular weight, 

intrinsic viscosity 

High porosity with low molecular 

weight, low intrinsic viscosity 

PLGA; superior mechanical 

properties with higher lactic acid 

content 
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Table 1.2.  Continued 

 

PLGA [111] Partial fusion of NaCl 

porogen in the solvent 

casting-particulate 

leaching process 

Scaffolds with enhanced pore 

interconnectivity and compressive 

modulus 

PLLA [112] Scaffold surface 

modification using 

gelatin spheres as 

porogen 

Higher compressive modulus; 

significant improvement in initial 

cell adhesion and proliferation, cell 

spreading and matrix secretion 

Hyaluronan [113] Modification with gelatin 

using disulfide 

crosslinking 

Hyaluronan-gelatin sponge 

promoted cell attachment, growth, 

and spreading 

PLGA [114] Coating PLGA 

microspheres with 

polydopamine 

Increased incorporation and 

slowed release of plasmid DNA 

from the scaffold 

Collagen [115] Calcium-phosphate 

coating for collagen 

scaffolds 

Improved mechanical properties 

(higher compressive 

modulus/stiffness) 

Collagen [116, 117] Nano-hydroxyapatite 

inclusion in the scaffold 

Enhanced cell function and 

osteointegration; significantly 

increased scaffold stiffness and 

pore interconnectivity 

PCL [118] Coupling resveratrol 

through a hydrolysable 

covalent bond with the 

carboxylic acid groups in 

PCL surface grafted with 

acrylic acid 

Significant increase in 

osteogenesis 

Alginate [119] Mixing octacalcium 

phosphate (OCP) with 

alginate solution 

Increased elastic modulus and pore 

size with increasing the OCP 

amount 

Collagen [80] Specific binding of 

biotinylated PEI-plasmid 

DNA complexes to 

avidin-modified collagen 

Enhanced transfection efficiency 

by immobilizing complexes in 

the matrix through biotin/avidin 

bond; inhibits aggregation  of 

complexes; higher loading 

efficiency and bioavailability of 

complexes 

 

PGA: poly(glycolic acid), PLLA: poly(L-lactic acid), GAG: glycosaminoglycan, PCL: 

poly-ε-caprolactone, PLGA: poly(lactide-co-glycolide) 
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Table 1.3.  A list of different types of GAMs investigated for induction of bone 

formation. 

 

Scaffold material Vector Transgene Model 

Collagen [120] Plasmid DNA PTH 1-34 

or/and BMP-

4  

Rat femoral 

defect 

Collagen [121] Plasmid DNA PTH 1-34  Dog tibial 

defect 

PLGA [122] PEI-plasmid DNA 

complexes 

BMP-4 Rat cranial 

defect 

Poly(propylene 

fumarate) [123] 

Triacrylate/amine 

polycationic polymer 

(TAPP)-plasmid DNA 

polyplexes complexed with 

gelatin microparticles 

BMP-2 Rat cranial 

defect 

Collagen [47] PEI-plasmid DNA 

complexes 

PDGF-B Rat cranial 

defect 

Collagen or 

autologous bone 

graft [124] 

BMP-2 condensed with 

liposomal vector 

BMP-2 Pig cranial 

defect 

Collagen [66] CaP-plasmid DNA 

precipitates 

BMP-2 Rat tibial 

defect 

Collagen [125] Plasmid DNA PTH 1-34  Lumbar 

interbody 

fusions in 

sheep 

Collagen [126] Plasmid DNA VEGF165 Rabbit radial 

defect 

Calcium phosphate 

cement [127]  

Plasmid DNA complexed 

with poly(ethyleneglycol) 

(PEG)-block-polycation  

caALK6 and 

Runx2 

Mouse cranial 

defect 

Collagen [128] Plasmid DNA Osteogenic 

protein-1 

(OP-1 or 

BMP-7)  

Rat lumbar 

interbody 

arthrodesis 

Collagen/calcium 

phosphate [129] 

Plasmid DNA complexed 

with PAMAM dendrimer 

VEGF165 Mouse intra-

femoral defect 

Hydroxyapatite 

[130] 

Plasmid DNA condensed 

with cationic liposome 

BMP-2 Rabbit cranial 

defect 

 

(PEG-b-P[Asp-(DET)]): PEG-b-polyasparagine carrying the N-(2-aminoethyl)aminoethyl 

group (CH2)2NH(CH2)2NH2 as the side chain) 

 

caALK6: constitutively active form of activin receptor-like kinase 6 

Runx2: runt-related transcription factor 2 
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Figure 1.1.  Schematic of the gene delivery system (GAMs) demonstrating the proposed 

mechanism of action for bone regeneration. 
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CHAPTER II 

HYPOTHESIS AND OBJECTIVES 

 

Hypotheses 

We have proposed two major hypotheses: 

1.   Non-viral gene delivery systems, vector-plasmid DNA (pDNA) complexes, utilizing 

PEI and calcium phosphate as vectors, can effectively transfect pre-osteoblasts in vitro. 

2.   Non-viral delivery of pDNA (encoding PDGF-B/VEGF) can significantly enhance 

bone regeneration in vivo. 

 

Rationale for proposed hypotheses 

Tissue engineering approaches for bone regeneration have included protein 

therapy to deliver osteogenic cytokines and growth factors such as bone morphogenetic 

proteins (BMPs), delivery of genes encoding protein factors that promote bone growth, 

and implantation of osteogenic cells at sites of bone defects. These approaches may be 

combined with biomimetic scaffolds to enhance the regeneration process. The major 

drawback of protein therapy is that it requires supra-physiological doses of growth factors 

which is expensive and runs the risk of inducing toxicity. In addition, exogenously 

supplied proteins are susceptible to instability, rapid clearance due to short half-lives, and 

loss of bioactivity. The alternative use of gene therapy is less expensive because the in 

vitro production of pDNA is relatively simple and economical as compared to 

commercial protein production. In addition, local cell-mediated production of growth 

factors in situ would promote efficient cell surface receptor targeting and require less 
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protein to achieve similar levels of therapeutic effect when compared to protein therapy. 

Using implanted gene-activated matrices, prolonged plasmid gene expression and 

continuous protein production is achieved that stimulates osteogenesis and bone repair in 

vivo. Localized gene therapy also averts systemic toxicity that can occur as a result of 

dose dumping during protein therapy. 

There are two primary methods of gene therapy for bone regeneration: 1) 

transfection of cells in vitro and subsequent transplantation into the site of the bone 

defect, and 2) direct delivery of osteogenic plasmid genes immobilized in a scaffold 

matrix. The latter approach has been shown to be more advantageous in generating a 

persistent expression of the growth factors by the transfected wound repair cells, more 

cost-effective, and may be more clinically safe for use. Plasmid DNA is non-toxic and 

relatively high doses can be administered to achieve sustained gene expression and 

therapeutic quantities of protein production. The main concern with the use of pDNA is 

the safety and efficacy of the gene delivery vehicles. Both, viral and non-viral vectors 

systems can be used for gene transfer. Viral vectors such as adenoviruses and retroviruses 

are usually capable of high transfection efficiencies. However, viral vectors have the 

potential to stimulate host immune responses, inflammatory and toxic reactions, and 

random insertion of the viral genome and mutagenesis that hinders the clinical 

translatability of this approach. Non-viral vectors lack such drawbacks and are easy to 

synthesize. Although non-viral gene delivery systems generally display lower 

transfection efficiencies when compared to viruses, they nevertheless have the potential 

to be applied to a wide array of applications in dental and craniofacial fields. The long 
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term goal is to develop a safe and efficient non-viral gene delivery system that can 

deliver multiple genes in vivo for periodontal, bone and other orthopedic applications.  

Platelet derived growth factor (PDGF) is a potent mitogen and chemoattractant 

for mesenchymal and osteogenic cells and a stimulant for the expression of angiogenic 

molecules that play a pivotal role in bone healing. There are several preclinical and 

clinical reports that have shown the safety and efficacy of PDGF in achieving bone 

regeneration. Past studies on the use of PDGF have been through viral vector delivery or 

as a recombinant protein. Following tissue injury, platelets release PDGF at the site of the 

injury that act on specific cell surface receptors enhancing cell migration (chemotaxis) 

and proliferation (mitogenesis). The chemotactic ability of PDGF has been demonstrated 

on several cell types including osteoblasts. Vascular endothelial growth factor (VEGF), a 

growth factor known for its role in angiogenesis, is also involved in both intra-

membranous and endochondral ossification. This property has led to the development of 

delivery systems that releases these factors for bone tissue engineering applications. 

Combining PDGF with VEGF was shown to significantly enhance angiogenesis, 

maturation of the blood vessels, and to dramatically reverse experimentally induced 

ischemia in animals. Furthermore, there is growing evidence that delivery of PDGF along 

with VEGF has a synergistic effect on bone regeneration that is greater than either factor 

alone. Hence, in in one of our study, we propose to develop a non-viral gene delivery 

system that can simultaneously deliver both PDGF and VEGF genes in vivo for bone 

regeneration. 

Human embryonic palatal mesenchymal (HEPM) cells and bone marrow stromal 

cells (BMSCs) are osteogenic progenitors and therefore clinically relevant in bone tissue 
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regeneration. These cell types have been widely used as in vitro model cells to study 

osteogenesis. Type I collagen constitutes the main protein component of natural 

extracellular matrices and plays an important role in the process of repair of damaged 

tissue. Type I collagen matrices serve as a platform for cell adhesion and migration, and 

direct the growth of cells. Chitosan is another biomaterial that aids in hemostasis and 

plays a role in activation of macrophages and cytokine stimulation. Chitosan has also 

been reported to induce collagen synthesis and angiogenesis in the early wound healing 

and tissue remodeling phases of wound repair. Owing to these attributes, chitosan has 

generated significant interest for a broad range of wound healing applications. It has been 

shown that chitosan forms a chelate complex with metal ions and that copper ions 

strongly interact with chitosan, leading to the formation of tightly packed chitosan gel. 

Copper has been reported to act as an endogenous stimulator of angiogenesis by inducing 

the migration and proliferation of endothelial cells. Copper has also been demonstrated to 

induce VEGF expression in vitro and in vivo. The quality of regenerating tissue was also 

shown to be distinctly improved with a high density of cells in the granulation layer of 

copper-treated wounds. Copper-sensitive pathways are implicated to be involved in the 

regulation of key mediators of wound healing such as angiogenesis and tissue 

extracellular matrix remodeling.  

 

Specific aims 

1.   Demonstrate transfection with vector-pDNA (encoding LUC) complexes in HEPM 

cells and BMSCs in vitro. 
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2.   Fabricate complexes with varying PEI-pDNA (N/P) and calcium phosphate-pDNA 

(Ca/P) ratios and evaluate the influence of ratio stoichiometry on the size, surface charge, 

and stability of the complexes, and transfection efficiency and toxicity in HEPM cells and 

BMSCs. 

3.   Evaluate transfection efficiency of calcium phosphate versus PEI as gene delivery 

vectors for pDNA (encoding LUC/GFP/PDGF-B) in vitro. 

4.   Use of vector-pDNA (encoding PDGF-B) complex-loaded scaffold in gene therapy 

for bone regeneration in vivo using three-dimensional collagen scaffolds. 

5.   Explore the feasibility and efficacy of combinatorial non-viral gene delivery of 

PDGF-B and VEGF plasmids simultaneously from the same carrier system to evaluate 

the potential synergistic effects on the bone repair process in vivo. 

6.   Develop and investigate the effect of copper crosslinked chitosan scaffolds on bone 

tissue engineering in critical-sized calvarial defects in vivo. This proof of concept study 

will be followed by another study loading the PDGF-B plasmid as complexes into these 

scaffolds for enhanced bone regeneration. 
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CHAPTER III 

NON-VIRAL GENE DELIVERY SYSTEM IN HUMAN EMBRYONIC PALATAL 

MESENCHYMAL CELLS 

 

Introduction 

Gene therapy involves treatment of diseases by the delivery of foreign genetic 

material  into specific cells of the host [131]. The genetic material in the form of plasmid 

DNA encoding a functional gene for a therapeutic protein can be used to supplement or 

alter the expression of existing genes or replace a mutated gene within the affected host 

cells. Depending on the nature of the disease, either short term or long term gene 

expression may be needed. The main prerequisites of a successful gene therapy is that it 

should be safe, highly efficient, controllable and selective to the target cells [132].  

Tissue engineering approaches for bone regeneration have included protein 

therapy to deliver osteogenic cytokines and growth factors such as bone morphogenetic 

proteins (BMPs) [133], delivery of genes encoding protein factors that promote bone 

growth [120], and implantation of osteogenic cells at sites of bone defects [134]. These 

approaches may be combined with biomimetic scaffolds to enhance the  regeneration 

process [11]. The major drawback of protein therapy is that it requires supra-

physiological doses of growth factors which is expensive and runs the risk of inducing 

toxicity [120, 135]. In addition, exogenously supplied proteins are susceptible to 

instability, rapid clearance due to short half-lives, and loss of bioactivity. The alternative 

use of gene therapy is less expensive because the in vitro production of plasmid DNA is 

relatively simple and economical as compared to commercial protein production [78]. In 
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addition, local cell-mediated production of growth factors in situ would promote efficient 

cell surface receptor targeting and require less protein to achieve similar levels of 

therapeutic effect when compared to protein therapy. Using implanted gene-activated 

matrices, prolonged plasmid gene expression and continuous protein production is 

achieved that stimulates osteogenesis and bone repair in vivo [121]. Localized gene 

therapy also averts systemic toxicity that can occur as a result of dose dumping during 

protein therapy [76, 77].  

Human embryonic palatal mesenchymal (HEPM) cells are osteogenic progenitors 

and are clinically relevant models for bone tissue regeneration. HEPM cells have been 

widely used as an in vitro model to study osteogenesis. The HEPM cells are also a good 

cell type to study palatal growth and closure [136]. In this study, as a proof of concept, 

HEPM cells were evaluated for their ability to internalize cationic complexes of plasmid 

DNA, undergo transfection and produce proteins of interest. The long term goal of this 

study is to develop a safe and efficient non-viral gene delivery system that can deliver 

multiple genes in vivo for periodontal, bone and other orthopedic applications. In this 

study, we show for the first time that HEPM cells can be genetically manipulated using 

cationic complexes of plasmid DNA to produce functional proteins.  

 

Materials and methods 

Reagents and plasmids 

Branched polyethylenimine (PEI, mol. wt. 25 kDa) was purchased from Sigma-

Aldrich® (St. Louis, MO). Analytical grade calcium chloride dihydrate and dextrose 

monohydrate were from Sigma-Aldrich®, sodium chloride and HEPES free acid from 
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RPI Corp. (Mt. Prospect, IL), and potassium chloride and sodium phosphate tribasic 

dodecahydrate were from Fischer Scientific (Fair Lawn, NJ). Plasmid DNA (6.4 Kb) 

encoding the firefly luciferase reporter protein (pLUC) driven by a cytomegalovirus 

(CMV) promoter/enhancer (VR1255 plasmid DNA), plasmid DNA (4.7 Kb) encoding the 

enhanced green fluorescent protein (pEGFP-N1) driven by a CMV promoter/enhancer, 

and plasmid DNA (4.9 Kb) encoding the platelet derived growth factor B (pPDGF-B) 

were used in this study. The GenElute™ HP endotoxin-free plasmid maxiprep kit was 

obtained from Sigma-Aldrich® (St. Louis, MO). A luciferase assay system was 

purchased from Promega (Madison, WI). The microBCA™ protein assay kit was 

purchased from Pierce (Rockford, IL). The PDGF-BB ELISA kit was purchased from 

Quantikine® (R & D Systems®, Minneapolis, MN). All the reagents used for transmission 

election microscopy (TEM) were from Electron Microscopy Services (Ft. Washington, 

PA). Agarose was obtained from Bio-Rad Laboratories (Hercules, CA). All other 

chemicals and solvents used were of reagent grade. Human palatal mesenchyme stem 

cells (HEPM) were purchased from American Type Culture Collection (ATCC®, 

Manassas, VA). Eagle's Minimum Essential Medium (EMEM) was obtained from 

ATCC® (Manassas, VA). Trypsin-EDTA (0.25%, 1X solution) and Dulbecco’s 

phosphate buffered saline (PBS) was purchased from Gibco® (Invitrogen™, Grand 

Island, NY).  Fetal bovine serum (FBS) was obtained from Atlanta Biologicals® 

(Lawrenceville, GA). Gentamycin sulfate (50 mg/ml) was purchased from Mediatech Inc. 

(Manassas, VA). MTS cell growth assay reagent (Cell Titer 96® AQueous One Solution 

cell proliferation assay) was purchased from Promega Corporation (Madison, WI). Alexa 

Fluor® 568 phalloidin was purchased from Invitrogen, NY. Triton X-100 was obtained 
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from Sigma-Aldrich®. Vectashield®, Hardset™ mounting medium with 4’,6-diamidino-2-

phenylindole (DAPI) was obtained from Vector Labs Inc., Burlingame, CA. 

 

Preparation of plasmid DNA (pDNA) encoding luciferase protein (LUC), enhanced green 

fluorescent protein (EGFP-N1) or platelet-derived growth factor B (PDGF-B)  

The chemically competent DH5α™ bacterial strain (Escherichia coli species, 

Carlsbad, CA) was transformed with the necessary pDNA to amplify the plasmid. The 

pDNA in the transformed cultures was then expanded by amplification of the E. coli cells 

in Lennox L Broth (LB Broth, RPI Corp.) overnight at 37oC in an incubator shaking at 

300 rpm (New Brunswick Scientific, NJ). The pDNA was extracted using the GenElute™ 

HP endotoxin-free plasmid maxiprep kit. The extracted pDNA was analyzed using a 

NanoDrop 2000 UV-Vis Spectrophotometer (Thernoscientific, Wilmington, DE) for 

purity by measuring the ratio of absorbance (A260 nm/A280 nm). The concentration of 

pDNA solution was determined by UV absorbance at 260 nm. The size and quality of the 

extracted pDNA was determined by agarose gel electrophoresis. 

 

Fabrication of calcium phosphate-pDNA complexes 

Calcium phosphate-pDNA (LUC) complexes were prepared by a standard method 

as described previously [137, 138]. Briefly, 500 µl of a calcium precursor solution in 

water comprised of 62 µl 2 M CaCl2.2H2O and 50 µg pDNA (LUC) was added dropwise, 

while slowly vortexing, to an equal volume of a phosphate precursor solution in water, 

pH 7.5, containing varying amounts of Na3PO4.12H2O ranging from 0.83 mM to 2.48 

mM of phosphate to formulate complexes with different Ca/P ratios (Table 3.1). The 
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calcium concentration in the calcium precursor solution was fixed at 248 mM. The 

mixture was incubated at room temperature for 20 min. The final volume of the 

complexes used in the transfection experiments was 20 µl containing 1 µg of pDNA. 

 

Fabrication of PEI-pDNA complexes 

Complexes were prepared by adding 500 µl PEI solution in water dropwise to 500 

µl pDNA (LUC/EGFP-N1/PDGF-B) solution in water containing 50 µg pDNA and 

mixed by vortexing for 20 s. The mixture was incubated at room temperature for 30 min 

to allow complex formation between the positively charged PEI (amine groups) and the 

negatively charged pDNA (phosphate groups). Complexes were fabricated using different 

N (nitrogen) to P (phosphate) ratios (molar ratio of amine groups of PEI to phosphate 

groups in pDNA backbone) by varying the PEI amounts while keeping the amount of 

pDNA constant (Table 3.2). The final volume of the complexes utilized in the 

transfection and biocompatibility experiments was 20 µl containing 1 µg of pDNA. 

 

In vitro characterization of pDNA (LUC) complexes  

Size and polydispersity  

Size measurements of the complexes in water were carried out using a Zetasizer 

Nano-ZS (Malvern Instruments, Westborough, MA), and the mean hydrodynamic 

diameter of the samples was determined by cumulative analysis. The particle size and 

particle size distribution by intensity were measured by photon correlation spectroscopy 

(PCS) using dynamic laser light scattering (4 mW He-Ne laser with a fixed wavelength of 

633 nm, 173 ° backscatter at 25 °C) in 10 mm diameter cells. All measurements were 
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done in triplicate. Complexes with a N/P ratio of 10 were placed on carbon-coated grids 

for 1 min and negatively stained with 1 % uranyl acetate for 20 s. After drying, the 

samples were imaged with a JEOL JEM-1230 TEM. 

 

Surface charge  

Zeta potential (surface charge) determinations of the complexes in water were 

based on the electrophoretic mobility of the complexes using folded capillary cells in 

automatic mode of measurement duration using the Zetasizer Nano-ZS. Surface charge 

measurements were performed by the laser scattering method using the Smoluchowski 

model (Laser Doppler Micro-electrophoresis, He-Ne laser 633 nm at 25 °C). The mean 

value was recorded as the average of three measurements. 

 

Cell culture  

The HEPM cells were maintained in EMEM supplemented with 10 % FBS and 50 

μg/ml gentamycin in a humidified incubator (Sanyo Scientific Autoflow, IR Direct Heat 

CO2 Incubator) at 37 oC containing 95% air and 5 % CO2. The cells were plated and 

grown as a monolayer in 75 cm2 polystyrene cell culture flasks (Corning Incorporated, 

Corning, NY) and subcultured (subcultivation ratio of 1:6) after 80-90 % confluence was 

achieved. Cell lines were started from frozen stocks and the medium was changed every 

2-3 days. The passage number at which the cells were used in experiments ranged 

between 4 and 8.  
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In vitro evaluation of the transfection efficiency of pDNA (LUC) complexes  

PEI-pDNA (LUC) complexes were prepared using N/P ratios of 1, 5, 10, 15 and 

20. Calcium phosphate-pDNA (LUC) complexes were prepared using Ca/P ratios of 100, 

150, 200 and 300. Cells were seeded at a density of 80,000 cells/well in 24-well plates. 

The following day, at ~ 70 % cell confluency, the cell culture media was changed to 

serum-free media and the plasmid-containing treatments were gently vortexed and added 

dropwise into the wells. Each well was treated with 20 µl complexes containing 1 µg 

pDNA. The complexes were incubated with the cells for 4 h or 24 h. At the end of each 

treatment period, the cells were washed with 1X phosphate buffered saline (PBS, pH 7.4) 

and fresh complete media was added to the cells until analysis. After a total incubation 

time of 48 h, the cells were washed with 1X PBS and treated with 1X lysis buffer 

(Promega) and subjected to 2 freeze-thaw cycles. The cells were scraped from the wells, 

collected in 1.5 ml microcentrifuge tubes, and centrifuged at 14,000 rpm (Eppendorf 

centrifuge 5415 D) for 5 min. Luciferase expression was detected by a standard luciferase 

assay system using a Lumat LB 9507 luminometer (EG&G Berthold, Bad Wildbad, 

Germany). The relative light unit (RLU) values per mg of the total cell protein, indicative 

of the transfection efficiency, were normalized against the protein concentration in the 

lysed cell extracts using a microBCA protein assay kit.  

 

In vitro evaluation of cytotoxicity of PEI- pDNA (LUC) complexes  

Cell survival assays were conducted to demonstrate the effect of N/P ratio of the 

PEI-pDNA (LUC) complexes on the biocompatibility of complexes in HEPM cells over a 

period of time. Cells were seeded in clear polystyrene, flat bottom, 96-well plates 
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(Costar®, Corning Inc, NY) at a density of 10,000 cells/well and allowed to attach 

overnight. The following day, the complete medium was replaced with serum-free media 

and the cells were treated with complexes containing 1 µg pDNA in a volume of 20 µl. 

Untreated cells were used as controls. Cells treated with PEI alone or uncomplexed 

pDNA alone served as additional controls. The complexes were incubated with the cells 

for 4 h or 24 h to mimic the conditions used in the transfection experiments. At the end of 

the treatment period, the cells were washed with 1X PBS and fresh complete media was 

added to the cells followed by addition of 20 μL of MTS (3-(4,5-dimethylthiazol-2-yl)-5-

(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) cell growth assay reagent. 

The plates were incubated at 37 oC in a humidified 5 % CO2 atmosphere for 4 h. The 

amount of soluble formazan produced by reduction of the MTS reagent by viable cells 

was measured spectrophotometrically using a SpectraMax® Plus384 plate reader 

(Molecular Devices, Sunnyvale, CA) at 490 nm. The cell viability was expressed by the 

following equation: Cell viability (%) = (Absorbance intensity of treated cells / 

Absorbance intensity of untreated cells (control)) x 100.  

 

In vitro visualization of transfection with PEI-pDNA (EGFP-N1) complexes  

To determine the qualitative fluorescence expressed by EGFP-N1, HEPM cells 

were plated at a density of 50,000 cells/well in clear, flat-bottom, 8-chambered glass 

slides with covers (Lab-Tek, Nunc™, NY) that were previously coated with 0.1 % poly-

L-lysine. The cells were allowed to attach overnight and the following day, the cell 

culture medium was removed. The cells were treated with complexes containing 1 µg 

pDNA (N/P 10) in serum-free media. Untreated cells, cells treated with uncomplexed 
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pDNA and cells treated with PEI alone (PEI amount of 1.30 µg corresponding to a N/P 

ratio of 10) were used as controls. The complexes were incubated with the cells for 4 h or 

24 h. At the end of each treatment period, the cells were washed with 1X PBS and fresh 

complete media was added to the cells until analysis. After a total incubation time of 48 

h, the cells were washed with 1X PBS. The cells were then fixed with 4 % 

paraformaldehyde (Hatfield, PA), followed by permeabilization of the cells with 0.2 % 

Triton® X-100 in PBS. The cells were later treated with phalloidin (diluted 1/200 in PBS) 

to fluorescently tag the cellular actin with Alexa Fluor® 568 phalloidin. The specimen 

was finally mounted with Vectashield® Hardset™ mounting medium containing DAPI. 

The cells were washed with PBS following each step in this process. The cellular 

fluorescence was observed using confocal laser scanning microscopy (60X, Carl Zeiss 

710, Germany) equipped with Zen 2009 imaging software. The images were processed 

using ImageJ® software (National Institutes of Health, MD). 

 

In vitro evaluation of transfection with PEI-pDNA (PDGF-B) complexes  

The transfection in HEPM cells was further evaluated by using pDNA encoding 

for the PDGF-B protein. PEI-pDNA complexes were prepared using a N/P ratio of 10. 

The cells were plated at a seeding density of 80,000 cells/well in 24-well plates.  The 

following day, at ~ 70 % cell confluency, the cell culture media was changed to serum-

free media and the plasmid-containing treatments were gently vortexed and added 

dropwise into the wells. Each well was treated with complexes containing 1 µg pDNA. 

The complexes were incubated with the cells for 4 h. At the end of the treatment period, 

cells were washed with 1X PBS and fresh complete media was added to the cells until 
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analysis. After a total incubation time of 48 h, the cell culture supernatants were collected 

by centrifugation and analyzed for PDGF-BB using a PDGF-BB ELISA kit. Untreated 

cells and cells treated with naked, uncomplexed plasmids were employed as controls.  

 

Agarose gel retardation assay for PEI-pDNA (LUC) complexes 

The condensation of pDNA by polycationic PEI polymer and the subsequent 

retention and stability of pDNA within the complexes (N/P ratio of 10) was assessed 

using gel electrophoresis. Samples were loaded into the wells of a 1 % agarose gel 

(prepared in TAE buffer (1X) containing 0.5 μg/ml ethidium bromide) with BlueJuice gel 

loading buffer (2X final concentration). Electrophoresis was carried out at 80 mA in 1X 

TAE running buffer. The pDNA bands were visualized using a UV transilluminator 

(Spectroline, Westbury, NY).  

 

Data presentation and statistical analysis 

Numerical data was reported as mean ± standard deviation (S.D.) from at least 

three replicate samples. The graphs were generated using Prism 5.0 (GraphPad Software 

Inc., San Diego, CA). The data were compared by ANOVA followed by a Tukey post-

test analysis. The differences between the groups were considered to be statistically 

significant when the p value was < 0.05. Statistical analyses were performed using Prism 

5.0 software. 
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Results and discussion 

Plasmid DNA is non-toxic, and relatively high doses can be administered to 

achieve sustained gene expression and therapeutic quantities of protein production [139]. 

The main concern with the use of pDNA is the safety and efficacy of the plasmid delivery 

vehicles. Both, viral and non-viral vectors systems can be used for gene transfer. Viral 

vectors such as adenoviruses and retroviruses are usually capable of high transfection 

efficiencies [140]. However, viral vectors have the potential to stimulate host immune 

responses, inflammatory and toxic reactions, random insertion of the viral genome and 

mutagenesis that hinders the clinical translatability of this approach [135]. On the other 

hand, non-viral vectors lack such drawbacks and are easy to synthesize. Although non-

viral gene delivery systems generally display lower transfection efficiencies when 

compared to viruses, they nevertheless have the potential to be applied to a wide array of 

applications in dental and craniofacial fields. In this study, we explored the non-viral 

delivery of different genes to HEPM cells using PEI-pDNA complexes. Polyethylenimine 

has proven to be an effective vehicle for pDNA in many applications [141-143]. 

Branched PEI has yielded significantly higher transfection efficiencies than linear PEI, 

and is therefore commonly used for polymer-mediated pDNA delivery. Attributes of 

branched PEI such as effective protonability and buffering capacity, high cationic charge 

density potential and tight condensation of pDNA, contribute to its high transfection 

efficiency [141, 144]. The transfection efficiencies of three different molecular weights 

of PEI (25, 50, and 800 kDa) were examined in vivo and it was found that 25 kDa PEI 

resulted in the highest transfection efficiency. PEI-pDNA complexes made using low 

molecular weight PEIs (10 kDa and lower) readily dissociated and resulted in lower 
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transfection efficiencies [145, 146]. We used a systematic approach to identify the 

optimal amine to phosphate (N/P) ratio at which PEI-pDNA complexes could generate 

maximum transfection in HEPM cells whilst maintaining low cytotoxicity. The 

transfection efficiency of the PEI vector was also compared to an alternative calcium 

phosphate vector that is widely used for pDNA delivery due to its biocompatibility and 

biodegradability [138, 147, 148]. The calcium/phosphate (Ca/P) ratio of the calcium 

phosphate-pDNA complexes is a measure of the amount of calcium to phosphate used in 

preparing a particular precipitate. In order to optimize the stoichiometry of these 

complexes, formulations with varying N/P and Ca/P ratios were fabricated and the 

influence of ratio stoichiometry on complex size, charge and stability, transfection 

efficiency and toxicity in HEPM cells was evaluated. The zeta potential and size of the 

pDNA complexes are very critical parameters governing the interaction of the complexes 

with the cells and their uptake into the cells via endocytosis. This ultimately affects the 

maximum transfection efficiency attained and cell viability [149, 150]. The optimized 

complex ratio can improve the transfection efficiencies by overcoming the formulation 

and various other barriers in the intracellular and intra-nuclear transport of pDNA. 

Transfection efficiencies of these complexes are reported to vary significantly in different 

cell types and hence it was necessary that the transfection method be optimized for each 

cell line used.  

 

Generation of pDNA encoding LUC, EGFP-N1 or PDGF-B proteins 

The recovery and purity of the isolated pDNA was determined by 

spectrophotometric analysis. The ratio of absorbance at A260 nm/A280 nm (optical 
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density of pDNA solution) was within the range of 1.8 to 2.0, as recommended by the 

protocol from Sigma-Aldrich®.  

 

Size and surface charge of calcium phosphate-pDNA (LUC) complexes 

In preparing these complexes, the amount of calcium precursor (248 mM) and 

pDNA (1 μg) was maintained at a constant level, while the amount of phosphate 

precursor was varied so as to generate different Ca/P ratios: 100, 150, 200 and 300 (Table 

3.1). This was done to assess the effect of Ca/P stoichiometry on the particle size of the 

resulting complexes. The size of the complexes was found to directly correlate with the 

Ca/P ratio (Figure 3.1a). The size decreased from 2317 ± 163 nm to 538 ± 6 nm with an 

increase in the Ca/P ratios from 100 (2.48 mM phosphate) to 300 (0.83 mM phosphate). 

With a decline in the phosphate concentration in the phosphate precursor solution from 

2.48 mM to 0.83 mM (increasing Ca/P ratios), the pDNA bound and condensed more 

efficiently forming smaller, more stable complexes. The surface charge of the complexes 

prepared at Ca/P ratio of 200 was found to be - 11 ± 0.9 mV. This negative surface 

charge on the complexes may lead to decreased pDNA binding and condensation, and 

decreased cellular interactions, thus rendering instability to the complexes and hindering 

their uptake by the cells. 

 

In vitro gene expression by calcium phosphate-pDNA (LUC) complexes 

Plasmid DNA was complexed with various Ca to P ratios (Table 3.1) to determine 

the influence of the Ca/P stoichiometry in achieving the optimum transfection efficiency 

in HEPM cells. Cells were treated with complexes containing 1 μg of pDNA for 4 h or 24 
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h and processed as described in the Methods section. Untreated cells and cells treated 

with uncomplexed pDNA served as controls. The values are expressed as mean ± SD for 

each treatment (n = 3). The results demonstrated that the Ca/P ratio of the complexes 

significantly affected the expression of luc gene in HEPM cells (p < 0.05). The amount of 

transfection obtained was higher for complexes with Ca/P ratios of 200 (1.24 mM 

phosphate) than with Ca/P ratios of 100 (2.48 mM phosphate), 150 (1.65 mM phosphate) 

or 300 (0.83 mM phosphate) (Figure 3.1b). The different transfection efficiencies 

obtained with different Ca/P ratios may partly be attributed to the sizes of these 

complexes. It has been reported that the particle size of calcium phosphate-pDNA 

complexes significantly affects the extent of transfection obtained. Calcium phosphate 

complexes tend to aggregate with time, resulting in a reduction in the level of transfection 

attained [151, 152]. As the Ca/P ratios increased from 100 to 200, the sizes of complexes 

obtained decreased almost 4-fold from an average size of 2317 nm to 605 nm. A Ca/P 

ratio of 200 consequently showed the highest transfection efficiency and a Ca/P ratio of 

100 exhibited the lowest transfection efficiency among the various ratios tested. A Ca/P 

ratio of 300 had the smallest average particle size of 538 nm and we would expect its 

transfection capacity to be at least comparable or better than that of Ca/P 200. However, 

low pDNA binding capacity and/or low pDNA condensation capacity of Ca/P 300 may 

have contributed to the drop in the transfection [138]. It is also possible that Ca/P 300 

contained lower amount of complexes than Ca/P 200, and hence failed to achieve 

efficient transfection. Nevertheless, this reduction in transfection was found to be 

statistically insignificant when compared to transfection with Ca/P 200. The lower 

transfection capabilities of Ca/P 100 and in particular, Ca/P 150 (average size of 823 nm) 
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could also be due to the reduced binding and condensation of pDNA within the 

complexes. The gene expression attained at the second treatment time point of 24 h was 

much lower than that attained at 4 h of treatment (data not shown).  

 

Size and surface charge of PEI-pDNA (LUC) complexes 

The PEI-pDNA (LUC) complexes were fabricated using a constant amount (1 μg) 

of pDNA and varying amounts of PEI in order to generate N/P ratios of 1, 5, 10, 15 and 

20 (Table 3.2, Figure 3.2a). With increasing N/P ratios, the sizes of the complexes 

progressively decreased from 157 ± 1 nm for N/P 1 to 82 ± 2 nm for N/P 20 (Figure 3.2b) 

whilst the surface charge of these complexes increased from - 22 ± 2  mV for N/P 1 to + 

45 ± 0.3   mV for N/P 20 (Figure 3.2c). These findings were the results of complexation, 

coating and condensation of the entire length of the pDNA by PEI [153-156]. Complexes 

prepared at a N/P ratio of 10 were typically in the 100 nm size range with a net surface 

charge of ~ + 35 mV. The particle size distribution is described by the polydispersity 

index (PDI). Lower values of PDI indicate narrow size distributions and homogeneity of 

the sample. In our study, the PDI was < 0.3, confirming the relative uniformity of the 

particle size distribution. Transmission electron microscopy images of complexes 

prepared at a N/P ratio of 10 showed the formation of discrete, spherical particles of ~ 

30-80 nm in size (Figure 3.2d).  

 

In vitro gene expression by PEI-pDNA (LUC) complexes 

Plasmid DNA was complexed with various amounts of PEI (Table 3.2) to 

determine the N/P ratio that would yield maximum transfection efficiency and optimum 
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levels of gene expression in HEPM cells. Cells were treated with the complexes 

containing 1 μg of pDNA for 4 h or 24 h and processed as described before. Untreated 

cells were the controls while cells treated with PEI alone were the negative controls. 

Cells treated with uncomplexed pDNA served as a control comparison with complex-

treated cells. The values are expressed as mean ± SD for each treatment (n = 3). The luc 

gene expression levels were dependent on the transfection efficiencies of the N/P ratios 

used in this experiment (Figure 3.3a). The transfection efficiency increased as the N/P 

ratio increased from 1 (0.13 μg PEI) to 10 (1.30 μg PEI). Transfection efficiencies then 

dropped when the N/P ratios increased to ≥ 15. The different transfection efficiencies 

obtained with different N/P ratios could be attributed to the size and surface charge of the 

complexes, extent of pDNA binding and condensation, and toxicity of the complexes. 

Complexes prepared with a N/P ratio of 1 had a size of 157 nm and a surface charge of - 

22 mV. The pDNA binding and condensation capacity of complexes with a N/P ratio of 1 

is also lower than complexes prepared at higher N/P ratios, thus contributing to the 

instability of the complex [153, 155]. These factors resulted in low transfection 

efficiencies. Although complexes prepared at a N/P ratio of 5 had a net positive surface 

charge, the size of the complexes remained larger than complexes prepared at a N/P ratio 

of 10. Incubation of the complexes prepared at a N/P ratio of 5 with the cells for 24 h 

showed an increase in the level of transgene expression obtained relative to that obtained 

at 4 h of incubation. This may be attributed to higher uptake and entry of the complexes 

into the cells over time. After 4 h of treatment, complexes prepared at a N/P ratio of 10 

were able to transfect HEPM cells more efficiently than complexes prepared at other N/P 

ratios. This may be a result of their small size (100 nm) and high positive surface charge 
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(+ 35 mV) compared to complexes with N/P ratios < 10, and the negative impact on cell 

viability due to PEI (see below) for N/P ratios > 10. However, the transgene expression 

decreased in cells treated with complexes prepared at a N/P ratio of 10 at 24 h due to 

induction of cytotoxicity by PEI (see below). For the same reason, even though 

complexes prepared at N/P ratios of 15 and 20 had small sizes and highly positive surface 

charges, the amount of transgene expression in the cells declined with these treatments. 

For complexes prepared at a N/P ratio of 15, the gene expression generated was found to 

be lower than gene expression generated by complexes prepared at a N/P ratio of 10 at 

both 4 h or 24 h of treatment. The transfection resulting at 4 h of treatment from 

complexes prepared at a N/P ratio of 20 was lower than the transfection generated from 

complexes prepared at a N/P ratio of 15, which decreased further at 24 h of incubation 

time. The optimal transfection efficiency obtained at 4 h of treatment with PEI-pDNA 

complexes at a N/P ratio of 10 was nearly 12-fold higher than that obtained with calcium 

phosphate-pDNA complexes (Ca/P ratio of 200). Possible reasons for this observation are 

the high positive surface charge and smaller sizes of the PEI-pDNA complexes, 

accompanied by strong pDNA binding and condensation capacity of PEI, which are 

factors that favor high transfection efficiency of gene delivery vectors. 

Polyethylenimine is able to condense pDNA efficiently, deliver pDNA into the 

cells by ionic interactions with the cell membrane and releases pDNA into the cytoplasm 

from endocytic vesicles. Within the acidic endo-lysosomal compartments, protonation of 

PEI causes it to act as a ‘proton sponge’, thus triggering osmotic swelling and vesicle 

disruption [141]. In contrast, calcium phosphate-pDNA complexes are reported to enter 

the cells through the cell membrane calcium ion channel-mediated endocytosis [157]. 
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When the complexes are prepared by calcium phosphate co-precipitation reaction 

technique, they aggregate rapidly with time and increase in particle size, and 

consequently the transfection reproducibility and efficiency is decreased [151]. 

Transfection efficiencies of the calcium phosphate-pDNA complexes strongly depend on 

the formulation parameters including pH, temperature, and standing time between 

preparation and application, therefore resulting in inherently poor method reproducibility 

compared with PEI-based transfection methods [151, 158-160]. In addition, inefficient 

pDNA binding and condensing capacities, reduced cellular and nuclear uptake, limited 

endosomal escape, and very little protection of pDNA from nuclease degradation can all 

lead to lower levels of gene expression while using calcium phosphate as vector, when 

compared to PEI [161]. Polyethylenimine-pDNA complexes were therefore more 

effective for delivering genes of interest to HEPM cells than the calcium phosphate-

pDNA complexes. 

 

In vitro cell viability assay for PEI-pDNA (LUC) complexes 

Cell viability assays were performed to assess the effect of co-culture of PEI-

pDNA (LUC) complexes with HEPM cells on cell survival at 4 h or 24 h incubation 

times. Plasmid DNA (1 μg) was complexed with different amounts of PEI (Table 3.2) to 

generate complexes with varying N/P ratios. The cells were treated with complexes for 4 

h or 24 h and processed as described in the Methods section. Untreated cells, cells treated 

with uncomplexed pDNA and PEI-treated cells served as controls. Values are expressed 

as mean ± SD for each treatment performed in triplicate. The percent cell viability was 

quantified at both the treatment time points, and we observed a PEI dose- and time-
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dependent cytotoxicity (Figure 3.3b). The fact that complexes prepared at a N/P ratio of 

10 were able to transfect HEPM cells more efficiently than complexes prepared at N/P 

ratios ≥ 15 at 4 h is consistent with the cell viability data (Figures 3.3a-b). The cell 

viability results at 4 h showed relatively low cellular toxicity (13 %) for complexes 

prepared at a N/P ratio of 10 when compared to the cytotoxicity induced by complexes 

prepared at N/P ratios ≥ 15. Approximately 87 % of the cells were viable at 4 h when 

incubated with complexes prepared at a N/P ratio of 10. However, the cell viability 

decreased to 20 % at 24 h for cells incubated with N/P 10 complexes. This effect on cell 

viability explains the corresponding decrease in transfection efficiency observed for N/P 

10 complexes at 24 h. Similarly, the amount of PEI used in complexes prepared at N/P 

ratios of 15 and 20 caused a dramatic decrease in cell survival at both 4 h or 24 h and 

consequently had a significant negative impact on their transfection efficiencies (p < 

0.05) (described above). These data clearly indicate that the amount of PEI used for 

transfecting the HEPM cells and the incubation time are critical factors determining the 

degree of transfection efficiency and toxicity. Complexes prepared at N/P ratios of 1 and 

5 were relatively non-toxic to the cells, but they displayed low transfection efficiencies. 

Of all the complexes prepared, only the PEI-pDNA complexes prepared at a N/P ratio of 

10 demonstrated high transfection efficiencies at 4 h of treatment time with minimum 

cytotoxicity. Hence, only the complexes prepared at a N/P ratio of 10 were used for cell 

transfections in the subsequent in vitro experiments.  
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In vitro gene expression by PEI-pDNA (EGFP-N1) complexes 

Transfection in HEPM cells was further investigated by confocal microscopy. 

Plasmid DNA encoding for the EGFP-N1 protein (1 μg) was complexed with 1.3 μg PEI 

to form complexes at a N/P ratio of 10. Cells were exposed to the complexes for 4 h or 24 

h and further processed as described above. Using fluorescent markers, successful 

transfection occurring in cells at both the treatment time points of 4 h or 24 h was 

investigated (Figure 3.4). The confocal images (Z-series, 63 X) revealed the transfected 

cells appearing green as a whole as evidenced by expression of the EGFP-N1 fluorescent 

protein throughout their cytoplasm. In these fixed cells, phalloidin permeated the plasma 

membrane to stain the cytoplasmic F-actin red. The cell nuclei were stained blue using 

DAPI. The control cells (untreated, or incubated with naked pDNA or PEI alone) did not 

show any green fluorescence, thus ruling out transfection with naked pDNA or 

autofluorescence from the cells, pDNA or PEI. Confocal microscopy imaging, along with 

the quantitative results obtained earlier, confirms the ability of PEI-pDNA complexes to 

transfect HEPM cells efficiently.  

 

In vitro gene expression by PEI-pDNA (PDGF-B) complexes 

Since our future goals are ultimately targeted towards stimulation of new bone 

tissue formation, we investigated the transgene nuclear delivery and expression of growth 

factor protein, PDGF-B. Platelet-derived growth factor plays an important role in 

angiogenesis, is chemotactic and mitogenic for osteoblast and vascular endothelial cells, 

and stimulates osteoblast type-1 collagen synthesis and extracellular matrix formation 

[162, 163]. Based on the prior N/P ratio optimization experiments, we evaluated the 
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efficiency of PEI-pDNA complexes prepared at a N/P ratio of 10. One microgram of 

pDNA was complexed with 1.3 μg PEI to form complexes at a N/P ratio of 10. Cells 

were exposed to the complexes for 4 h and processed as described for other transfection 

experiments. The data is represented as mean ± SD for each treatment carried out in 

triplicate. The PDGF-BB ELISA test demonstrated that the produced PDGF-BB levels 

(PDGF-BB concentration of 56 pg/ml) were 3.5-fold higher in cells treated with 

complexes prepared at a N/P ratio of 10 compared to uncomplexed, naked pDNA 

(PDGF-BB concentration of 16 pg/ml) (Figure 3.5). These results confirmed the ability of 

PEI-pDNA complexes to transfect HEPM cells with genes that are therapeutically 

relevant to bone regeneration. 

 

Gel retardation assay for PEI-pDNA (LUC) complexes 

We evaluated the structural integrity of the complexes prepared at a N/P ratio of 

10 by determining the electrophoretic mobility of the complexes on a 1 % agarose gel. To 

establish conditions similar to those used in the transfection experiments, complexes with 

N/P 10 were incubated with cell culture growth medium (containing 10 % fetal bovine 

serum) for 1 h at 37 oC. This was performed to assess the effect of degradative enzymes 

such as DNases and proteins present in the growth medium on complex dissociation and 

pDNA degradation. Uncomplexed pDNA was used as the control. The gel retardation 

assay demonstrated the stability of pDNA within the complexes (Figure 3.6). The 

uncomplexed pDNA moved freely in the gel (towards the positive terminal) as discrete 

bands, whereas the complexed pDNA was retarded in the loading well of the gel. This 

result suggests that PEI entraps pDNA and restricts its mobility in the gel. Upon 



52 
  

 

treatment with the cell culture growth medium, the free plasmid appeared to undergo 

enzymatic digestion as visualized by fragmentation, smear and band dislocation. By 

contrast, the complex structure and the incorporated pDNA were completely unaffected. 

The complexes containing pDNA remained in the wells with no sign of decomplexation. 

The presence of serum DNases and proteins in the growth medium had no adverse effect 

on the complex conformation or the entrapped pDNA. Thus, PEI was able to effectively 

bind, package and condense the pDNA, consequently forming strong and stable 

complexes with pDNA. The condensation of DNA by PEI enables the formation of 

compact particles for endocytosis and also protects the entrapped pDNA from 

intracellular nuclease digestion [164]. 

 

Conclusions 

Cationic complexes incorporating pDNAs encoding the LUC, EGFP-N1 or 

PDGF-B proteins were successfully prepared. Two different non-viral vectors, PEI and 

calcium phosphate, were empirically assessed as gene delivery vectors. It was found that 

PEI is a more effective vector for delivering genes of interest to pre-osteoblastic HEPM 

cells than calcium phosphate. The cell-complex incubation time, amount of PEI in 

complexes, size and surface charge of the complexes were critical parameters for 

achieving efficient transfections. In vitro experiments demonstrated that PEI-pDNA 

complexes prepared at a N/P ratio of 10 were able to transfect LUC, EGFP-N1 and 

PDGF-B genes efficiently into HEPM cells with relatively lower cytotoxicity than 

complexes prepared at other N/P ratios.  
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Table 3.1.  Ca/P ratios with corresponding phosphate concentrations (in mM phosphate) 

used in preparing calcium phosphate-pDNA (LUC) complexes (using 248 mM 

CaCl2.2H2O). 

 

Ca/P ratio Phosphate precursor (mM phosphate) 

100 2.48 

150 1.65 

200 1.24 

300 0.83 
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Table 3.2.  N/P ratios with corresponding PEI amounts used in preparing PEI-pDNA 

(LUC/EGFP-N1/PDGF-B) complexes (using 1µg pDNA). 

 

N/P ratio PEI amount (μg) 

1 0.13 

5 0.65 

10 1.30 

15 1.95 

20 2.6 
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Figure 3.1.  Effect of different Ca/P ratios on the size of calcium phosphate-pDNA 

(LUC) complexes; Inset: Table displaying average size (diameter, d in nm) of the 

complexes (with standard deviation) corresponding to different Ca/P ratios (a) and 

transfection efficiency of calcium phosphate-pDNA (LUC) complexes in HEPM cells 

following 4 h of incubation time (b) (*p < 0.05; **p < 0.01; ***p < 0.001). 
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Figure 3.1.  Continued 
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Figure 3.2.  Characterization of PEI-based gene delivery system. Schematic showing the 

formation of PEI-pDNA complexes (a); effect of the various N/P ratios on size of PEI-

pDNA (LUC) complexes; Inset: Table displaying average size (diameter, d in nm) of the 

complexes (with standard deviation) corresponding to different N/P ratios (b); surface 

charge of PEI-pDNA (LUC) complexes; Inset: Table displaying average surface charge 

(zeta potential) of the complexes (with standard deviation) corresponding to different N/P 

ratios (c); and TEM images of PEI-pDNA (LUC) complexes prepared at a N/P ratio of 10 

(arrows) (d). Scale bar, 100 nm (*p < 0.05; ***p < 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (a) 



58 
  

 

Figure 3.2.  Continued 
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Figure 3.2.  Continued 
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Figure 3.2.  Continued 
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Figure 3.3.  Transfection efficiency (a) and cell viability from MTS assay (PEI toxicity) 

(b) of PEI-pDNA (LUC) complexes fabricated at different N/P ratios in HEPM cells at 4 

h or 24 h (*p < 0.05; **p < 0.01; ***p < 0.001). 
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Figure 3.3.  Continued  
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Figure 3.4.  Confocal laser scanning microscopic images (Z-series, 63 X) demonstrating 

EGFP-N1 protein expression in HEPM cells at 4 h or 24 h after transfection with 

plasmids alone (a) and PEI-pDNA (EGFP-N1) complexes prepared at a N/P ratio of 10 

after 4 h (b) or 24 h (c) of transfection: nuclei (blue, DAPI-stained); cytoplasm and cell 

membrane (red, phalloidin-stained); and EGFP-N1 (green). Scale bar, 20µm. 

 

 

 (a) 

 (b) 

 (c) 

 24 h  4 h 
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Figure 3.5.  Expression of PDGF-BB protein in HEPM cells at 4 h after transfection of 

the cells with PEI-pDNA (PDGF-B) complexes prepared at a N/P ratio of 10 (**p < 

0.01). 
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Figure 3.6.  Agarose gel electrophoresis images of pDNA and PEI-pDNA (LUC) 

complexes prepared at a N/P ratio of 10. 
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CHAPTER IV 

GENE ACTIVATED MATRIX ENCODING FOR PLATELET DERIVED 

GROWTH FACTOR ENHANCES BONE REGENERATION 

 

Introduction 

Identification of key molecules involved in bone formation and fracture healing 

has led to the development of biomimetic materials for clinical applications [165, 166]. 

One such development in dentistry is the introduction and usage of recombinant growth 

factors and morphogenetic proteins [167]. Major barriers with protein therapy are cost, 

low bioavailability and requirements for supraphysiological doses for therapeutic efficacy  

[168]. One strategy to overcome these drawbacks is gene therapy [72, 169]. There are 

two primary methods of gene therapy for bone regeneration: 1) transfection of cells in 

vitro and subsequent transplantation into the site of the bone defect [134], and 2) direct 

delivery of osteogenic plasmid genes immobilized in a scaffold matrix [170]. The latter 

approach has been shown to be more advantageous in generating a persistent expression 

of the growth factors by the transfected wound repair cells, is potentially more cost-

effective, and may be more safe for clinical use [75, 170-172].  

The first set of in vivo studies involving non-viral gene activated matrices for 

bone regeneration utilized plasmids encoding bone morphogenetic protein-2 (BMP-2) 

and/or human parathyroid hormone peptide [170, 171]. Non-viral gene delivery vectors 

are relatively safe compared to viral vectors but have lower transfection efficiencies that 

can often limit their potential [173]. One non-viral gene delivery system showing strong 

transfection capabilities is cationic polymer, polyethylenimine (PEI). In previous studies, 
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the branched form of PEI has shown significantly higher gene transfer efficiency than the 

linear form of PEI [174]. Branched PEI exhibits considerable buffering capacity over a 

wide pH range due to its protonability, has the highest cationic-charge potential, and 

condenses plasmid DNA (pDNA) to a greater extent than the linear PEI. This protects the 

DNA from serum DNases, cytosolic nuclease digestion, facilitates endocytosis and 

promotes the ‘proton sponge effect’ [141, 144, 175, 176]. Different molecular weights of 

branched PEI have been investigated in vivo for their transfection efficiencies with 25 

kDa PEI yielding the highest transfection efficiency. Low molecular weight PEIs resulted 

in weak PEI-pDNA complexes that readily dissociated, thus reducing the transfection 

efficiency relative to 25 kDa PEI [38, 177-179].  

Platelet derived growth factor (PDGF) is a potent mitogen and chemoattractant 

for mesenchymal and osteogenic cells and a stimulant for the expression of angiogenic 

molecules that play a pivotal role in bone healing [180]. There are several preclinical and 

clinical reports that have shown the safety and efficacy of PDGF in achieving bone 

regeneration [181-183]. Past studies on the use of PDGF have been through viral vector 

delivery or as a recombinant protein [181-183]. The objective of this study was to 

develop, optimize and test a non-viral based gene delivery system for bone regeneration 

utilizing a collagen scaffold loaded with cationic PEI-pDNA [encoding PDGF-B] 

complexes.  
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Materials and methods 

Materials  

Branched PEI (mol. wt. 25 kDa) was purchased from Sigma-Aldrich® (St. Louis, 

MO). The GenElute™ HP endotoxin-free plasmid maxiprep kit was obtained from Sigma-

Aldrich®. The luciferase assay system was purchased from Promega Corporation 

(Madison, WI). The microBCA™ protein assay kit was purchased from Pierce 

(Rockford, IL). The PDGF-BB ELISA kit was purchased from Quantikine® (R & D 

Systems®, Minneapolis, MN). Plasmid DNA (6.4 Kb) encoding for firefly luciferase 

reporter protein (pLUC) driven by cytomegalovirus (CMV) promoter/enhancer (VR1255 

pDNA) was obtained from Vical®, Inc. (San Diego, CA). Plasmid DNA (4.7 Kb) coding 

for the enhanced green fluorescent protein (pEGFP-N1) driven by CMV 

promoter/enhancer was obtained from Elim Biopharmaceuticals, Inc. (Hayward, CA). 

Plasmid DNA (4.9 Kb) encoding PDGF-B protein (pPDGF-B) driven by CMV 

promoter/enhancer was obtained from Origene Technologies, Inc. (Rockville, MD). 

Absorbable type-I bovine collagen plug was obtained from Zimmer Dental Inc. 

(Carlsbad, CA). All other chemicals and solvents used were of reagent grade. Human 

bone marrow stromal cells (BMSCs) and Dulbecco’s modified eagle medium (DMEM) 

were purchased from American Type Culture Collection (ATCC®, Manassas, VA). 

Trypsin-EDTA (0.25%, 1X solution) and Dulbecco’s phosphate buffered saline (PBS) 

was purchased from Gibco® (Invitrogen™, Grand Island, NY).  Fetal bovine serum 

(FBS) was obtained from Atlanta Biologicals® (Lawrenceville, GA). Gentamycin sulfate 

(50 mg/ml) was purchased from Mediatech Inc. (Manassas, VA). MTS cell growth assay 

reagent (Cell Titer 96® AQueous One Solution cell proliferation assay) was purchased 
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from Promega Corporation. Alexa Fluor® 568 phalloidin was purchased from Invitrogen. 

Triton X-100 was obtained from Sigma-Aldrich®. Vectashield® Hardset™ mounting 

medium with 4’,6-diamidino-2-phenylindole (DAPI, H-1500) was obtained from Vector 

Labs Inc. (Burlingame, CA). 

 

Preparation of pDNA encoding different proteins: pLUC, pEGFP-N1 or pPDGF-B 

The chemically competent DH5α™ bacterial strain (Escherichia coli species) was 

transformed with pDNA to amplify the commercial plasmids. The pDNA in the 

transformed cultures was then expanded in E. coli in Lennox L Broth (LB Broth) 

overnight at 37 oC in an incubator shaker at 300 rpm. Plasmid DNA was extracted using 

GenElute™ HP endotoxin-free plasmid maxiprep kit and was analyzed for purity using a 

NanoDrop 2000 UV-Vis Spectrophotometer (Thernoscientific, Wilmington, DE) by 

measuring the ratio of absorbance (A260 nm/A280 nm). The concentration of pDNA 

solution was determined by absorbance at 260 nm. 

 

Fabrication of PEI-pDNA complexes 

Complexes were prepared by adding 500 µl PEI solution dropwise to 500 µl 

pDNA (pLUC/pEGFP-N1/pPDGF-B) solution containing 50 µg pDNA and mixed by 

vortexing for 20 s. The mixture was incubated at room temperature for 30 min to allow 

complex formation between the positively charged PEI (amine groups) and the negatively 

charged pDNA (phosphate groups) [176, 184]. Complexes were fabricated using different 

N (nitrogen) to P (phosphate) ratios (molar ratio of amine groups of PEI to phosphate 

groups in pDNA backbone) by varying the PEI amounts and maintaining the amount of 
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pDNA constant (N/P ratios of 5, 10, 15 and 20, Table 4.1). Final volume of the 

complexes used in the transfection and cytotoxicity experiments was 20 µl containing 

1µg of pDNA. 

 

Size and surface charge of the PEI-pPDGF-B complexes 

Measurements were carried out using a Zetasizer Nano-ZS (Malvern Instruments, 

Westborough, MA). The particle size and size distribution by intensity was determined 

by dynamic laser light scattering (4mW He-Ne laser with a fixed wavelength of 633 nm, 

173° backscatter at 25 °C) in 10 mm diameter cells. Surface charge (zeta potential) was 

measured electrophoretically by the laser scattering technique using folded capillary 

cells. All measurements were done in triplicate. The mean value was recorded as the 

average of three different measurements. 

 

Cell culture  

Human BMSCs were maintained in DMEM supplemented with 10 % FBS and 50 

μg/ml gentamycin in a humidified incubator at 37 oC containing 95 % air and 5 % CO2 

(Sanyo Scientific, Wood Dale, IL). Cells were grown as a monolayer on 75 cm2 

polystyrene cell culture flasks (Corning Incorporated, Corning, NY) and subcultured 

(subcultivation ratio of 1:9) after 80-90 % confluence. Cell lines were started from frozen 

stocks and the medium was changed every 2-3 days. Cell passage numbers used in the 

experiments were between 4 and 10.  

 

 



71 
  

 

In vitro evaluation of the transfection efficiency of PEI-pLUC complexes in BMSCs 

The PEI-pLUC complexes were prepared using N/P ratios of 1, 5, 10, 15 and 20. 

Cells were seeded at a density of 80,000 cells/well in 24-well plates (Costar®, Corning 

Inc, NY). The next day, at ~ 80 % cell confluence, the cell culture medium was changed 

to serum-free medium and the treatments were gently vortexed and added dropwise into 

the wells. Each well was treated with 20 µl complexes containing 1 µg pLUC. Untreated 

cells were the controls while cells treated with PEI alone were the negative controls. 

Cells treated with uncomplexed pDNA served as a control comparison with complex-

treated cells.  Complexes were incubated with cells for 4 h or 24 h.  At the end of each 

treatment period, cells were washed with 1X phosphate buffered saline (PBS) followed 

by addition of fresh complete medium. After a total incubation time of 48 h, cells were 

washed with 1X PBS, treated with 1X lysis buffer and subjected to two freeze-thaw 

cycles whereupon cells were scraped and centrifuged at 14,000 rpm for 5 min. Luciferase 

expression was detected by a standard luciferase assay system. The relative light units 

(RLU) values per mg of the total cell protein, indicative of the transfection efficiency, 

were normalized against the protein concentration in cell extracts using a microBCA 

protein assay kit.  

 

In vitro evaluation of toxicity of PEI- pLUC complexes in BMSCs  

Cell survival assays were conducted to demonstrate the effect of N/P ratio of the 

PEI-pLUC complexes on the biocompatibility of complexes in BMSCs. Cells were 

seeded in clear polystyrene, flat bottom, 96-well plates (Costar®, Corning Inc.) at a 

density of 10,000 cells/well and allowed to attach overnight and further processed as 
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described above. Untreated BMSCs were used as controls. Cells treated with PEI alone or 

uncomplexed pLUC alone served as additional controls. The complexes were incubated 

with the cells for 4 h or 24 h to mimic the conditions used in the transfection experiments. 

At the end of the incubation period, the cells were washed with 1X PBS and fresh 

complete medium was added to the cells followed by addition of 20 μL MTS (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 

cell growth assay reagent. The plates were then incubated at 37oC in a humidified 5 % 

CO2 atmosphere for 4 hours. The amount of soluble formazan produced by reduction of 

MTS reagent by viable cells was measured spectrophotometrically using SpectraMax® 

Plus384 (Molecular Devices, Sunnyvale, CA) at 490 nm. The cell viability was expressed 

by the following equation: cell viability (%) = (absorbance intensity of treated cells / 

absorbance intensity of untreated cells (control)) x 100.  

 

In vitro visualization of transfection of BMSCs with PEI-pEGFP-N1 complexes  

To determine the in vitro qualitative fluorescence expressed by EGFP-N1, 

BMSCs were plated at a density of 50,000 cells/well in clear, flat-bottom, 8-chambered 

glass slides with cover (Lab-Tek, Nunc™, NY) previously coated with 0.1 % poly-L-

lysine and allowed to attach overnight. The next day, cell culture medium was removed 

and cells were incubated with complexes fabricated at a N/P ratio of 10 containing 1 µg 

pEGFP-N1 in serum-free medium for 4 h or 24 h and processed as described above. 

Untreated cells, cells treated with uncomplexed pEGFP-N1 and cells treated with PEI 

alone were used as controls. After a total incubation time of 48 h, cells were fixed with 4 

% paraformaldehyde (Hatfield, PA), followed by permeabilization of cells with 0.2 % 
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Triton® X-100. Cellular actin was fluorescently tagged by treating the cells with Alexa 

Fluor® 568 phalloidin. The specimen was mounted with Vectashield® Hardset™ medium 

containing DAPI. Cells were washed with PBS during every step in the process. The 

cellular fluorescence was observed using confocal laser scanning microscopy (60X, Carl 

Zeiss 710, Germany) equipped with Zen 2009 imaging software. The images were 

processed using ImageJ® open access software (National Institutes of Health, MD). 

 

In vitro evaluation of transfection of BMSCs with PEI-pPDGF-B complexes  

The transfection in BMSCs was further evaluated by using pDNA encoding for 

the PDGF-B protein. Cells were plated at a seeding density of 80,000 cells/well in 24-

well plates. The PEI-pPDGF-B complexes containing 1 µg pPDGF-B were prepared at a 

N/P ratio of 10, incubated with cells for 4 h and the experiment processed as above. After 

a total incubation time of 48 h, the cell culture supernatants were then harvested by 

centrifugation after 4 h of incubation with medium supplemented with 10 μg/ml heparin 

to prevent retention of PDGF-BB on the cell surface. The amounts of PDGF-BB in cell 

culture supernatants were quantified using a PDGF-BB ELISA kit. Untreated cells and 

cells treated with naked, uncomplexed plasmids were employed as controls.  

 

Fabrication and characterization of PEI-pPDGF-B complex-loaded scaffolds  

Polyethylenimine was mixed with pPDGF-B to prepare complexes at an N/P ratio 

of 10 according to the method described above. Complexes were then injected into the 

collagen scaffolds that were previously cut into 5 mm x 2 mm discs and were freeze-

dried for subsequent use. The surface characteristics of the scaffolds, before and after 
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loading with complexes and lyophilization, were studied using scanning electron 

microscopy (SEM, Hitachi Model S-4800, Japan). The scaffolds were either empty or 

loaded with the PEI-pPDGF-B complexes. These scaffolds discs were mounted on 

aluminum specimen stubs using adhesive carbon tape and coated by ion sputtering with 

conductive gold (10 mA for 2.5 min) (K550 Emitech Sputter Coater, TX). The surface 

morphology was examined using the microscope operated at 3 kV accelerating voltage.  

 

Attachment and proliferation of BMSCs on collagen scaffolds 

The interaction and proliferation of BMSCs within the scaffolds loaded with PEI-

pPDGF-B complexes prepared at a N/P ratio of 10 was evaluated in vitro using SEM and 

confocal microscopy, respectively. Empty scaffolds and complex-loaded scaffolds 

incorporating 50 μg pPDGF-B were placed into the wells of a 48-well plate. For the SEM 

analysis of cell attachment, 100 μl of cell culture medium containing 90,000 cells were 

seeded onto a single scaffold per well. After 3 to 4.5 h, 400 μl of culture medium was 

added to cover the scaffold completely and kept in culture for 6 days.  For cell 

proliferation analysis, 390,000 cells were seeded onto each scaffold in a single well and 

cultured for 3 days. At the end of the experiment, the scaffolds were washed and fixed 

overnight in 2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for SEM 

and in zinc formalin for confocal microscopy.  

 

SEM sample preparations 

Standard methods for SEM were employed. Briefly, after aldehyde fixation, the 

scaffolds were post-fixed for 1 h at room temperature with a 1 % solution of osmium 
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tetroxide in 0.1 M sodium cacodylate buffer. The samples were dehydrated through a 

series of ethanol washes up to 100 % ethanol before being submitted to critical point 

drying with CO2 for 2 h. The samples were then mounted onto aluminum stubs, sputter-

coated and examined with a Hitachi S-4800. 

 

Immunocytochemical staining  

The fixed samples were cryo-embedded and cryo-sectioned at 10 μm thickness 

along the vertical plane of the scaffolds. Cryo-sections were collected on Superfrost Plus 

Slides (Fisher Scientific®, Fairlawn, NJ) and were post-fixed before incubating for 10 

min with a 0.1 % solution of Triton X-100. After endogenous biotin block, the 

background staining was blocked by treating the samples with 5 % normal goat sera 

diluted in PBS (Sigma) for 1 h. This was followed by an incubation of the samples for 30 

min with 5 μg/ml mouse anti-proliferating cell nuclear antigen (PCNA) primary antibody 

(Invitrogen) against PCNA. The samples were then treated with biotinylated anti-mouse 

IgG secondary antibody (Vector Laboratories, Inc.) for 10 min. Finally, the sections were 

incubated for 45 min with Streptavidin-Alexa Fluor 488 conjugate (Invitrogen). Negative 

controls were treated as described above but the specific primary antibody was replaced 

by a normal mouse IgG match at the same final concentration (Jackson Immunoresearch 

Laboratories, Inc. West Grove, PA). The washes between each step were performed with 

1X PBS. The sections were mounted under coverglasses with Vectashield® containing 

DAPI and observed for the fluorescently-labeled antigen using a Zeiss 710 laser scanning 

microscope.  
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In vivo implantation of complex-loaded collagen scaffolds  

Inbred 14 week-old male Fisher (CDF®) white rats (F344/DuCrl, ~ 250 g) were 

obtained from Charles River Laboratories International, Inc (Wilmington, MA) and 

housed and cared for in University of Iowa animal facilities. The surgical procedures 

were approved by and performed according to guidelines established by the University of 

Iowa Institutional Animal Care and Use Committee. The animals were anaesthetized by 

intra-peritoneal injection of ketamine (80 mg/kg)-xylazine (8mg/kg) mixture. A sagittal 

incision, ~ 1.5-2 cm, was made on the scalp of each rat, and the calvaria was exposed by 

blunt dissection. Two, 5 mm diameter x 2 mm thickness critical-sized defects were 

generated using a round carbide bur on the parietal bone, on both sides of the sagittal 

suture. The defects were randomly allocated into the following study groups: (1) empty 

defects (n = 3); (2) empty scaffolds (n = 5); and (3) PEI-pPDGF-B complex-loaded 

scaffolds (n = 5). Where applicable, the scaffold was cut into cylinders with a diameter of 

5 mm and a thickness of 2 mm and implanted into the defect region. The incision was 

closed in layers using sterile silk sutures. Buprenorphine (0.15 mg, intramuscular), as an 

analgesic, was administered to each rat thereafter and the animals were carefully 

monitored during post-operative recovery. The rats were able to function normally after 

this procedure. After 4 weeks, all the animals were euthanized and the bony segments 

containing the regions of interest were cut from the calvarial bone and fixed in 10 % 

neutral buffered formalin. 
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micro-CT measurement  

Three-dimensional microfocus x-ray microcomputed tomography (μCT) imaging 

was performed on the specimens using a cone-beam μCT system (μCT40, Scanco 

Medical AG, Switzerland). Specimens were scanned in 70% ethanol at 55 kVp and 145 

µA with a voxel size of 10 µm and an integration time of 300 ms. Analysis was 

performed using a constant 3.5 mm diameter circular region of interest that was placed in 

the center of the machined defect and spanned a total of 50 reconstructed slices, such that 

a total cylindrical volume of interest of ~3.8 mm3 oriented perpendicular to the outer 

table of the calvarium was analyzed for each specimen using the instrument’s software 

(sigma = 0.8, support = 1.0, and threshold = 250). Bone volume (BV) per total volume 

(TV) and connectivity density (Conn.D.) in the bone defect were obtained. 

 

Histological observation of rat bone samples 

After treatment, the bone samples underwent a decalcification (Surgipath, 

Decalcifier II) procedure. When the decalcification end point test returned negative for 

the presence of calcium, the rat bone specimens (n = 3 for empty defect, n = 5 for empty 

scaffolds, n = 5 for complex-loaded scaffolds) were introduced into a paraffin processor,  

paraffin embedded, and blocks were sectioned in the sagittal plane for each specimen. 

Histological analysis was performed on the 5 μm sections in the central portion of the 

wound. The sections were collected on Superfrost Plus Slides (Fisher Scientific®), 

deparaffinized and stained with Harris hematoxylin and eosin (H & E staining) according 

to standard protocols. Five to six sections, representing the central area of each defect, 

were used to observe the presence of collagen, new bone formation, and cells in order to 
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evaluate bone regeneration after 4 weeks in vivo implantation. The brightfield 

examination of the slides was done with an Olympus Stereoscope SZX12 and an 

Olympus BX61 microscope, both equipped with a digital camera. 

 

Data presentation and statistical analysis 

Nonparametric methods were employed to avoid inappropriate distributional 

assumptions, and exact tests were used whenever feasible. The Kruskal-Wallis procedure 

was used to assess differences in the outcome of interest among groups; the Wilcoxon 

Rank Sum test is the equivalent procedure for comparisons of two groups. A Type I error 

level of 0.05 was utilized throughout, and adjustment for multiple pairwise group 

comparisons was primarily made using an adaptation of the Tukey method due to 

Conover in conjunction with an overall 5% level of significance [185]. This asymptotic 

approach was used for all but the in vivo studies, where it was feasible to adjust for 

multiple pairwise comparisons using exact Wilcoxon Rank Sum tests and a standard 

Bonferroni correction, again specifying an experiment-wise Type I error of 0.05. 

Spearman rank correlations were used to evaluate the relationship between N/P ratio and 

cell viability. Statistical analyses were carried out using SAS® software, version 9.3 (SAS 

Institute Inc., Cary, NC). Graphs were generated using Prism 5.0 (GraphPad Software 

Inc., San Diego, CA); numerical data were represented as means with bars representing 

standard deviations. 
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Results and discussion 

This report investigates the effects of delivery of PEI-complexed pDNA encoding 

for PDGF-B from porous 3-D collagen scaffolds on bone tissue regeneration. This form 

of gene-activated matrix (GAM) provides localized transient gene therapy since the 

PDGF-B gene will not be integrated into the host chromosome [48, 139]. The 

transfection efficiencies of PEI-condensed pDNA complexes are significantly affected by 

the type of cells being transfected, therefore making it necessary to optimize the gene 

delivery method for every cell line used. As a result, we first optimized the amine to 

phosphate (N/P) ratio of the PEI-pPDGF-B complexes so as to generate the maximum 

transfection in BMSCs with minimal cytotoxicity. We prepared complexes at different 

N/P ratios and evaluated the influence of the ratio stoichiometry on transfection 

efficiency and toxicity in BMSCs. It is critical for gene therapy applications that clinical 

amounts of proteins are produced by the transfected cells and that the gene expression 

levels are tightly regulated. To address the feasibility and potency concerns, GAMs 

containing physically entrapped PDGF-B plasmid genes were implanted in a rat calvarial 

defect model and the bone regenerative capacity was assessed. In this study, it is also 

important to note that the amounts of PEI and pDNA utilized were significantly lower 

than the amounts used in other studies evaluating GAMs [45, 122]. 

 

Generation of pDNA encoding LUC, EGFP-N1 or PDGF-B proteins 

The purity of extracted pDNA as determined by the ratio of absorbance (A260 

nm/A280 nm) was within the range of 1.8 to 2.0 (recommended by the manufacturer’s 

protocol). The concentration of pDNA solution was determined by UV absorbance at 
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260nm and was further concentrated as needed. Agarose gel electrophoresis confirmed 

the size and quality of pDNA without any signs of degradation. 

 

Size and surface charge of PEI-pPDGF-B complexes 

The PEI-pPDGF-B complexes at a N/P ratio of 10 were prepared as described 

above. The complexes were 102 ± 2 nm in size with a net surface charge of +37 ± 1 mV. 

The polydispersity index (PDI) was approximately 0.1, thus indicating a narrow size 

distribution, high uniformity in particle size distribution and overall general homogeneity 

of the sample. The size and surface charge of the complexes are both important 

parameters for their interaction and entry into cells [149, 186]. The small size of the 

polycation-condensed pDNA complexes is critical for both efficient in vitro cellular 

uptake by clathrin-mediated endocytosis [187] as well as in vivo distribution and 

diffusion in the tissues [188]. With regards to the surface charge of the complexes, there 

has to be a balance between the maximal transfection efficiency and the amount of cell 

death associated with transfection [141, 189]. In this study, we focused on localized gene 

therapy, and therefore the effects of the net positive charge on binding and inactivation of 

the cationic polymer-pDNA complexes by the circulating proteins and the subsequent 

complement activation, along with the induced recognition by cells of the 

reticuloendothelial system [190], are of lesser concern.  

 

In vitro gene expression by PEI-pLUC complexes 

One microgram of pLUC was combined with different amounts of PEI (Table 

4.1) to generate complexes with varying N/P ratios. We quantified the luciferase protein 
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formation due to gene expression after incubating the complexes with BMSCs for 4 h or 

24 h (Figure 4.1). The levels of LUC gene expression were significantly affected by the 

transfection efficiencies of the different N/P ratios of the complexes. The values are 

expressed as mean ± SD for each treatment (n = 3). A Kruskal-Wallis procedure 

indicated that the distribution of transfection outcomes differed among the treatment 

groups at both 4 h (p = 0.0019) or 24 h (p = 0.0024). The transfection efficiency of the 

PEI-pLUC complexes increased as the N/P ratio at which PEI-pLUC complexes were 

prepared increased from 1 (0.13 μg PEI) to 10 (1.30 μg PEI). The transfection efficiency 

then dropped in cells treated with PEI-pLUC complexes prepared at a N/P ratio of 15 

(1.95 μg PEI) and dropped further in cells treated with PEI-pLUC complexes prepared at 

a N/P ratio of 20 (2.6 μg PEI). At 24 h of incubation with the cells, complexes prepared at 

a N/P ratio of 5 showed an increase in the amount of transgene expression obtained 

compared to only 4 h incubation. This may be due to higher uptake and entry of the 

complexes into the cells over a period of time.  The factors contributing to low 

transfection efficiencies of complexes prepared at N/P ratios < 10 include size and 

surface charge, pDNA binding and condensation capacity, and stability of the complexes. 

The mean response for complexes prepared at a N/P ratio of 10 at 4 h of treatment was 

significantly greater (more efficient transfection of BMSCs) than that for complexes 

prepared at all other N/P ratios considered after adjustment for all multiple pairwise 

comparisons. However, the LUC protein expression obtained in cells decreased at 24 h of 

incubation with complexes prepared at a N/P ratio of 10 as a result of cytotoxicity 

induced by PEI (see section below). The toxicity of PEI in BMSCs also led to a decline in 

the levels of protein expression achieved when the cells were treated with complexes 
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prepared at higher N/P ratios of 15 and 20 at 4 h or 24 h of treatment. The gene 

expression generated by complexes prepared at a N/P ratio of 15 was found to be lower 

than the transfection resulting from complexes prepared at a N/P ratio of 10 at 4 h of 

treatment which reduced further at 24 h of treatment. At 4 h of incubation with BMSCs, 

the transgene expression generated by complexes prepared at a N/P ratio of 20 was lower 

when compared to complexes prepared at a N/P ratio of 15, and in a manner similar to 

complexes at N/P ratios of 10 and 15, the transfection efficiency decreased at 24 h of 

incubation time. This result is comparable to the transfection data from treatment of the 

HEPM cells with the PEI-pDNA complexes as discussed in Chapter III. 

 

In vitro cell viability assay for PEI-pLUC complexes 

The toxicity of PEI-pLUC complexes prepared at various N/P ratios containing 1 

µg of pLUC (Table 4.1) was assessed in BMSCs treated with the complexes for 4 h or 24 

h. The amount of PEI in the complexes prepared at different N/P ratios was found to have 

a significant effect on cell viability (Figure 4.2). Values are expressed as mean ± SD for 

each treatment performed in triplicate. Results of the Kruskal-Wallis test provided 

evidence that the distribution of cell viability outcomes differed significantly among the 

treatment groups assayed at both 4 h (p = 0.0057) or 24 h (p = 0.0024). A strong and 

highly significant negative correlation between N/P carrier ratio and % cell viability was 

detected using the Spearman rank correlation at both 4 h (r = -0.88, p < 0.0001) or 24 h (r 

= -0.97, p < 0.0001). Approximately 82 % of BMSCs were viable at 4 h when treated 

with PEI-pLUC complexes prepared at a N/P ratio of 10. However, cell viability 

decreased to 34 % when complexes were incubated with cells for 24 h, leading to a 
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corresponding decrease in the transgene expression (Figures 4.1 and 4.2). Complexes of 

PEI-pLUC prepared at N/P ratios higher than 10 resulted in elevated cytotoxicity and 

therefore lower transgene expressions following incubation in cells at both 4 h or 24 h. 

These data clearly suggest that high amounts of PEI and prolonged cell-PEI exposure 

times are cytotoxic. These findings are in agreement with previously reported results 

showing successful non-viral gene delivery with PEI-pDNA complexes as a critical 

balance between sufficient PEI to ensure high transfection efficiency without causing 

high cytotoxicity [177, 191]. The PEI-pLUC complexes prepared at N/P ratios of 1 and 5 

were relatively non-toxic, but demonstrated low transfection efficiencies in BMSCs. In 

our study, only the PEI-pLUC complexes prepared at N/P ratio of 10 displayed a balance 

between relatively high transgene expression and low cytotoxicity. Accordingly, the PEI-

pDNA complexes used in the subsequent in vitro and in vivo experiments were fabricated 

at a N/P ratio of 10. 

 

In vitro gene expression by PEI-pEGFP-N1 complexes 

The transfection in BMSCs was further evaluated using confocal microscopy with 

fluorescent probes. Cells were transfected with complexes prepared at N/P ratio of 10 

containing 1 μg of pEGFP-N1 at the treatment time points of 4 h or 24 h (Figure 4.3). 

Confocal images (Z-series, 63X) showed the characteristic green fluorescence in the 

transfected cells at both 4 h or 24 h due to expression of the gene and formation of the 

EGFP-N1 protein. In these fixed cells, phalloidin permeated the plasma membrane to 

stain the cytoplasmic F-actin in red. The cell nuclei were stained blue by DAPI. The cells 

in the control groups (untreated cells, cells treated with uncomplexed pEGFP-N1 and 
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PEI-treated cells) did not show any green fluorescence (data not shown). Confocal 

microscopy imaging, along with the quantitative results obtained earlier, thus confirmed 

the capability of the PEI-pDNA complexes to efficiently transfect BMSCs. 

   

In vitro investigation of gene expression by PEI-pPDGF-B complexes 

Since this study was targeted towards bone regeneration in a defect, we evaluated 

the gene delivery efficacy of the PEI-pPDGF-B complexes through expression of PDGF-

BB. Platelet-derived growth factor is a required element in angiogenesis, is a potent 

mitogen for mesenchymal and progenitor cells and drives the chemotaxis of osteoblast 

and vascular endothelial cells [162, 192]. It also stimulates osteoblast type-1 collagen 

synthesis and extracellular matrix secretion. Based on the N/P ratio optimization 

experiments performed previously, we assessed the transfection efficiency of PEI-

pPDGF-B complexes prepared at a N/P ratio of 10 containing 1 μg pPDGF-B in BMSCs 

for 4 h. The PDGF-BB ELISA quantified PDGF-BB protein formation further confirming 

the transfection potential of the PEI-pDNA complexes in our target cells. The data is 

represented as mean ± SD for each treatment carried out in triplicate. After the 

transfection of cells with the PEI-pPDGF-B complexes, PDGF-BB levels in cell culture 

medium supernatants (83 pg/ml) were approximately 6-fold higher than in cells treated 

with the naked, uncomplexed pPDGF-B (14 pg/ml) (Figure 4.4). The highest PDGF-BB 

protein expression levels (83 pg/ml) were obtained by treating the cells with 1 µg 

pPDGF-B for 4 h, followed by further incubation for 44 h. Initial attempts at detecting 

PDGF-BB using ELISA resulted in low levels of detectable PDGF-BB. Heparin can 

prevent the reuptake of secreted proteins, thereby allowing for a more accurate estimation 
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of its secretion but has never been evaluated for its potential to improve detection of 

proteins following PEI-pDNA complex transfections [193]. We showed that heparin, 

when added to the cells 4 h prior to the analysis, resulted in an increased detection in the 

protein levels of PDGF-BB (132 pg/ml). The data provided strong evidence that the 

distribution of PDGF-BB concentrations differed among the treatment groups (p = 6.5 x 

10-5, Kruskal-Wallis test). After adjustment for multiple pairwise comparisons, 

significantly more PDGF-BB was found to be produced by the cells transfected with PEI-

pPDGF-B complexes or PEI-pPDGF-B complexes followed by heparin treatment relative 

to that produced by control or naked pDNA groups. Furthermore, significantly more 

PDGF-BB was secreted by the cells transfected with PEI-pPDGF-B complexes following 

heparin treatment versus without heparin treatment. These results also verified the ability 

of PEI-pDNA complexes to efficiently transfect BMSCs with therapeutically relevant 

genes.  

 

SEM analysis of collagen scaffolds  

The collagen scaffold was characterized using SEM. The resorbable collagen 

scaffold showed a highly interconnecting porous structure, with pore diameters ranging 

from 100-200 µm (Figure 4.5a). The incorporation of complexes within the scaffolds and 

the subsequent lyophilization procedure did not appear to have any significant effect on 

the morphology or the microarchitecture of the final scaffold biomaterial (Figure 4.5b). 

Three-dimensional porous polymer scaffolds, such as the collagen scaffold utilized here 

can create and maintain a space within the defect in vivo. This helps recruit the healthy 

pre-osteoblasts and osteoblasts to the wound site, enhances their proliferation and 



86 
  

 

differentiation and forms a space-filling tissue [49]. These important processes ultimately 

help control the size and shape of the regenerated bone tissue within the defect.  

 

SEM and confocal analysis of attachment and proliferation of BMSCs on collagen 

scaffolds 

In order to provide a favorable environment for bone regeneration, the scaffold 

must provide sites for cellular attachment and support cell survival and growth. It is 

desirable that the implanted scaffold is inert and biodegradable when the new tissue is 

regenerated by the osteogenic cells [194, 195]. Type I collagen constitutes the main 

protein component of natural extracellular matrices and plays an important role in the 

process of repair of damaged tissue [196, 197]. It is particularly important for bone 

regeneration involving this guided bone-growth approach that the collagen scaffold has 

sufficient physical and mechanical properties to provide physical support and retain its 

original geometry following in vivo implantation in order to fill-in specific critical-sized 

defects. Type I collagen matrices have been previously reported to serve as a platform for 

cell adhesion and migration, and direct the growth of cells [170, 196, 198, 199]. After 6 

days in cell culture, we found that the scaffold surface was vastly different from the 

images obtained earlier in this study prior to incubating it with cells and the cell culture 

medium (Figures 4.5a-c). This may possibly be due to the degradation of collagen. 

Morphological changes were observed on the surface of the porous scaffold material and 

inner walls of the pores after cell culture treatment. High magnification SEM imaging 

demonstrated the recruitment and attachment of BMSCs into the scaffold containing PEI-

pPDGF-B complexes (Figure 4.5d). We observed BMSCs adhering to the scaffolds via 
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various cell processes. The cell morphology was found to be spindle-shaped with 

branched cytoplasm. These highly porous scaffolds supported cell anchorage and with 

pore sizes greater than the size of cells, provided adequate space within the scaffold to 

allow migration of cells into the scaffold through the pores. The complex-loaded 

scaffolds would therefore be expected to allow cells from the surrounding tissues into the 

wound site to stimulate their growth and differentiation, thus promoting tissue 

development [53].  

It has been determined from the experiment above that PEI-pPDGF-B complexes 

are able to transfect BMSCs efficiently, which then allows for expression of the PDGF-

BB protein. Platelet derived growth factor is a cytokine that regulates cell growth and 

cellular division for bone-forming cells and functions as a mitogenic and chemotactic 

agent [192, 200, 201]. The complex-loaded scaffold matrix was therefore evaluated for 

its ability to promote in vitro cell proliferation next, by detecting and quantifying the 

presence of dividing cells in culture using indirect immunocytochemistry and 

immunofluorescence assays [202]. Immunofluorescence staining was utilized to 

investigate cellular proliferation by the indirect fluorescent labeling of the nuclear 

protein, PCNA. This was accomplished using mouse anti-PCNA primary antibody 

expressed against PCNA, to detect the levels of expression of PCNA in the proliferating 

cells. PCNA plays an integral role in the eukaryotic cell cycle and is essential for cellular 

DNA synthesis [203]. This unconjugated, monoclonal, IgG2a antibody is specific to 

multiple PCNAs which are expressed during DNA synthesis, and hence are a useful tool 

for studying the proliferating healthy cells. As a control for the experiment, negative 

staining done using normal IgG in place of the specific primary antibody did not show 
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any green fluorescence (data not shown). After incubating the complex-loaded scaffolds 

for 3 days in culture medium with BMSCs, the scaffolds were harvested, stained and 

observed under a confocal microscope to detect proliferating cells (green fluorescence). 

The nuclei of cells were stained by DAPI (blue fluorescence). Cells were counted under 

the same magnification (20X). At day 3, significantly higher numbers of proliferating 

BMSCs were observed with scaffolds containing PEI-pPDGF-B complexes compared to 

empty scaffolds (p = 0.0079, Wilcoxon Rank Sum test) (Figures 4.6a-b). The number of 

proliferating cells in the scaffolds was 3.4-fold higher with the complex-treated group 

than that obtained with the untreated group (Figure 4.6c). Confocal imaging confirmed 

the recruitment of BMSCs into the scaffold containing PEI-pPDGF-B complexes and 

their subsequent proliferation compared to empty scaffolds, therefore validating the 

important role of PDGF-BB in chemotaxis and growth of cells potentially capable of 

osteogenesis.  

 

In vivo bone regeneration  

The collagen scaffold matrix containing PEI-pPDGF-B complexes was evaluated 

in vivo for its efficacy as a bone regenerative biomaterial unit. Critical-sized calvarial 

defects were created in rats and were utilized as a model to test the in vivo efficacy of 

three different treatment groups: (1) empty defects (untreated) as a control, (2) defect 

filled with empty collagen scaffolds, and (3) defect filled with PEI-pPDGF-B complexes 

entrapped in collagen scaffolds. The rats were sacrificed after 4 weeks and newly-formed 

bone tissue was evaluated for its volume and connectivity density using micro-CT scans. 

The micro-CT scan imaged the circular bone defects induced and the regenerated bone 
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tissue in the defects as a result of various treatments (Figures 4.7a-f). The defect site was 

most significantly bridged with bone when treated with the scaffolds containing PEI-

pPDGF-B complexes compared to other groups tested. The amount of bone tissue 

regenerated was quantified by analyzing the bone formation parameters, trabecular bone 

volume fraction of the total tissue volume of interest (BV/TV) and the degree of 

trabecular connectivity (connectivity density or thickness). The BV/TV was 44-fold and 

14-fold higher in defects treated with complex-embedded scaffolds when compared to the 

empty scaffold and empty defect control groups, respectively (Figure 4.7g). The data 

provided evidence that the distribution of BV/TV differed significantly among the three 

comparison groups (p = 0.0025, Kruskal-Wallis test). When pairwise group comparisons 

were made using exact Wilcoxon Rank Sum tests, a significant difference was found in 

the distribution of BV/TV  between the complex-embedded scaffold and the empty 

scaffold groups (p = 0.0079); this remained significant after Bonferroni adjustment for 

multiple comparisons. The difference between the complex-embedded scaffold and the 

empty defect groups, after adjustment for multiple comparisons, gave a p value that was 

equal to 0.0357. The connectivity density of the regenerated bone was 36-fold and 52-

fold greater for the complex-loaded scaffold group than for the empty scaffold group and 

empty defect control group, respectively (Figure 4.7h). The distribution of connectivity 

density also differed significantly among the three comparison groups (p = 0.0016, 

Kruskal-Wallis test). Pairwise comparisons via exact the Wilcoxon Rank Sum test 

provided strong evidence of a difference in connectivity density between the complex-

embedded scaffold and the empty scaffold groups (p = 0.0079) which was significant 

after Bonferroni adjustment for multiple comparisons; a difference was also seen between 
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the complex-embedded scaffold and the empty defect control groups (p = 0.0357). 

Histology images with H & E staining further validated the µCT results (Figure 4.8). The 

empty defect images showed that the gap between the healthy native bone edges was 

unfilled, while the empty scaffold group showed only loose, soft tissue formation with a 

thin rim of new bone forming at the edges of the defect (Figures 4.8a-b). For the 

complex-loaded scaffold group, we observed complete bridging of the defect by the 

mature, mineralized bone tissue indicated by the arrows (Figure 4.8c). We hypothesize 

that the complexes may have released from the degrading matrix, which then will 

transfect the surrounding cells. It is also possible that the cells could have migrated into 

the porous matrix containing the complexes followed by their transfection by the 

complexes. These transfected cells produce PDGF-BB which stimulates cellular 

proliferation, cell growth and division, and angiogenesis [162]. Platelet derived growth 

factor signaling is also involved in cell migration, tissue remodeling and cellular 

differentiation of pre-osteoblasts into osteoblasts that initiate bone formation by secreting 

the osteoid matrix that mineralizes to form mature bone tissue [204]. The chemotactic 

action of PDGF further augments these processes. Ultimately, new bone material is laid 

down by the osteogenic cells by communication through cytokine PDGF signaling.  

 

Conclusions  

In summary, BMSCs were efficiently transfected with a variety of reporter or 

therapeutic genes when using PEI-pDNA complexes prepared at an optimal N/P ratio of 

10. These PEI-pDNA complexes were stable and nanometer-sized, with a net positive 

surface charge. The PEI-pPDGF-B complex-activated collagen scaffolds favored cellular 
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attachment and promoted cellular proliferation in vitro. The complex-loaded scaffolds 

promoted osteogenesis and demonstrated superior tissue regeneration efficacy in calvarial 

defects in rats when compared to the empty defect and empty scaffold groups. This 

system efficaciously delivered pDNA into the cells without any apparent adverse effects. 

Gene activated matrices encoding for PDGF-B protein therefore have a strong potential 

for clinical applications that require enhanced bone regeneration. 
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Table 4.1.  PEI amount in different N/P ratios used for formulating PEI-pDNA 

complexes (using 1 µg pDNA). 

 

N/P ratio PEI amount (μg) 

1 0.13 

5 0.65 

10 1.30 

15 1.95 

20 2.6 
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Figure 4.1.  Luciferase assay assessing the effect of N/P ratio on the transfection 

capability of PEI-pLUC complexes in BMSCs at 4 h or 24 h (n = 3). 
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Figure 4.2.  MTS assay assessing the effect of N/P ratio on the biocompatibility of PEI-

pLUC complexes in BMSCs at 4 h or 24 h (n = 3). 
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Figure 4.3.  Confocal micrographs demonstrating transfection in BMSCs after 4 h or 24 

h of treatment with PEI-pEGFP complexes fabricated at a N/P ratio of 10: nuclei (blue, 

DAPI-stained); cytoplasm and cell membrane (red, phalloidin-stained); and EGFP-N1 

(green). Scale bar, 20µm. 
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Figure 4.4.  ELISA assay demonstrating the expression of PDGF-BB protein as a result 

of transfection of BMSCs with PEI-pPDGF-B complexes for 4 h (n = 3). 
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Figure 4.5.  SEM images of empty collagen scaffolds (a) and collagen scaffolds 

embedded with PEI-pPDGF-B complexes (b); SEM images showing complex-loaded 

scaffolds seeded with BMSCs, low magnification (200X) (c) and adhesion of BMSCs to 

the complex-loaded scaffolds (arrows), high magnification (3500X) (d) at day 6 of 

incubation. 
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Figure 4.6.  Influence of the complex-loaded scaffolds on proliferation of BMSCs: 

confocal image demonstrating proliferating cells [DAPI (blue)- and PCNA (green)-

positive cells] on empty scaffolds (20X) (a) and on PEI-pPDGF-B complex-loaded 

scaffolds (20X) (b); measurement of proliferation of BMSCs seeded on empty scaffolds 

compared to complex-loaded scaffolds (c) at day 3 of culture (n = 6). Scale bar, 20 µm. 
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Figure 4.7.  Evaluation of in vivo bone formation: representative micro-CT scans 

showing the level of regenerated bone tissue after 4 weeks in empty defects (a, d, n = 3); 

empty scaffolds (b, e, n = 5); and PEI-pPDGF-B complex-loaded scaffolds (c, f, n = 5); 

assessment of regenerated bone volume fraction (g) and bone connectivity density (h) in 

different groups. Scale bar, 1 mm.  

 

 

 
 

 



100 
  

 

Figure 4.8.  Representative histology sections demonstrating the extent of new bone 

formation in the defects at 4 weeks due to various treatments: empty defects (a); empty 

scaffolds (b); and PEI-pPDGF-B complex-loaded scaffolds (c). OB = old bone and NB = 

new bone. Note the complete bridging of new bone in the PEI-pPDGF-B complex-loaded 

test group indicated by the arrows. Scale bar, 50 µm. 
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CHAPTER V 

COMBINATORIAL NON-VIRAL GENE DELIVERY FOR BONE 

REGENERATION 

 

Introduction 

Both in orthopedics as well as in dentistry, there is an enormous need for 

developing novel biomaterials with improved bone regenerative capacity and 

predictability [205]. In dentistry, there are a multitude of conditions (periodontitis, ridge 

resorption, fracture or bone tumors) affecting the craniofacial complex in which bone loss 

is inevitable and predictable bone regeneration is required in order to restore both 

function and esthetics [206]. Bone replacement grafts currently available for predictable 

bone regeneration are either overly expensive or require harvesting from a distant donor 

site leading to significant morbidity [207]. Moreover, their predictability is restricted to 

select clinical indications. Over the last few decades, identification of key molecules 

involved in bone development and fracture healing has led to the introduction and rapid 

expansion of bone biomimetic materials in dentistry [208]. One such advancement is the 

introduction and current usage of growth factors or morphogens such as platelet derived 

growth factor-BB (PDGF-BB) and bone morphogenetic protein-2 (BMP-2) in clinical 

dentistry. Several studies including in vitro, in vivo and human clinical trials testing the 

efficacy of growth factors had clearly underscored their potential in regenerating lost 

bone or periodontium, leading to their approval for select clinical use [68]. 

Following tissue injury, platelets release PDGF at the site of the injury that act on 

specific cell surface receptors enhancing cell migration (chemotaxis) and proliferation 
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(mitogenesis) [68]. The chemotactic ability of PDGF has been demonstrated on several 

cell types including osteoblasts [209]. Vascular endothelial growth factor (VEGF), a 

growth factor known for its role in angiogenesis, is also involved in both intra-

membranous and endochondral ossification [55]. This property has led to the 

development of delivery systems that release these factors for bone tissue engineering 

applications [210]. Combining PDGF with VEGF was shown to enhance the maturation 

of the blood vessels and to dramatically reverse experimentally induced ischemia in 

animals [211, 212]. Furthermore, there is growing evidence that delivery of PDGF along 

with VEGF has a synergistic effect on bone regeneration that is greater than either factor 

alone [213, 214]. 

Growth factors, though promising, are not without drawbacks. Being recombinant 

proteins, they are expensive and the supraphysiological dosage in which they are used (to 

compensate for their shorter duration of activity in the in vivo milieu) raises serious 

concerns regarding their safety. Increasingly, side effects of delivering proteins such as 

BMP-2 in higher doses for both indicated and off-label use are being reported [17]. One 

approach to overcome the shortcomings of protein-based approaches is gene therapy 

[215]. Gene delivery allows targeted synthesis of gene products in a controlled fashion 

and proteins produced endogenously by this approach have been shown to be less altered 

and therefore less immunogenic [79]. Gene therapy studies conducted in animals using 

viral vectors delivered through a traditional ex vivo or an in vivo approach successfully 

demonstrated the feasibility and effectiveness of delivering PDGF-B genes in animal 

models [216-218]. In addition to periodontal regeneration, delivery of PDGF-B genes 

using viral vectors in animals was shown to accelerate bone regeneration around dental 
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implants in a peri-implant bone loss model [219]. In spite of its proven efficacy in 

animals, conducting human clinical trials and ultimately translating viral gene therapy 

into clinical settings, especially for non-lethal conditions, can be extremely challenging 

[79]. In spite of lower transfection efficiency, non-viral vectors are safer and potentially 

more clinically translatable for bone regeneration applications. Once inside the target 

cells, the plasmid DNA (pDNA) containing the non-viral vector is processed in the 

endosome and/or lysosome, and pDNA is released into the cytoplasm by a mechanism 

called endosomal escape [220]. The released pDNA translocates from the cytoplasm to 

the nucleus through the nuclear pores reaching the extra chromosomal space whereupon 

it acts as local protein machinery [221].  

In our recent study, we reported that delivering pDNA encoding PDGF-B using 

non-viral vectors (PEI-condensed pDNA) resulted in significant bone regeneration [47]. 

The new bone formation was 44x and 14x more, when the collagen scaffold carriers 

containing polyethylenimine (PEI)-pPDGF-B complexes were implanted into artificially 

created calvarial defects in rats, when compared to scaffold alone or empty defect groups, 

respectively. As a next step, in this study we explored the possibility of delivering both 

PDGF-B and VEGF plasmids from the same carrier system to evaluate their potential 

synergistic effects in bone regeneration, when delivering these key growth factors 

simultaneously within the created bone defect. To our knowledge, this is the first attempt 

to deliver multiple plasmids from a completely non-viral gene delivery system for bone 

regeneration.  
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Materials and methods 

To gain insights into the synergistic effects of delivering PDGF-B (~ 4.9 Kb 

pDNA, Origene Technologies, Inc., Rockville, MD) and VEGF (~ 4.9 Kb pDNA, 

Origene Technologies, Inc.) plasmids, we utilized the same calvarial defect model in rats 

as in our study in Chapter IV and incorporated the following five groups: (a) empty 

defects, (b) empty collagen scaffolds, (c) PEI-pPDGF-B complex-loaded scaffolds, (d) 

PEI-pVEGF complex-loaded scaffolds, and (e) PEI-(pPDGF-B + pVEGF) complex-

loaded scaffolds in a 1:1 ratio of plasmid amounts.  The PDGF-B and VEGF plasmids 

were prepared as described in Chapters III and IV. Synthesis and in vitro characterization 

of PEI-pDNA complexes were performed as described in Chapter IV and in [47]. Briefly, 

PEI (branched, 25 kDa, Sigma-Aldrich, St. Louis, MO)-pDNA (6.4 Kb pDNA encoding 

luciferase reporter gene, Vical, Inc., San Diego, CA) complexes were fabricated at amine 

(N) to phosphate (P) ratios of 1, 5, 10, 15, and 20, and characterized for size, surface 

charge, and in vitro cytotoxicity and transfection efficacy in human bone marrow stromal 

cells (BMSCs; American Type Culture Collection, ATCC, Manassas, VA). The 

complexes prepared at an N/P ratio of 10 were 102 ± 2 nm in size with a positive surface 

charge of 37 ± 1 mV as measured using a Zetasizer Nano-ZS (Malvern Instruments, 

Westborough, MA). It was found that the transfection efficiency of pDNA complexes 

with PEI prepared at N/P ratio of 10 in BMSCs (1 μg pDNA, seeding density of 80,000 

cells/well in 24-well plates) was significantly greater than that for complexes prepared at 

all other N/P ratios as determined by luciferase expression using a standard luciferase 

assay system (Promega Corporation, Madison, WI) (Elangovan et al., 2014). Complexes 

prepared at an N/P ratio of 10 also displayed low cytotoxicity in BMSCs (1 μg pDNA, 
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seeding density of 10,000 cells/well in 96-well plates) as assessed by the MTS (3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 

cell viability assay (Cell Titer 96 AQueous One Solution cell proliferation assay, 

Promega Corporation). In our study, only the PEI-pDNA complexes prepared at N/P ratio 

of 10 displayed efficient transfection of BMSCs with relatively lower cell toxicity when 

compared to complexes prepared at other N/P ratios. As a result, the PEI-pDNA 

complexes used in the further in vivo experiments were prepared at N/P ratio of 10 

(Elangovan et al., 2014). The transgene nuclear delivery potential of the PEI-pPDGF-B 

and PEI-pVEGF complexes prepared at N/P ratio of 10 and the subsequent expression of 

PDGF-BB and VEGF was assessed in BMSCs (1 μg pDNA each, seeding density of 

80,000 cells/well in 24-well plates) using PDGF-BB and VEGF ELISA kits (Quantikine, 

R & D Systems, Minneapolis, MN). The fabrication of PEI-pPDGF-B complex-loaded 

scaffolds, PEI-pVEGF complex-loaded scaffolds, and PEI-(pPDGF-B + pVEGF) 

complex-loaded scaffolds in a 1:1 ratio of the plasmids was carried out as described in 

Chapter IV. 

The surgical procedures were approved by and performed according to guidelines 

established by the University of Iowa Institutional Animal Care and Use Committee. 

The in vivo bone regenerative capacity of the gene delivery system was investigated in 

two 5 mm diameter × 2 mm thickness critical-sized calvarial defects in fourteen week-old 

male Fisher 344 rats (Charles River Laboratories International, Inc., Wilmington, 

MA). Prior to implantation into the defects, the scaffolds were cut to fit the diameter of 

the defect. The skin wound was then sutured and post-operative care followed as per the 

protocol.  The animals were euthanized after four weeks and the parietal bone fractions 
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containing the regions of interest (5 mm diameter) were analyzed for bone volume (BV) 

per total volume (TV) and connectivity density (Conn.D.) in the bone defect using three-

dimensional microfocus x-ray microcomputed tomography (micro-CT) imaging (cone-

beam micro-CT40, Scanco Medical AG, Switzerland) as described in Chapter IV 

(Elangovan et al., 2014). For histological observations, the bone specimens were stained 

with Harris hematoxylin and eosin (H & E staining) in order to evaluate bone 

regeneration after four weeks in vivo implantation. The light microscopic (bright-field) 

examination of the sections was performed with an Olympus Stereoscope SZX12 as 

described in Chapter IV (Elangovan et al., 2014).  

 

Results and discussion 

As demonstrated in Figure 5.1, BMSCs transfected with PEI-pPDGF-B and PEI-

pVEGF complexes resulted in significantly higher levels of PDGF-BB and VEGF in the 

cell culture medium supernatants compared to cells treated with naked, uncomplexed 

PDGF-B and VEGF plasmids. These results confirmed the efficiency of PEI-pDNA 

complexes to transfect BMSCs with therapeutic genes for bone regeneration. It is also 

clear that a ~3x higher concentration of VEGF was secreted into the supernatant, when 

compared to PDGF-BB, when the cells were transfected separately with the same starting 

amounts of plasmids. Figure 5.2 is a schematic of the proposed mechanism of treatment 

for bone regeneration. The PEI-pDNA complexes are formed as a result of electrostatic 

interactions between the positively charged PEI and the negatively charged pDNA. The 

net positively charged complexes (prepared at N/P ratio of 10, with sizes approximately 

100 nm as observed by transmission electron microscopy (TEM) images) are then 
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injected into the porous collagen scaffolds and lyophilized. The complexes may then be 

released from the degrading matrix, transfecting the surrounding cells (Figure 5.2). In 

addition, cells may migrate into the porous matrix containing the immobilized complexes 

followed by their transfection by the complexes. Ultimately, these transfected cells 

produce PDGF-BB and VEGF which stimulates further cell migration (via chemotaxis), 

proliferation, differentiation, angiogenesis, tissue remodeling and mature bone formation 

[163, 222]. In further experiments, we evaluated the capacity of different treatments to 

initiate and form mature bone tissue. After four weeks of in vivo implantation of the 

scaffolds, the regions of interest were examined using micro-CT scans and the bone 

formation parameters such as  regenerated bone tissue volume fraction of the total tissue 

volume of interest (BV/TV) and the degree of trabecular connectivity (connectivity 

density) were quantitated.  As depicted in Figure 5.3, treatment with the collagen scaffold 

matrix containing PEI-pPDGF-B complexes showed complete coverage of the defect by 

the newly-formed bone tissue, compared to other groups evaluated. The combined 

therapy with pPDGF-B and pVEGF and defects implanted with PEI-pVEGF complexes 

alone exhibited only partial bone regeneration along the edges of the created defects. 

Patchy, irregularly-shaped, minimal mineralized regions were observed within the 

defects. A significant difference was found in the distribution of BV/TV between the 

PEI-pPDGF-B complex-embedded scaffolds and the remaining treatments. Similarly, 

connectivity density of the regenerated bone was significantly higher for the PEI-pPDGF-

B complex-loaded scaffold group than for the other groups. The amount of bone tissue 

regenerated and the distribution of mineralization observed with this analysis was further 

validated using histological analysis with standard H & E stained sections of the defect 
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regions at four weeks post-implantation (Figure 5.4). Histology data showed that, while 

the gap between the healthy native bone edges was unfilled within the empty defects, the 

other groups, with the exception of PEI-pPDGF-B complex-loaded scaffolds, revealed 

bridging of the defect by both soft and hard tissue formation indicated by the presence of 

collagen fibrils, blood vessels, cells (most likely fibroblasts, osteogenic and/or 

inflammatory), extracellular matrix, and some new bone at the edges. For the PEI-

pPDGF-B complex-loaded scaffold treatments, complete bridging of the defect by new 

bone (arrows) was observed. We hypothesize that the decreased bone formation seen in 

the defects treated with PEI-(pPDGF-B + pVEGF) complex-loaded scaffolds might be 

due to several reasons. Combining the two different pDNA encoding PDGF-B and VEGF 

vectors respectively, doubled the PEI concentration which may have increased the 

cytotoxicity in vivo via an apoptotic cell death pathway [223]. In addition, it has been 

reported that VEGF is a potential ligand for PDGF α and β receptors in mesenchymal 

stems cells (MSCs, undifferentiated osteoprogenitor cells) and can signal through PDGF 

receptors [224]. Therefore, it is also possible that VEGF significantly suppressed the 

osteogenic differentiation of MSCs by PDGF-BB via competitive receptor binding. 

Moreover, during the bone healing, PDGF is secreted first by the platelets as well the 

inflammatory cells followed by the release of VEGF. Therefore, in conjunction with our 

findings, it is clear that sequential delivery of these growth factors will be necessary for 

optimal bone regeneration.  

Bone tissue engineering and development is a dynamic, highly regulated and 

organized process that is typically driven by the action of multiple growth factors for 

mediation of different cellular activities such as cellular recruitment, mitosis and 
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differentiation of MSCs into osteoblasts [225-227]. In the sequential cascade of events 

involved in bone regeneration, transient PDGF action is critical for chemotaxis, growth, 

and differentiation of MSCs in the early healing phase [228]. This can later be followed 

by prolonged, sustained angiogenic action of VEGF throughout the bone tissue healing 

process. Because PDGF-BB and VEGF each have distinct actions in bone formation, 

controlling their sequence of release may promote and induce improved bone 

regeneration. This can be accomplished by delivering PDGF-B and VEGF plasmids, each 

with different release kinetics from a single, structural collagen scaffold. This proposed 

novel delivery strategy, through the virtue of controlled dose and rate of plasmid 

delivery, might be able to abolish or reduce the aforementioned concerns regarding 

simultaneous dual delivery of PDGF-BB and VEGF. 

 

Conclusions 

In light of the results obtained in the present study, we showed that a non-viral 

gene delivery system was able to successfully transfect PDGF-B and VEGF genes into 

BMSCs. However, the bone regeneration efficacy was superior when the calvarial defects 

were treated with PEI-pPDGF-B complexes alone rather than those treated with PEI-

(pPDGF-B + pVEGF) complexes. This study gains new insights into the possibility of 

developing combinatorial non-viral gene delivery system for bone regeneration and 

highlights the likely importance of temporal control of delivery of specific growth factors 

at specific time points in the healing process.  
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Figure 5.1.  Detection of PDGF-BB and VEGF proteins in cell supernatants by ELISA 

after BMSC transfection with PEI-pPDGF-B and PEI-pVEGF complexes, respectively (n 

= 3, ***p < 0.001). The data were compared by ANOVA, followed by a Tukey post-test 

analysis (Prism 5.0, GraphPad Software Inc., San Diego, CA). The differences between 

the groups were considered to be statistically significant at p < 0.05.  
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Figure 5.2.  Schematic of the gene delivery system along with TEM of the complexes 

prepared at N/P ratio of 10 along with the proposed mechanism of action for bone defect 

repair. 
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Figure 5.3.  Representative micro-CT images of bone specimens demonstrating the 

extent of regenerated bone in the calvarial defects at four weeks in untreated, open 

defects (a); defects filled with empty collagen scaffolds (b); defects filled with PEI-

pPDGF-B complex-loaded scaffolds (c); defects filled with PEI-pVEGF complex-loaded 

scaffolds (d); defects filled with PEI-(pPDGF-B + pVEGF) complex-loaded scaffolds (e); 

regenerated bone volume fraction (f); and connectivity density across different groups 

(g). Each defect within an animal was considered as being independent (n = 3, *p < 0.05; 

**p < 0.01; ***p < 0.001). The data were compared by ANOVA, followed by a Tukey 

post-test analysis (Prism 5.0, GraphPad Software Inc., San Diego, CA). The differences 

between the groups were considered to be statistically significant at p < 0.05. Scale bar, 1 

mm. 
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Figure 5.4.  Representative histology sections  of bone specimens showing the extent of 

regenerated bone in the calvarial defects at four weeks in untreated, open defects (a); 

defects filled with empty collagen scaffolds (b); defects filled with PEI-pPDGF-B 

complex-loaded scaffolds (c); defects filled with PEI-pVEGF complex-loaded scaffolds 

(d); and defects filled with PEI-(pPDGF-B + pVEGF) complex-loaded scaffolds (e). 

OB = old bone and NB = new bone. Note the complete bridging of the bone defects by 

the regenerated tissue in the group treated with the PEI-pPDGF-B complex-loaded 

scaffolds as indicated by the arrows. Scale bar, 50 μm. 
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CHAPTER VI 

COPPER-LOADED CHITOSAN SCAFFOLDS FOR BONE REGENERATION 

 

Introduction 

Bone defects resulting from tumor resection, periodontal disease, skeletal 

deficiency/disorder, abnormal development, and trauma, present significant health risks 

and are challenging to treat. Various approaches have been undertaken to treat bone 

defects with the goal of regenerating the lost osseous tissue thereby regaining function.  

Current treatments to treat bone defects are only partially effective and are often 

accompanied by major drawbacks such as limited supply and transplant 

rejection/incompatibility along with surgical side effects from harvesting bone such as 

infection, disease transmission or neurovascular injury [229-232]. Limitations of the 

current strategies of bone regeneration or replacement have led to tissue engineering 

approaches for repairing skeletal defects [233-235]. In orthopedics and dentistry, guided 

bone regeneration in combination with osteoconductive scaffolds is an alternative [236-

238]. As such, there is a great need for biomaterials with higher bone regenerative 

capacity and predictability that favors complete bone regeneration without the 

aforementioned drawbacks.  

Chitosan is an abundantly available natural biopolymer; it is biodegradable and 

biocompatible [239]. It undergoes enzymatic degradation to glucosamine and N-

acetylglucosamine copolymers, substances naturally found in the body which are 

excreted or used in the amino sugar pool [240]. Chitosan aids in hemostasis and plays a 

role in activation of macrophages and cytokine stimulation [240]. Chitosan has also been 
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reported to induce collagen synthesis and angiogenesis in the early wound healing and 

tissue remodeling phases of wound repair [241, 242]. Owing to these attributes, chitosan 

has generated significant interest as a biomaterial for a broad range of wound healing 

applications [243-245]. It has been shown that chitosan forms a chelate complex with 

metal ions and that copper ions strongly interact with chitosan [246]. The chelation 

between chitosan and copper ions that occurs through the four nitrogen ligands in a 

square-planar geometrical manner is responsible for the formation of tightly packed 

chitosan gel [247, 248]. 

Apart from the known physiological roles of copper in enzymatic reactions and 

protein functions, it has also been reported to act as an endogenous stimulator of 

angiogenesis by inducing the migration and proliferation of endothelial cells [249-251]. 

Copper has been demonstrated to induce vascular endothelial growth factor (VEGF) 

expression in vitro and in vivo [252]. The quality of regenerating tissue was also shown to 

be distinctly improved as observed by a high density of cells in the granulation layer of 

copper-treated wounds. Copper-sensitive pathways are implicated to be involved in the 

regulation of key mediators of wound healing such as angiogenesis and tissue 

extracellular matrix remodeling. The primary objective of this proof of concept study was 

to develop chitosan scaffolds complexed with copper and test their in vivo bone 

regeneration capacity. This study, to our knowledge, is the first to develop and investigate 

the effect of copper crosslinked chitosan scaffold on bone tissue engineering in critical-

sized calvarial defects. 
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Materials and methods 

Materials 

Chitosan (high purity, Mv 110,000-150,000) and copper (II) sulfate were 

purchased from Sigma–Aldrich® (St. Louis, MO). All other chemicals and solvents used 

were of reagent grade. 

 

Scaffold fabrication 

To prepare the chitosan sponges, chitosan was dissolved in 0.3 M acetate buffer, 

pH 4.5 at a concentration of 2 % w/v and freeze-dried for 5 h (FreezeZone 4.5, 

Labconco®, MO). The copper-chitosan scaffolds were prepared by slowly adding 450 µl 

of 2 % w/v chitosan solution to 50 µl of 0.625 mM copper sulfate solution in acetate 

buffer. The concentration of copper used in this study was based on reports that have 

demonstrated copper-induced VEGF expression, stimulation of cell proliferation, and 

wound healing [249, 252]. The mixture was vortexed for 30 s-1 min for homogeneity, 

incubated at room temperature for 4 h and later freeze-dried to completely remove the 

solvent (Figure 6.1). Addition of chitosan solution to the copper solution led to the 

spontaneous formation of a chitosan gel without any leakage. 

 

Morphological characterization of the scaffolds 

Standard protocols for scanning electron microscopy (SEM, Hitachi Model S-

4800, Japan) were employed. Briefly, the scaffolds were mounted on aluminum stubs, 

sputter-coated with gold and examined using 3 kV accelerating voltage and a current of 
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10 μA. The surface characteristics of the scaffolds, including pore interconnectivity and 

scaffold integrity were analyzed. 

 

Surgical procedure: In vivo implantation of scaffolds 

Inbred 14 week-old male Fisher (CDF®) white rats (F344/DuCrl, ∼250 g) were 

obtained from Charles River Laboratories International, Inc (Wilmington, MA) and 

housed and cared for in University of Iowa animal facilities. The surgical procedures 

were approved by and performed according to guidelines established by the University of 

Iowa Institutional Animal Care and Use Committee, Iowa. The animals were 

anaesthetized by intra-peritoneal injection of ketamine (80 mg/kg)-xylazine (8 mg/kg) 

mixture (provided by the Office of Animal Resources, University of Iowa). A sagittal 

incision, ∼1.5 - 2 cm, was made on the scalp of each rat, and the calvaria was exposed by 

blunt dissection. Two 5 mm diameter × 2 mm thickness critical-sized defects were 

generated using a round carbide bur on the parietal bone, on both sides of the sagittal 

suture. The defects were randomly allocated into the following study groups: (1) empty 

defects (n = 3); (2) chitosan scaffolds (n = 2); and (3) copper-loaded chitosan scaffolds (n 

= 2). The shape and size of the cylindrical scaffold discs was adjusted to fit into the 

defects with a diameter of 5 mm and a thickness of 2 mm and implanted into the rats. The 

incision was closed in layers using sterile silk sutures. Buprenorphine (0.15 mg, 

intramuscular), as an analgesic, was administered to each rat thereafter and the animals 

were carefully monitored during post-operative recovery. The rats were able to function 

normally after this procedure. After 4 weeks, all the animals were euthanized and the 



118 
  

 

bony segments containing the regions of interest were harvested from the calvarial bone 

and fixed in 10 % neutral buffered formalin. 

 

Micro-CT analysis 

Three-dimensional microfocus x-ray microcomputed tomography imaging was 

performed on the specimens using a cone-beam micro-CT system (micro-CT40, Scanco 

Medical AG, Switzerland). Specimens were scanned in 70 % ethanol at 55 kVp and 

145 μA with a voxel size of 10 μm and an integration time of 300 ms. Analysis was 

performed using a constant 5 mm diameter circular region of interest that was placed in 

the center of the machined defect and spanned a total of 50 reconstructed slices such that 

a total cylindrical volume of interest of ∼9.8 mm3 oriented perpendicular to the outer 

table of the calvarium was analyzed for each specimen using Scanco’s provided software 

(sigma = 0.8, support = 1.0, and threshold = 250). Bone volume (BV) per total volume 

(TV) in the bone defect was obtained. 

 

Histological analysis of rat bone defects 

The bone samples underwent a decalcification (Surgipath Decalcifier II®) 

procedure. When the decalcification end point test returned negative for the presence of 

calcium, the rat bone specimens were introduced into a paraffin processor, paraffin 

embedded, and the blocks were sectioned in the sagittal plane for each specimen. 

Histological analysis was performed on the 5 μm sections in the central portion of the 

wound. The sections were collected on Superfrost Plus Slides (Fisher Scientific®), 

deparaffinized and stained with Harris hematoxylin and eosin (H & E staining) according 
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to standard protocols. Sections representing the central area of each defect were used to 

observe the presence of collagen, new bone formation, and cells in order to evaluate bone 

regeneration after 4 weeks in vivo implantation. The bright field examination of the slides 

was performed with an Olympus Stereoscope SZX12 and an Olympus BX61 microscope, 

both equipped with a digital camera. 

 

Data presentation  

Numerical data were reported as means with bars representing standard error of 

the mean (SEM) from replicate samples. Graphs were generated using Prism 5.0 

(GraphPad Software Inc., San Diego, CA). The data were compared by ANOVA 

followed by a Tukey post-test analysis. The differences between the groups were 

considered to be statistically significant when the p value was < 0.05. Statistical analyses 

were performed using Prism 5.0 software. 

 

Results and discussion 

SEM analysis of chitosan scaffolds and chitosan-copper scaffolds 

The three-dimensional porous polymer scaffold design creates and maintains a 

three-dimensional space within the defect in vivo for tissue regeneration. This facilitates 

the recruitment of healthy bone cells and other appropriate cell types from the 

surrounding tissue to the wound site, favors cellular attachment, and promotes the growth 

and differentiation of these cells. Subsequently, a space-filling tissue is formed over time 

as a result of cell localization facilitated by the scaffold [47]. Thus, within the defect, the 

three-dimensional scaffolds help control the size and shape of the regenerated, functional 
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bone tissue. The crosslinking and gelation of polymeric chitosan chains induced by 

copper (II) ions may also improve the mechanical strength and degradation rate of these 

scaffold matrices.  

The freeze-drying technique was utilized in the preparation of scaffolds to obtain 

a three-dimensional structure with a spongy texture. In this method, the frozen solvent 

was removed by sublimation, and the now empty spaces once occupied by the frozen 

solvent crystals formed the pores of the scaffold. The chitosan scaffolds showed a highly-

porous, interconnecting network with pore sizes of 104 ± 5 μm (Figure 6.2a). The 

incorporation of copper within the scaffolds did not appear to have any adverse effect on 

the morphology or the micro-structural aspects of the final scaffold (Figure 6.2b).  

 

In vivo bone regeneration: Micro-CT scans 

The chitosan scaffold matrix containing copper was evaluated in vivo for its 

efficacy as a bone regenerative biomaterial. Critical-sized calvarial defects were created 

in rats and were utilized as a model to test the in vivo efficacy of three different treatment 

groups: (1) empty defects (untreated) as a control, (2) defect filled with chitosan 

scaffolds, and (3) defect filled with copper entrapped in the chitosan scaffolds. The rats 

were sacrificed after 4 weeks and newly-formed bone tissue was evaluated for its volume 

using micro-CT scans. The micro-CT scan imaged the induced circular bone defects and 

the regenerated bone tissue in the defects as a result of various treatments (Figures 6.3a-c, 

the circles superimposed on each of the representative images indicate the original bone 

defect edges). The empty, untreated defect displayed minimal irregular, patchy bone 

formation, while the chitosan scaffold exhibited a much more organized mineralized 
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regions towards the defect edge. In contrast, the scaffolds incorporating copper 

demonstrated remarkable mineralized tissue formation within the defect area, when 

compared to the other groups evaluated. The new bone tissue also appeared to be 

synthesized more towards periphery of the defect, and patterning to close in on the defect. 

This treatment was observed to have more hard tissue ingrowth from the edges of the 

defect within the implant region compared to the empty defects or chitosan scaffolds. The 

addition of chitosan solution to the copper sulfate solution results in the chelation of 

copper (II) ions with the amino groups of chitosan. This causes the gelation of chitosan 

solution and the retention of the copper (II) ions within the gel as well as the subsequent 

freeze-dried scaffolds [247]. We hypothesize that the presence of copper in the scaffold 

matrix may have accelerated the proliferation of epithelial and endothelial cells [253]. 

These functions, together with growth factor signaling, could have then promoted 

regeneration of the osseous tissue [219, 222, 254]. 

 

In vivo bone regeneration: new bone volume fraction 

The amount of bone tissue regenerated was quantified by analyzing bone volume 

fraction of the total tissue volume of interest - bone volume / total volume (BV/TV). The 

BV/TV was two-fold and eleven-fold higher in defects treated with copper-embedded 

chitosan scaffolds, when compared to the chitosan scaffold and empty defect control 

groups, respectively (Figure 6.3d). Results of the ANOVA test provided evidence that the 

distribution of BV/TV outcomes differed significantly among the three treatment groups 

(p = 0.0418). These highly macro-porous scaffolds most likely caused the cells in the 

vicinity to migrate into the scaffold and through its pores. The walls of the porous matrix 



122 
  

 

then act as a support for the attachment and anchoring of cells. Since the pores are larger 

in size than the cells, there is sufficient room within the scaffolds for tissue development. 

This structure facilitates the processes of cell growth and proliferation, differentiation, 

and angiogenesis, thereby enhancing local tissue repair [255]. The chitosan biomaterial 

surface together with copper may possibly be osteoconductive for progenitors and give 

rise to such processes. In addition, the incorporation of copper may have allowed more 

cells to enter the scaffold through angiogenesis. Later, as the chitosan matrix biodegrades 

away, it is replaced by the newly-formed bone tissue. 

 

In vivo bone regeneration: H & E staining 

Histology further confirmed the differences observed with micro-CT analysis. 

The pattern of distribution of mineralization across the defect regions as a result of 

different treatments observed in micro-CT images is consistent with histological 

examination using H & E stains. The image from the untreated, open defect showed that 

the defect created between the old bone edges was unfilled, while the chitosan scaffold 

group demonstrated more bone formation in the defect peripheries than empty defects 

(Figures 6.4a-b). In the defect implanted with chitosan-copper scaffolds, we found 

significantly more bone formation in the defect than the other two groups. The bone 

formation is pronounced at the edges of the defects gradually protruding towards the 

center of the defect (Figure 6.4c). The histology data demonstrated that the cells begin to 

regenerate the tissue and mineralization begins to occur around 4 weeks in vivo. We 

hypothesize that the copper is released gradually from the degrading chitosan matrix, 

which then results in endothelial cell proliferation leading to new blood vessel growth 
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and osteoprogenitor recruitment into the scaffold. Copper has been studied to stimulate 

cell growth and division and promoting angiogenesis [249, 250]. Along with oxygen and 

nutrients, new blood vessels help in the transportation of inflammatory cells and 

osteoprogenitors to the wound site, thus accelerating/improving bone healing, repair and 

regeneration [55]. 

To our knowledge, this is the first report to explore the effect of adding copper 

(II) ions to scaffolds to enhance bone tissue regeneration. This proof of concept 

experiment clearly demonstrates the safety, feasibility and efficacy of chitosan copper 

scaffolds (relative to the controls or chitosan scaffolds) for bone tissue engineering. No 

biologics were employed in this study to make this scaffold osteoinductive and we relied 

completely on the osteoconductivity of the scaffold. In more comprehensive future 

studies, it will be necessary to carry out detailed physicochemical characterizations of the 

chitosan scaffolds with and without copper, determine if using higher concentrations of 

copper in the scaffolds generates any toxicity, quantify the degree of vascularization that 

occurs using chitosan copper scaffolds versus chitosan scaffolds alone and determine the 

kinetics of bone regeneration over time using chitosan scaffolds with and without copper. 

We anticipate that in future studies, this scaffold could promote complete bone 

regeneration when the experiments are extended to more than 4 weeks and potentially 

synergistic morphogens such as bone morphogenetic proteins (BMPs) are simultaneously 

incorporated into the scaffold.   
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Conclusions 

Our results demonstrated that the copper-loaded chitosan scaffolds promoted 

osseous defect healing in calvarial defects in rats. This study demonstrated the feasibility 

and capability of copper-loaded chitosan scaffolds in enhancing the bone repair and 

regeneration process.  
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Figure 6.1.  Diagrammatic showing the formulation approach of copper-chitosan 

scaffolds. 
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Figure 6.2.  SEM images of chitosan scaffolds (a) and chitosan scaffolds containing 

copper (b). 
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Figure 6.3.  Evaluation of in vivo bone formation: representative micro-CT scans 

showing the level of regenerated tissue after 4 weeks in empty defects (a, n = 3); chitosan 

scaffolds (b, n = 2); and copper-loaded chitosan scaffolds (c, n = 2); assessment of 

regenerated bone volume fraction in defects treated with different groups (d). Scale bar, 1 

mm.  
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Figure 6.4.  Representative histology sections demonstrating the extent of new bone 

formation in the defects at 4 weeks due to various treatments: empty defects (a); chitosan 

scaffolds (b); and copper-loaded chitosan scaffolds (c). OB = old bone and NB = new 

bone. Note the partial bridging of new bone in the copper-loaded chitosan test group 

indicated by the arrows. Scale bar, 50 μm. 
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CHAPTER VII 

CONCLUSIONS AND FUTURE WORK 

 

Introduction of growth factors into clinical practice has improved the prognosis of 

complex clinical scenarios, but with a high degree of variability. This, in part, is due to a 

lack of a continual supply of these proteins for a prolonged period of time. One method to 

overcome this drawback is gene therapy. Gene therapy is an effective approach to 

overcome the shortcomings of protein therapy such as rapid clearance and high cost.  The 

use of non-viral vectors that are safe and efficient in transfecting target cells has very 

high potential for clinical translation in periodontal, bone and other orthopedic 

applications. The major limitation of non-viral gene delivery is its lower transfection 

efficiency, which when addressed will have a wide array of applications in dental and 

craniofacial fields. The purpose of our study was to develop and test a non-viral gene 

delivery system for bone regeneration that utilizes collagen scaffold to deliver PEI-pDNA 

(encoding platelet derived growth factor (PDGF-B) complexes. Cationic complexes 

incorporating pDNAs encoding the LUC, EGFP-N1 or PDGF-B proteins were 

successfully prepared. Two different non-viral vectors, PEI and calcium phosphate, were 

evaluated as gene delivery vectors. It was found that PEI is a more effective vector for 

delivering genes of interest to pre-osteoblastic HEPM cells than calcium phosphate. In 

order to achieve efficient transfections, the cell-complex incubation time, amount of PEI 

in complexes, size and surface charge of the complexes were found to be very crucial 

parameters. In vitro experiments demonstrated that PEI-pDNA complexes prepared at a 

N/P ratio of 10 were able to transfect LUC, EGFP-N1 and PDGF-B genes efficiently into 

HEPM cells with relatively lower cytotoxicity than complexes prepared at other N/P 

ratios.  
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In the second study, the in vivo transfection efficacy of PEI-pDNA complexes 

prepared at a N/P ratio of 10 for the purpose of bone regeneration was explored. BMSCs 

were efficiently transfected with a variety of reporter or therapeutic genes when using 

PEI-pDNA complexes prepared at an optimal N/P ratio of 10. These PEI-pDNA 

complexes were stable and nanometer-sized, with a net positive surface charge. The PEI-

pPDGF-B complex-activated collagen scaffolds favored cellular attachment and 

promoted cellular proliferation in vitro. The complex-loaded scaffolds promoted 

osteogenesis and demonstrated superior tissue regeneration efficacy in calvarial defects in 

rats when compared to the empty defect and empty scaffold groups. This system 

efficaciously delivered pDNA into the cells without any apparent adverse effects. Gene 

activated matrices encoding for PDGF-B protein were shown to have a strong potential 

for clinical applications that require enhanced bone regeneration. 

This study was then followed up with combinatorial in vivo non-viral gene 

delivery of growth factors with the aim of enhancing bone regeneration due to synergistic 

effect. Herein, we showed that the non-viral gene delivery system was able to 

successfully transfect PDGF-B and VEGF genes into BMSCs as detected by the ELISA 

assay. However, the bone regeneration efficacy was superior when the calvarial defects 

were treated with PEI-pPDGF-B complexes alone, than those treated with PEI-(pPDGF-

B + pVEGF) complexes. This study gains new insights into the possibility of developing 

combinatorial non-viral gene delivery system for bone regeneration and highlights the 

probable importance of temporal delivery of specific growth factors at specific time 

points in the healing process.  
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Another interesting result was the promotion of osseous defect healing in calvarial 

defects in rats implanted with the copper-loaded chitosan scaffolds. This study 

demonstrated the feasibility and capability of copper-loaded chitosan scaffolds in 

enhancing the bone repair and regeneration process. 

 The long term goal of this project is to develop a safe and efficient non-viral gene 

delivery system that may be utilized for several biomedical applications including hard 

bone formation and soft tissue engineering. Our further studies are proposed to build on 

the knowledge derived so far. We need to investigate the effect of sequential delivery of 

plasmid DNA encoding the two growth factors, PDGF-B and VEGF, on bone 

regeneration. The copper-loaded chitosan scaffolds, either in combination with tissue 

inductive/conductive growth factors or with genes encoding these factors need to be 

studied for their bone regenerative capacity. Copper-chitosan scaffolds incorporating the 

PDGF-B gene should be developed and evaluated in vivo as a comparison to the collagen 

scaffolds. An ongoing study utilizes chemically modified messenger RNA (mRNA) as an 

attractive and promising alternative to plasmid DNA-based gene therapy for tissue 

regeneration.  
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