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Chapter 1:  Introduction 
  

Bone augmentation is often required prior to, or associated with, implant 

placement in the oral cavity.  With the limitations of many existing technologies, a 

biologically compatible synthetic bone grafting substitute that provides space-

making functionality while acting as a drug delivery vehicle for bioactive agents 

could provide an alternative to ‘gold standard’ techniques.  To begin, Chapter 2 

discusses the background of oral and maxillofacial bone augmentation, and 

conditions that would merit such an operation, such as the most common and 

destructive inflammatory disease of humans: periodontal disease.  The section 

discusses in further detail the current standard practices involved for treatment 

and bone regeneration.  Next, the discussion describes current advancements in 

bone graft substitutes, and the use of controlled local drug delivery for better 

treatment.  The chapter finishes by describing the three major specific aims of 

the research being presented in this dissertation.     

 The primary goal of this work was to develop a suitable synthetic bone 

grafting substitute that could be considered a promising alternative to the ‘gold 

standard’ use of autologous bone tissue.  Chapter 3 illustrates the process of 

development and characterization of a calcium sulfate (CS) / hydrogel composite 

scaffold.  The physical and chemical characteristics were investigated to 

determine if the introduction of poly(β-amino ester) hydrogel (PBAE) particles, 

intended for use as a drug delivery vehicle, would have an effect on the overall 

scaffold when embedded into CS.  Degradation, compressive strength, and 

morphology were examined.  This first segment finishes with a small pilot release 

study to demonstrate the controlled drug delivery potential of these CS 

composite implants. 

 To expand on the characterization of CS/PBAE composite implants 

presented in Chapter 3, the drug delivery potential was further investigated in 

Chapter 4.  The concept for this chapter was to show that the composites were 

capable of sustaining the release of a broad range of osteogenic drug types and 

sizes (i.e. larger proteins vs. smaller molecule drugs).  The rationale behind this 
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idea was to be able to tailor the device, whether a larger bone growth factor like 

bone morphogenetic protein or a small molecule such as simvastatin were to be 

needed.  Various loading methods were utilized (i.e. direct loading into CS or 

loaded within PBAE particles embedded into CS) to investigate what method 

would allow for sustained or controlled release of the drug.  Because directly 

loading drug into CS may have an impact on the structure of the composite, 

mechanical and degradation testing was also conducted. 

 Chapter 5 presents the development of a bilayered device capable of 

releasing multiple drugs sequentially.  Due to the fact that bone regeneration is 

slowed in the presence of bacteria following advanced periodontal disease or in 

any infected bony defect, the release of an antimicrobial followed by an 

osteogenic drug could allow for a more streamlined treatment.  This section 

starts out describing the similar testing methods performed in Chapter 3 to fully 

characterize the physical and chemical attributes of the bilayered composites as 

well as any effects of shell loaded poly(lactic-co-glycolic acid) (PLGA) particles.  

Next, the release of simvastatin was conducted with the drug loaded into the 

shell, the core, or both layers of the CS constructs.  To allow for further tuning of 

the implants, the shell to core volume ratio was altered to demonstrate how the 

release of simvastatin could be further delayed or prolonged from a given layer 

during dissolution.  The study concludes by investigating the sequential release 

of simvastatin directly loaded into calcium sulfate and metronidazole loaded 

PLGA particles embedded into the CS shell of the composite.   

 The development of CS-based composites with controlled release of 

bioactive molecules has the potential to greatly enhance the ability of these 

implants to become more effective bone graft substitutes.  The introduction of a 

layered geometry may further allow for bone graft substitutes to be optimized in 

order to help streamline the multiple steps needed to regenerate tissues, thus 

becoming a suitable competitor or even an alternative for the use of autografts. 

 

 

Copyright © Bryan Richard Orellana 2014  
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Chapter 2:  Background and Significance 
 

2.1. Oral and Maxillofacial Bone Augmentation 

Bone augmentation, commonly employed for craniomaxillofacial 

applications, is the build-up of new bone on an already compromised bony 

surface using a grafting material to restore proper function, aesthetics, or even 

provide a stable platform for the insertion of a prosthetic.  Currently around the 

world there is an increasingly high demand for functional bone grafts [1, 2].  Each 

year roughly 2.2 million bone graft procedures are performed worldwide with 

about half a million patients receiving bone defect repairs in the United States [1, 

3].  For dental rehabilitation of partially or totally edentulous patients, treatment 

with oral implants has become common practice in the last decades, with reliable 

long-term results [4].  However, unfavorable local conditions of the alveolar ridge, 

due to atrophy, periodontal disease and trauma, may provide insufficient bone 

volume which may render implant placement impossible or unstable from a 

functional and esthetic viewpoint [4-6].  Many different techniques have been 

considered for augmentation; osteoconduction through the use of a grafting 

material, osteoinduction through the aid of growth factors, bone distraction, or 

guided bone regeneration (GBR) where barrier membranes maintain space for 

which bone to regenerate [4, 7].  All of which have resulted in comparable long-

term implant survival [7].    

 
2.2. Periodontal Disease 

Periodontitis is one of the most common and destructive inflammatory 

diseases of humans, and is a leading cause of tooth mortality in adults [8, 9].  

This disease is a complex inflammatory infection affecting numerous tissue 

types, soft and/or hard, within the oral cavity, and is caused by a buildup of 

bacteria.  This buildup is usually due to the lack of proper personal oral hygiene 

administered by the patient and/or the absence of routine dental checkups.  In 

other words, this disease can be fairly easily avoided, but has the ability to form 

aggressively.  If left untreated the bacteria can form pockets of infection just 
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below the gum line allowing it to progress causing an innate immune response 

leading to localized inflammation [10].  This inflammatory condition can lead to a 

progressive destruction of periodontal tissues, namely alveolar bone, periodontal 

ligament, and root cementum [11, 12].   

There are many different pathogens and microorganisms that play a role 

in periodontal infections, some of which may be more prevalent than others.  For 

instance, the more significant pathogens associated with periodontitis are 

Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis, and 

Bacteroides forsythus [9, 13-15].   These pathogens can be located in most areas 

of the oral cavity, but for the purpose of this research we are focusing on 

pathogens located in plaque.  According to Slots and Jorgensen, they describe 

dental plaque as a form of biofilm which is defined to be a sessile community of 

interdependent microorganisms organized within an exopolymer that is attached 

to solid surfaces [9].  If untreated, plaque will continue to build acting much like a 

dam forming a pocket where pathogens will be allowed to flourish.  This bacterial 

infection will cause a local inflammatory response.  At early stages this 

inflammation of the gums is also described as gingivitis, a very common 

infection, affecting 75% of American Adults [16].  According to David Cochran, an 

amplification of this initial localized response results in the release of an array of 

cytokines and other mediators leading to the propagation of inflammation through 

the gingival tissues [10].  If still allowed to proliferate, the chronic inflammatory 

effect will begin to break down connective tissue and ultimately alveolar bone 

[10].  Although periodontitis has been found to be reversible, the extensive loss 

of bone tissue has the potential to lead to the loss of teeth requiring extensive 

and potentially very expensive regenerative surgeries [9]. 

Progression of this magnitude will ultimately lead to the loosening or 

complete loss of teeth.  Periodontal disease is also associated with many 

different systemic effects, such as coronary artery disease, stroke, and even 

diabetes; all of which risking the increase of heart attack and/or other serious 

health problems [11, 17, 18].  The gold standard for treating periodontitis is using 

a regime of frequent professional cleanings, antibiotics to fight the bacterial 
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infection, and in severe cases, bone augmentation that usually requires multiple 

extensive surgical procedures to harvest autogenous donor tissue.   

To counter the onset of aggressive periodontitis and attempt to control or 

treat the infection, there are multiple steps that need to be considered. Some of 

these steps involve improved oral hygiene habits, removal of all bacterial plaque, 

and eventually treatment with regenerative medicine [8].  The goal of periodontal 

therapy is to rid the site of bacteria and reduce the inflammatory response by 

halting cytokines that are integral to the propagation of inflammation resulting in 

bone resorption, thus stopping the loss of bone and thereby preserving the 

natural dentition [10, 12].  Depending on the severity of the infection, there are 

many current but different options that are available.  Primarily dentists first rely 

on extensive debridement, such as scaling and root planning [9].  However, in a 

previous study described by Slots et al where nail polish was scaled from 

extracted teeth, it was shown that the investigator could not fully remove all 

plaque and bacteria adhered on a tooth’s surface [9].  This study demonstrates 

the unpredictable outcome of this basic procedure and exemplifies the need for 

further measures to fully fight periodontal bacterial infection.  Some of these 

other measures include the introduction of antibiotics, and even regenerative 

treatments using barrier membranes, autografts, demineralized freeze-dried 

bone allografts, bovine xenografts, and even combinations of membranes and 

fillers [11].  

 
2.3. Alveolar Bone Regeneration 

Currently the desire to create more biological alternatives to the 

permanent implantation of static synthetic materials for the management of 

periodontal defects has inspired the field of periodontal tissue engineering and 

regenerative medicine [8].  There is continuous research being performed to test 

existing regenerative technologies, both in human clinical trials as well as 

extensive animal studies to test modifications of existing devices.  Many human 

studies look at the effects of the disease itself using clinically approved 

technologies.  Martin et al. looked at and reported tooth loss during periodontal 
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treatment where patients were categorized at the inception of treatment by 

disease severity and risk level [12]. They concluded that categorizing a patient by 

severity may be beneficial in the management of the periodontal patient, and 

could give dentists guidelines for the proper treatment from a case by case basis 

[12].   

Augmentation procedures to allow for regeneration of alveolar bone are 

extensively tested trying to find the most suitable technology to use for one to 

make it easier to perform and ultimately beneficial for the patient’s well-being and 

recovery.  A human clinical study by Chiapasco et al. demonstrated how various 

augmentation procedures can all have similar outcomes [4].   In this particular 

study they looked at guided bone regeneration (GBR), onlay bone grafts, inlay 

grafts, bone splitting for ridge expansion, distraction osteogenesis, and 

revascularized flaps, all of which produced promising results; some slightly better 

than the other [4].  In another case study, the combination of natural bone 

mineral and guided tissue regeneration was investigated in eight patients with 

chronic advanced periodontitis displaying intrabony defects [19].  Windisch and 

his colleagues were able to conclude that the use of a guided tissue regenerative 

membrane covering a defect filled with natural bone mineral may be suitable for 

augmenting alveolar bone [19].  Again, many of these procedures require the use 

of donor tissue; whether it was retrieved from the host or alternative sites, there 

is still the requirement of a second surgery to harvest this tissue.  Since many 

alternative regeneration practices appear to have the same effect as donor 

tissue, the properties may even be further altered to allow for drug release and 

ultimately a much more rapid and healthy recovery.  The concept of this project 

investigates both of these scenarios.    

 
2.4. Current Approaches 

There are many different bone grafts and substitutes that could be used 

for bone augmentation.   Consideration in selecting a particular device includes 

characteristic capabilities, availability, patient morbidity, immunogenicity, 

potential disease transmission, and cost variability [20].  In addition the selected 
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bone graft would ideally be osteogenic, osteoinductive, osteoconductive, provide 

structural integrity, and have the ability to be osteointegrated to the host bone 

[20-22].  

 
2.4.1. Autografts 

Harvesting of autologous bone grafts from the patient tissue has been 

considered the ‘gold standard’ for augmentation procedures for alveolar ridge 

recovery [3, 20, 23, 24]. These bone grafts can be one of three different types; 

trabecular, corticotrabecular, or cortical [25]. Trabecular or cancellous bone 

tissue has been the most effective.  Autologous bone is composed of organic and 

inorganic structures [25].  The organic component, which is mostly comprised of 

collagen, provides resilience, toughness, and also continuity [25].  The inorganic 

portion contributes to the stiffness, hardness, and the rigidity [25].  This 

component is primarily a mineral known as hydroxyapatite (HA).  Within the 

inorganic mineral matrix osteocytes, osteoclasts, osteoblasts, and osteogenic 

signaling proteins and other mesenchymal tissues are found.  During 

transplantation very few of the mature osteoblasts within the graft survive, 

however, osteogenic potential remains due to a sufficient number of precursor 

cells [22]. 

Bone can be harvested from a number of locations, such as the iliac crest, 

ribs, or even from intraoral sites [20, 23].  For oral reconstruction, bone will 

usually be harvested from within the oral cavity.  Depending on the volume of 

bone needed for a given procedure, tissue can be removed from the maxillary 

tuberosity, ramus and symphysis on the mandible, or even debris from an 

implant osteotomy preparation. 

Along with the many benefits of using autologous bone, there are many 

disadvantages.  Because the tissue is taken from the patient a second surgery 

site is required, lengthening the overall surgical procedure.    Additionally, there is 

a limited volume of bone that can be harvested.  There are also many potential 

side effects when harvesting tissue.  Patients can experience donor site 

morbidity caused by a number of factors like blood loss, wound complications, 
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chronic pain, infection, local sensory loss, and may even lead to cosmetic defects 

[20, 24, 26]. 

 
2.4.2. Allografts 
 Recently, allografts have become the most frequently chosen substitute 

accounting for about a third of the bone grafts used in the United States, annually 

[3, 24].  Allograft tissue is harvested tissue taken from other individuals of the 

same species; often cadaveric bone.  This eliminates the need for a secondary 

surgical site which greatly reduces surgical time, blood loss, and amount of 

anesthesia required during the procedure [25].  It also leads to fewer 

complications like donor site morbidity in the patient.  By using cadaveric bone 

grafts, there is a much higher availability allowing for the tissues to be stored and 

distributed through tissue banks [24].  Allografts have the same characteristics as 

autografts, however they lack any osteogenic cells due to processing [22].  

These scaffolds come in three different forms; frozen, freeze-dried or lyophilized, 

and demineralized freeze-dried bone (DFDB).   Processing of the grafts once 

they have been harvested lowers the risk of disease transmission, such as 

hepatitis B & C, degenerative bone diseases, and STD’s [3].  In addition, 

processing of the tissue can greatly reduce the biological and mechanical 

properties which could lead to post-operative complications including fracturing, 

non-union of the graft, and although the risk has been reduced, host immune 

response [20, 22, 24]. 

 
2.4.3. Xenografts 

 Similar to allografts, xenografts are also tissues that are harvested from 

another source.  However, these particular grafts are obtained from different 

species [27].  Common tissue sources are bovine bone mineral and porous HA 

from coral skeletons [27].  BioOss® (Geistlich AG, Wolhusen, Switzerland) is 

considered one of the most commonly used bone graft substitute in dentistry [3].  

Upon processing to remove all organic material, what remains is a porous HA 

chip material having good mechanical properties and a structure similar to 
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human bone, however, shows very little solubility [3, 6, 28].  Coralline HA derived 

from marine coral has a highly porous and regular skeleton structurally 

resembling trabecular bone [20].  Most coralline HA is treated with ammonium 

phosphate and sterilized [20].  This process converts the calcium carbonate 

skeleton to crystalline HA which can be found as granule or block form [20].   

 
2.4.4. Alloplasts 

 Alloplastic bone grafts are becoming increasingly popular, however, no 

perfect substitute yet exists that possess the ideal qualities of an autograft [20].  

These types of bone grafts can be either synthetic or deorganified biocompatible 

materials having a verity of shapes, sizes, and/or textures [25].  Primarily 

ceramics, alloplasts can be either bioinert of bioactive [25].  Bioinert ceramic 

grafts comprise of aluminum oxides and titanium oxides.  These materials do not 

bond well to host tissue, therefore they are commonly used as endosteal 

implants, which can serve as oral abutments for dentures, or orthodontic 

appliances, and also used for bone fracture fixation [25].  Bioactive ceramics like 

hydroxyapatite (HA), tricalcium phosphate (TCP), and calcium sulfate (CS) are 

common bone substitutes [22, 25, 29].  Similar to bone, bioactive ceramics have 

been shown to have good compressive strength, however, alone they are brittle 

and have poor tensile strength [20, 25, 29].  When implanted, the ceramics 

undergo osteoconduction, although the biological response may differ from one 

implanted bone substitute to another due to differences in resorptive properties 

[25].    

 

2.4.4.1. Hydroxyapatite and Tri-Calcium Phosphates 

 Hydroxyapatite is the principal mineral component of bone and very 

osteoconductive and osteointegrative [20, 22, 25].  It has been used is posterior 

lumbar fusions, coatings on implants, and external fixator pins to assist in tissue-

implant interface [20].  HA has been shown to have a slow rate of resorption in 

vivo [20, 26].   
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Tri-Calcium Phosphate (TCP) is structurally similar to HA as well as the 

mineral phase of bone [20].  When implanted, TCP acts as a bioactive 

osteoconductive scaffold and integrates well with host tissue [20, 22].   Similar to 

HA and other phosphates, TCP has been shown to have good resistant to 

compressive loads, but brittle and weak under tension and shear [22, 30].  Both 

HA and TCP substitutes are available in paste, putty-like, solid matrix, or granule 

form [20].   

 

2.4.4.2. Calcium Sulfate 
Calcium sulfate (CS) has long been recognized as an osteoconductive 

and an osteointegrative biomaterial with an excellent reputation as a 

biocompatible substance [31-36]. In fact, it was one of the first bone substitutes 

used in orthopedics and dentistry [35]. It has been called upon for a variety of 

applications, such as long bone defects including osseous cavities related to 

tumors and cysts, and has been successfully used for craniofacial applications 

such as periodontal defects, alveolar bone loss recovery, and maxillary sinus 

augmentation [28, 37]. CS has similar mechanical strength to that of cancellous 

bone [38]. In vivo, CS is well tolerated, having the unique ability to become 

osteogenic in the presence of bone and completely absorbed by the host without 

inducing a significant inflammatory response [31, 33-35].  Characteristics of CS 

have been developed to closely match the rate of resorption by dissolution with 

the rate of new bone integration [36].  The rapid dissolution of CS leaves behind 

a calcium phosphate scaffold which helps promote osteogenic activity allowing 

for induce bone formation after two weeks in dogs and completely resorption 

after about one month [28, 39].   

 
2.4.5. Hybrid Bone Scaffolds 

 Hybrid scaffolds have been given much attention because these 3-

dimensional bone bioactive scaffolds can be fabricated from a variety of 

biomaterials such as bio-ceramics like the ones mentioned above and 

biodegradable polymers, natural or synthetic [40].  A number of synthetic and 

10 
 



natural polymers, as well as ceramics have been developed as bone tissue 

engineered biomaterials [1].  Because ceramics are very brittle and polymers 

have a weaker compressive modulus compared to native bone, combinations 

represent a promising alternative through the optimization of their physical and 

chemical properties to better mimic the tissue being replaced [40].  Many groups 

have developed different hybrid scaffolds; many of which have come with great 

success.  Cao et al. developed a polyglycolic acid and beta-tricalcium phosphate 

scaffold [41].  They were successful in showing the scaffold had degradation 

rates similar to the osteogenic rate and was completely replaced by new growing 

bone.  A hybrid system comprised of polycaprolactone and beta-tricalcium 

phosphate developed by Lu et al. demonstrated the tailorable physical properties 

of these types of scaffolds through mechanical stability throughout 

biodegradation [42].  In addition to the ability to produce composite formulations 

by utilizing advantageous properties of multiple materials, these biomaterials 

could be further enhanced by integrating biomolecules that would allow for the 

scaffold to be more osteoinductive [40]. 

 

2.5. Enhanced Bone Graft Substitutes: Bioactive Molecules 

Many groups are developing synthetic grafting substitutes to be suitable 

alternatives to the current standard use of autografts.  In doing so, several 

performance criteria must be met.  The synthetic bone graft substitute need to be 

biocompatible, osteoconductive, osteointegrative to help create a secure bond 

with the surrounding host tissue, and mechanically stable to ensure maintenance 

of surgical site being augmented.  Many currently used alloplasts, such as HA, 

TCP and CS, have demonstrated their ability to fulfill these criteria [41, 43, 44].   

However, for a synthetic material to be considered a suitable replacement for 

autografts, the grafting material also needs to be osteoinductive, and osteogenic.  

Synthetic bone graft substitutes may be further improved using bioactive agents 

like growth factors or other drugs capable of inducing new bone formation [45].  

Studies have shown enhancement of synthetic bone grafts through the release of 

bioactive molecules [45-47]. There are many growth factors that have been 
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studied for their potential use for bone regeneration.  Growth factors can act as 

mitogens in that they enhance proliferation of certain cell types [48].  In addition, 

some of these factors can be considered morphogenetic because of their ability 

to change the phenotype of their target cells [48].  First introduced by Dr. Marshal 

Urist in the 1960’s, bone morphogenetic proteins (BMP) have been extensively 

studied for their possibility of replacing the need for autografts with an 

engineered synthetic material capable of delivering these proteins [49].  The 

bone morphogenetic protein family consists of BMP-2 through BMP-8, which are 

dimeric molecules belonging to the transforming growth factor-β (TGFβ) 

supergene family [48-50].  The TGF-β family is named for its ability to transform 

fibroblastic cells in monolayer culture and to stimulate colony formation [14].   

BMPs are directly involved in the differentiation of cartilage and bone by 

controlling tissue induction and morphogenesis [49-51].  The most effective 

BMPs in terms of osteogenesis are BMP-2, BMP-4, and BMP-7 [48].  Introducing 

growth factors into grafting devices can induce rapid new bone formation, 

allowing for a reduction in healing time to achieve sufficient new bone volume for 

proper anchoring of an inserted implant [47, 52].  Other growth factors have been 

commonly considered due to their influence in skeletal regeneration and 

maintenance [48].  Insulin-like growth factor (IGF) plays an important role in 

general growth and maintenance of the skeleton, and has long been considered 

a circulating mediator of growth hormone (GH) [48].   There are two different 

isoforms, IGF-1 and IGF-2.  IGF-1 has been known to be exclusively used in 

reconstructive surgery [48]. Vascular endothelial growth factor (VEGF) is another 

increasingly important growth factor and is considered one of the key regulators 

of angiogenesis during bone formation [53, 54].  Not only is the induction of new 

bone important, but equally important is the regeneration of the vasculature to 

allow for a fresh supply of nutrients to the site of tissue regeneration.  Kempen et 

al. demonstrated the sequential release of VEGF along with BMP-2 promoted a 

significant increase in ectopic bone formation compared to BMP-2 alone [54]. 

A promising alternative to the use of growth factors is the use of smaller 

molecule drugs such as statins.  Statins are commonly known as an inhibitor of 
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delivery apparatus for bioactive agents [68].  PLGA undergoes degradation by 

hydrolysis or biodegradation through cleavIsobe et al. developed and tested a 

PLGA capsule containing BMP [69].  Their controlled release system was shown 

to have gone through complete digestion followed by newly regenerated bone 

after 3 weeks [69].  PLGA has also been shown to be a good drug delivery 

vehicle in the form of microspheres embedded into a ceramic matrix.  Yang et al. 

developed tri-calcium phosphate composites containing PLGA microspheres for 

the delivery of dexamethasone and bovine serum albumin [70].  The intended 

use of this device was to work not just as a scaffold, but also capable of 

controlled local delivery of drugs or bioactive agents to accelerate bone 

regeneration at the defect site [70].   

Hydrogels provide specific advantages for the delivery of growth factors 

due to their high water content, biocompatibility, and controlled degradation [62].  

There are many promising hydrogels that are capable of delivering bioactive 

agents [62, 65, 71].  Gelatin have been used widely in preparation of enzyme-

degradable protein hydrogels [65].  It is a natural polymer derived from collagen 

(Young).  These gels are commonly used for pharmaceutical and medical 

applications because of the biodegradability and biocompatibility (Young).  A 

controlled release platform using BMP-2 loaded gelatin hydrogel developed by 

Sawada’s group demonstrated significant bone regeneration [72].  The gel was 

capable of controlling the delivery of protein resulting in a greater volume of bone 

formation compared to their controls (Swada).  Poly(ethylene glycol) (PEG) 

hydrogels have also been shown to be beneficial as a material for tissue 

regeneration whether it be used as a drug delivery apparatus or a scaffold for 

osteoblasts [62, 73].  A unique family of biodegradable hydrogels, poly(β-amino 

esters) (PBAE), developed by Anderson et al  has also been proposed for use in 

tissue regenerative applications [74, 75]. These gels can have a wide range of 

physical/chemical properties based on their macromer formulations [66, 74].  

Several groups have investigated PBAE’s potential as carrier materials for 

controlled delivery of bioactive agents [66, 76-80]. 
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Figure 5.2.  Cumulative release of metronidazole from 150-250 μm PLGA 

particles. Data are mean ± standard deviation (n=3). 
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Figure 5.3. Representative microCT images of CS/PLGA composites: raw X-ray 

slices and cross-sections of 3D reconstructions. Closed arrows mark bubbles, 

and open arrows with circles indicate PLGA particles. Scale bars denote 1 mm.    
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5.3.5. Drug Release from Bilayered Composites 

5.3.5.1. Simvastatin Release 
To demonstrate temporally controlled release of simvastatin using 

bilayered composites, several experiments were conducted using different shell 

to core volume ratios.  Figure 5.7A shows the cumulative release of simvastatin 

from composites that had an 85:15 shell to core volume ratio.  The sustained 

release of drug from samples with simvastatin loaded into both shell and core 

(SSSC), 0.055 mg/d, was significantly faster (p<0.001) than for SSBC (0.043 

mg/d) and SSBC+BSSC (0.046 mg/d).  Minimal drug loaded into the core only 

(BSSC) was released during the first 24 d.  From that point until the samples 

dissolved, however, release of simvastatin from CS cores increased to 18 μg/d, 

whereas release from SSBC samples was finished.  The total amount of 

simvastatin released from BSSC (shell) and SSBC (core) samples was 

0.24±0.05 mg and 1.19±0.01 mg, respectively.  The rate of release from BSSC 

was significantly slower than that for both SSSC (p<0.05) and SSBC+BSSC 

(p<0.01).  

Figure 5.7B shows the results for simvastatin released from composites 

consisting of 70% shell volume and 30% core volume.  Over the first 20 d, the 

drug release rate from SSBC (0.046 mg/d) was significantly faster (p<0.01) 

compared to 0.041 mg/d for SSSC.  Little to no drug was released from BSSC 

samples during the first 20 d, followed by an upward shift to a rate of 0.022 mg/d, 

which was significantly slower than the rates for both SSSC and SSBC+BSSC 

(p<0.01).  For BSSC samples, 0.32±0.03 mg of drug was released.  After 20 

days of simvastatin release from SSBC samples, the shells had completely 

dissolved and released 1.30±0.07 mg of simvastatin.  

The results for release of simvastatin from composites with a 50:50 shell 

to core volume ratio are depicted in Figure 5.7C.  For the first 16 d of the 

experiment, the rate of release from SSBC composites, 0.095 mg/d, was 

significantly slower (p<0.05) than that for SSSC (0.13 mg/d) and SSBC+BSSC 

(0.12 mg/d).  During the same period, a small amount of drug was released from 

BSSC at a slow rate of 0.025 mg/d.  After 16 d and until the composites 
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C.  
Figure 5.7.  Cumulative release of simvastatin from bilayered samples having 

different shell to core volume ratios: (A) 85:15; (B) 75:25; and (C) 50:50.  Data 

are mean ± standard deviation (n=5). 

89 
 



 

Figure 5.8.  Cumulative release of simvastatin from bilayered samples incubated 

below sink conditions.  The samples tested had a 50:50 shell to core volume 

ratio.  Data are mean ± standard deviation (n=5). 
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5.3.5.2. Multiple Drug Release 
Figure 5.9 shows results for release of metronidazole from PLGA particles 

embedded in CS shells as well as the release of simvastatin directly loaded in 

the shell or core of bilayered composites.  The samples used for this experiment 

had a 50:50 shell to core volume ratio.  Based on this ratio and the dissolution 

results presented in Figure 5.5, the shell and core portions of the composites 

were predicted to dissolve completely in 14-16 d of the 28-32 d dissolution period 

for the complete composite.  For composites with 1 wt% PLGA particles 

embedded in CS, a large amount of metronidazole (65%) was initially released 

from the shells during the first 4 d at a rate of 16.3%/d (Figure 5.9A).  After the 

initial burst of metronidazole, the release of drug slowed to a rate of 4.0%/d and 

continued to slowly decay to zero until the shells completely dissolved.  

Composites with 10 wt% PLGA particles showed a similar burst of metronidazole 

during the first 4 d, with as much as 55% of the total drug released (Figure 5.9B).  

The rate of release of metronidazole decayed from 13.7%/d through the first 4 d, 

to 6.7%/d from days 4-8, and finally down to 0% by d 12 of the release.  The 

results in Figure 5.9 were normalized based on the amount of drug loaded into 

the respective layer rather than the complete composite.  This allowed for direct 

comparison of the temporal release observed between metronidazole and 

simvastatin.  When simvastatin was loaded into only the shell for 1 wt% and 10 

wt% PLGA composites, metronidazole was initially released at a higher rate than 

simvastatin (2-6.3%/d).  Because of the slow initial rate of simvastatin release, a 

short lag in the release profile developed, creating separation from the 

metronidazole profile and allowing for simvastatin to be released for up to 8 d 

longer.  When the drugs were separated by keeping metronidazole-containing 

PLGA particles in the shell and loading simvastatin in only the core, 80-90% of 

the metronidazole was released over approximately 12 d before trace amounts of 

simvastatin were detected.  After 16 d, the shells had completely dissolved, and 

metronidazole was no longer detected.  In addition, the majority of simvastatin, 

isolated to only the core, was released starting after 12 d.  Due to the layers 
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separating the two drugs, a sequential release was observed with all 

metronidazole drug released prior to simvastatin.   
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A.  

B.  
Figure 5.9.  Cumulative release of simvastatin and metronidazole from bilayered 

composites. Normalized profiles of directly loaded simvastatin and metronidazole 

loaded into PLGA particles released from composites with (A) 1 wt% and (B) 10 

wt% PLGA particles loaded in shells.  Data are mean ± standard deviation (n=5).  
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5.4. Discussion 
5.4.1. Metronidazole-loaded PLGA Particles 

In previous studies, two types of PBAE hydrogel particles were used as 

drug delivery vehicles [113, 131].  Because bilayered CS composites are being 

developed as tunable implants with the idea of being a ‘plug and play’ system, 

PLGA was introduced to help demonstrate this versatility.  The use of different 

polymers could allow for carrier particles to be matched with different drug 

properties, such as size and solubility.  A previous study showed that loading a 

small hydrophilic drug into carrier particles prior to embedding into a CS matrix 

significantly reduced the burst release witnessed when the drug was directly 

loaded into CS [131].  Biodegradable PLGA microparticles were used in the 

present study to assist with the sustained release of metronidazole from 

bilayered composites.  Because the particles were exposed to water during the 

setting phase of CS, a release study was conducted using a larger volume of 

water than present during composite formulation to monitor the potential for 

premature release of drug from PLGA.  No initial burst of drug was observed, 

indicating that the majority of the drug was contained within the PLGA 

microparticles during the formation of the composites.   

 

5.4.2. Composite Microarchitecture 
Qualitative assessment of the morphology of bilayered composites 

showed good distribution of PLGA microparticles embedded into CS shells at 1 

and 10 wt%.  The initial CS slurry was kept sufficiently fluid to prolong the 

working phase and allow for easy filling of the molds yet viscous enough to 

suspend PLGA particles during the setting phase.  This trend has been shown in 

previous research in which hydrogel particles were uniformly distributed 

throughout a CS matrix using similar powder to liquid volume ratios [113].  

Another study, showed the exposure of particles at or near the surface before 

dissolution followed the pitting of CS resulting from the release of particles from 

those locations after a short duration submerged in PBS [131].  With the aid of 

small, metallic pegs, which were removed after fabrication, preformed blank and 

94 
 



simvastatin-loaded cores were positioned in the center of the composites.  Small 

defects were observed along the shell/core boundary.  Many of these were air 

bubbles trapped as the CS set.  Larger bubbles that appeared to accumulate 

near one end of the samples along the shell/core interface were most likely 

caused by an air pocket created when the cores were pressed into CS slurry.   

 Quantitative measurements assessed the particle volume fraction of 

bilayered CS composites.  Although a significant increase in porosity was seen 

between samples containing 1 wt% and 10 wt% PLGA, the difference was not 

10-fold.  This lack of separation could be due to other defects, such as air 

pockets found along the shell/core interface.  The script used to calculate the 

porosity is limited to only distinguishing between what is solid and what is not.  

The introduction of bubbles adds error to the calculations because these 

imperfections show up as radiolucent spaces similar to PLGA particles.  

Comparing the solid and layered samples demonstrates that defects strongly 

influenced on the porosity calculations. 

 
5.4.3. Composite Dissolution 

Calcium sulfate is a dense material that dissolves via surface erosion [33, 

113].  Although the embedded PLGA particles were distributed throughout the 

CS matrix, they did not appear to be interconnected, which otherwise would have 

allowed for fluid to seep into the composite.  During erosion, closed pockets with 

PLGA particles near the surface were exposed, releasing the polymer particles 

and increasing the surface area for further dissolution.  Consequently, as the 

composites dissolved and PLGA particles were released, the surface area to 

volume ratio increased, allowing for faster dissolution of CS. Furthermore, 

because embedded PLGA particles did not change the dissolution characteristics 

of CS, the shorter lifespan when 10 wt% particles were added was related to the 

smaller overall volume of CS per sample that needed to dissolve.  These trends 

have also been witnessed in a previous study in which dissolution of CS was 

observed after hydrogel particles were uniformly distributed throughout the 

composite [113].  Thus, the presence of polymer particles, even having different 
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chemistries, affected only the duration of dissolution, depending on the amount of 

particles loaded, and not the nature of the dissolution process itself.   

  
5.4.4. Mechanical Properties of Layered CS 

To be a suitable alternative to autologous bone, the ideal synthetic 

material would have characteristics similar to those of tissue at the implantation 

site.  CS has been described as having properties being similar to cancellous or 

trabecular bone [38].  Investigating the mechanical properties of human 

trabecular bone from the mandible, Misch et al. measured an ultimate 

compressive strength of 3.9 ± 2.7 MPa and elastic modulus of 96.2 ± 40.6 MPa 

[132]. The introduction of a bilayered geometry significantly affected properties 

compared to solid CS samples, with up to a 44% and 78% reduction in the 

strength and elastic modulus, respectively.  Note, however, that the properties of 

the layered composites were comparable to those of trabecular bone.  The 

decrease in strength compared to the samples without layers could be due to the 

small air pockets along the shell/core interface acting as discontinuities within the 

composite, both at the interface parallel to the central axis of the cylinder as well 

as at the ends of the core.  These stress concentrators contributed to a 17-44% 

decrease in the overall strength of the composites.  The addition of either 1 or 10 

wt% PLGA particles to CS shells did not have an effect when compared to blank 

bilayered samples.  In previous research, as much as a 50-60% reduction in 

strength was seen following the addition of 10 wt% of gel particles to the 

monolithic CS matrix [113].  In the present study, the PLGA particles were 

isolated to only the shell of the composites.  Also, the presence of a solid blank 

core may have provided reinforcement for the composite, which may allow a 

greater range of PLGA particle loading that would provide greater control over 

the drug dose within the composites.   

 The loading of simvastatin directly into the shell, core, or both layers 

generally did not significantly affect the strength of the bilayered composites, 

even though isolated differences were observed (1-BSBC versus 1-SSSC and 

10-BSSC).   In another experiment conducted by Orellana et al., loading of 
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simvastatin directly into monolithic CS did not have a significant effect on the 

strength of the samples [131].  Another group determined that up to 10% loading 

of simvastatin into calcium phosphate samples did not significantly affect the 

compressive strength [118].  The present study had a lower loading of 

simvastatin (i.e., 2 wt%), however.  Thus, direct loading of simvastatin does not 

affect the overall strength of different materials.      

 

5.4.5. Drug Release from Bilayered Composites 
The layered geometry used for the CS samples provided a unique 

platform for achieving a customizable sequential release of therapeutic agents.  

Loading of PLGA microparticles into the CS matrix allows for further tailoring of 

drug release.   

5.4.5.1. Simvastatin Release 
The present experiments were designed to demonstrate how the release 

of simvastatin can be tailored depending on which layer the drug was loaded in, 

whether it was the shell only, core only, or both.  Furthermore, to illustrate the 

ability to adjust the duration or even the delay of drug release from either the 

shell or core, the shell to core volume ratio was altered.  However, there were 

limitations to how much the volume ratio could be adjusted.  For instance, the 

50:50 shell to core ratio was considered the maximum.  With the present 

dimensions, increasing the core volume beyond this point would create a thin 

and unstable shell.  On the other hand, if the ratio was made so the shell would 

be greater than 85% of the total volume, the local concentration of drug released 

from the core could be too low to be therapeutically relevant.   

For all of the release profiles that had simvastatin loaded in only the cores, 

there was a small amount of drug released from the start of composite 

dissolution up to when the core was completely exposed.  Because the cores 

were suspended using a small metal peg that was later removed after the 

samples were fabricated, the hole that remained may have been large enough to 

allow a noticeable, but statistically insignificant, amount of simvastatin to be 

released.   
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In addition to investigating the effects of adjusting the shell to core volume 

ratio, the volume of PBS used for the release study was reduced from 12 mL to 8 

mL.  Because of the possible diverse environments in various implantation sites, 

it is likely for the implant to encounter different fluid volumes and/or turnover 

rates that may not allow for sink conditions.  A small study demonstrated how 

release of simvastatin would change under non-sink conditions.  To conduct the 

comparison, the 50:50 volume ratio was used.  Interestingly, even with the 

reduction in the volume of PBS to 8 mL, the transition after shell depletion to core 

only erosion occurred around the halfway point, similar to the results seen under 

sink conditions.  In previous work, the effects of fluid volume on the dissolution of 

CS were investigated [113].  It was determined that the change in volume of fluid 

or even the turnover rate could have a large effect on the dissolution of CS [113].  

The duration of drug release can be greatly prolonged (doubled in the present 

study) using different fluid volumes.  McLaren et al. also observed a large 

difference in the rate of drug release from calcium sulfate pellets when the fluid 

was completely refreshed at each time point versus exchanging only a fraction of 

the fluid volume [133].  In the present study, although the rate of release slowed, 

the mechanism of drug release remained dependent on dissolution of CS.  This 

could allow for tailoring of drug loading and/or the sample geometry according to 

the physiological conditions expected at the implant site. 

5.4.5.2. Multiple Drug Release 
A multiple drug release study was conducted to investigate the release 

kinetics of bilayered composites loaded with an antimicrobial agent and an 

osteogenic agent.  Findings for samples with metronidazole in PLGA particles 

and simvastatin directly loaded into CS demonstrated sequential release.  

Polymeric particles loaded with metronidazole and embedded into the shell were 

exposed as CS experienced surface erosion, and sustained release of the drug 

occurred as the PLGA particles subsequently degraded.  Release from both 1 

and 10 wt% particles embedded into the CS shell was sustained until the shell 

portion of the bilayered composites completely dissolved.  Controlled release of 

metronidazole from PLGA microspheres after an initial burst has been described 
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as a possible treatment for periodontal disease [134].  By embedding particles 

into a CS matrix, the release of metronidazole was controlled throughout the first 

16 d of the present study.  In addition, previous research has demonstrated that 

drug-loaded hydrogel particles uniformly distributed throughout a CS matrix 

allowed for a controlled release of drug, which only occurred due to the 

breakdown of particles exposed at the surface of the dissolving composite [113, 

131].   

With the intended use of these composites as a grafting substitute for 

alveolar bone augmentation, the oral cavity presents challenges for proper tissue 

regeneration due to the environment being rich with bacteria that can colonize 

natural and synthetic substrates.  Thomas and Puleo described the implications 

of infection and inflammation in periodontal disease and tissue regeneration 

[135]. Currently, the standard treatment for infected periodontal defects has 

antimicrobial agents being administered, either systemically or locally, prior to 

implantation of grafting material, which only delays the overall recovery of lost 

tissue [14, 119, 123].  Administration of antimicrobial agents allows for better 

bone formation.  Chen et al. investigated the effects of two different growth 

factors in a chronically infected bony defect in rat femurs [136].  Although some 

healing occurred in the infected sites, the extent of bone formation was greater 

with the systemic administration of antibiotics [136]. To further enhance the 

process of fighting infection and then regenerating lost tissue, release of an anti-

bacterial agent from the graft starting at the time of implantation may prove 

beneficial to help reduce the overall healing time.   

Many studies have investigated dual purpose implantable scaffolds, but 

none have employed a concentric cylindrical CS system as described in the 

present studies.  Reis et al. developed drug-free, bilayered membranes 

comprising a continuous outer layer of PLGA with a porous calcium phosphate 

inner layer for the regeneration of lost periodontal tissue [137]. For infected sites, 

Nguyen et al. developed a co-culture model using methicillin-sensitive 

Staphylococcus aureus and mouse bone marrow stromal cells to investigate the 

dual effects of an antibiotic, vancomycin, along with bone morphogenetic protein-
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2 (BMP-2) [119].  Separately, the two agents were not effective, but when 

delivered together, the needed concentration of vancomycin was significantly 

reduced, suggesting that lower, non-toxic doses could be used [119].  An in vivo 

study in which vancomycin and BMP-2 were delivered simultaneously from a 

biodegradable polyurethane scaffold demonstrated that bone formation could be 

regenerated within an infected defect [138].  However, these systems release the 

drugs simultaneously.  Considering the intent for the current device to help 

streamline the existing treatment process, it was encouraging to see 

metronidazole released before simvastatin, even when loaded into the shell 

together.  The difference in the release kinetics can be explained primarily by the 

way the two drugs were loaded.  Previous work has shown that release of drug 

from polymer particles embedded into a CS matrix had a rapid, initial burst 

followed by decay in the rate of release [113, 131].  The lower rate is attributed to 

the decrease in surface area as CS degrades, leading to a smaller volume of 

particles exposed at the surface over time [113, 131].  Simvastatin, on the other 

hand, is directly mixed with CS during sample formation, and due to the 

hydrophobic nature of the drug, it does not become segregated to the surface 

during the setting of CS.  The release of simvastatin is, therefore, governed by 

the surface erosion characteristics of CS, which were shown to be linear.  This 

allowed for a near constant rate of release of simvastatin. These differences in 

release kinetics between the two drugs and their means of loading allowed for 

enough separation for all the metronidazole to be released 4 d sooner than 

simvastatin.  When simvastatin was loaded into only the core while PLGA 

particles loaded with metronidazole remained in the shell, there was a much 

greater lapse in time for a fully separated sequential release to occur, which may 

be useful for mimicking the clinical sequence of events for treating infection and 

subsequently restoring lost or damaged tissue.       

    

5.5. Conclusion 
In the present study, novel bilayered CS composites were investigated for 

their ability to provide tailored release of therapeutic agents as well as a 
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sequential release of different drugs.  Such a system may be useful as a bone 

graft substitute for treating infected bony defects, e.g., periodontal pockets.  

Although the shell and core geometry reduced mechanical strength of the 

composites, the properties were similar to those for mandibular trabecular bone.  

This may be an important trait that could allow for these implants to better mimic 

the surrounding target tissue being treated.  Changing the shell to core volume 

ratio dictates the duration of drug release from each layer.  When metronidazole 

and simvastatin were loaded together in the shell or in separate layers, temporal 

separation of the two drugs was achieved.  Being able to tune such a system 

may help streamline the multiple steps needed to regenerate tissues more 

efficiently.   
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Chapter 6:  Summary and Conclusions 
 

Calcium sulfate based bone graft substitutes were developed not only as 

space-making implants for proper bone regeneration, but also to have the ability 

to control the release of multiple agents to aid in the healing process.  CS 

composite samples fabricated with varying amounts (1 or 10 wt%) and sizes (53-

150 or 150-250 µm) of embedded A11 PBAE gel particles was shown, using 

MicroCT, to be uniformly distributed throughout CS.  During dissolution CS 

samples degraded via surface erosion, with the amount of gel particles (i.e. 10 

wt% gel particles) having only a small but significant effect on the dissolution rate 

(4% vs. 5% per day).  Compression analysis determined that the amount, but not 

the size, of gel particles had a significant effect on the overall mechanical 

strength of the composite.  The swelling and rate of degradation of A11 PBAE 

gels alone occurred in less than 24 hours.  This turned out to be an important 

characteristic that aided in the controlled release of curcumin from A11 PBAE 

gels embedded in a CS matrix.  

The versatility of these implants to release a broad range of therapeutic 

agents was examined with the intention that drugs could be chosen for patient 

specific cases.  Whereas sustained release of directly loaded simvastatin was 

achieved, direct loading of small amounts of lysozyme resulted in highly variable 

release.  Direct loading of a larger amount of protein generated a large burst, 

65% of total loading, followed by sustained release of that protein.  Release of 

lysozyme from 1 wt% H6 PBAE particles embedded into CS was more 

controllable than when directly loaded, and for 10 wt% of protein-loaded H6 

PBAE particles, a higher burst was followed by sustained release, comparable to 

the results for the high direct loading.  Compression testing determined that 

incorporation of directly loaded drug or drug-loaded H6 PBAE particles 

weakened CS. In particular, H6 PBAE particles had a significant effect on the 

strength of the composites, with a 25% and 80% decrease in strength for 1 wt% 

and 10 wt% particle loadings, respectively.  These results were similar to those 

witnessed for the composites loaded with A11 PBAE particles.  These CS-based 
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composites demonstrated the ability to sustainably release both macromolecules 

and small molecules, supporting the potential for these implants to release a 

range of bioactive agents. 

The concept of further tailoring the drug release was examined by creating 

a bilayered system that could allow for more complex release kinetics, as well as 

the release of multiple therapeutic agents.  Bilayered composite samples having 

a shell and core geometry were fabricated with varying amounts (1 or 10 wt%) of 

metronidazole-loaded PLGA particles embedded in the shell and simvastatin 

directly loaded into either the shell, core, or both. MicroCT images showed the 

overall layered geometry as well as homogenous distribution of PLGA within the 

shells.  Dissolution studies, similar to those conducted for the composites with 

A11 PBAE, demonstrated that the amount of PLGA particles (i.e., 1 vs. 10 wt%) 

had a small but significant effect on the erosion rate (3% vs. 3.4% per day).  

Mechanical testing determined that introducing a layered geometry had a 

significant effect on the compressive strength, with an average reduction of 35%.  

Sustained release of simvastatin directly loaded into CS demonstrated that 

changing the shell to core volume ratio dictated the duration of drug release from 

each layer.   When loaded together in the shell or in separate layers, sequential 

release of metronidazole and simvastatin was achieved.  By introducing a 

tunable layered geometry capable of releasing multiple drugs, CS-based bone 

graft substitutes could be tailored in order to help streamline multiple steps 

needed to regenerate tissue in infected defects.   

 Overall, this dissertation illustrated the development of CS-based synthetic 

bone grafts that could be suitable alternatives to ‘gold standard’ approaches.  

Through controlled release of bioactive agents, CS-based implants have the 

potential to greatly enhance their effectiveness as bone grafts.  In addition, the 

introduction of a tailorable layered geometry would allow for CS-based bone graft 

substitutes to be further optimized in order to help streamline the steps during the 

healing and regenerative process of compromised bone tissue within the oral 

cavity.   

Copyright © Bryan Richard Orellana 2014  
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