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ABSTRACT 
 

Distraction osteogenesis (DO) is a prevalent surgical technique for the correction of 

congenital orthopaedic deformities and craniofacial developmental conditions. Yet, clinical 

benefits continue to be limited by a number of complications mainly as a result of the 

protracted treatment time during which the fixator has to be kept in situ until the newly-

formed bone in the distracted zone consolidates (or hardens), thus exacerbating significant 

medical, psychological and socio-economical problems on patients, their families and 

caregivers. On the other hand, protein therapy particularly with the use of potent 

osteoinductive cytokines from the TGF-β superfamily has been hailed as the most promising 

alternative to conventional bone grafts. Currently, rhBMP-2 and rhBMP-7/OP-1 have been 

approved for their “restricted” clinical use in long bone healing and spinal fusion. 

Prospective clinical trials have reported variability in results ranging from full bone bridging 

to no bone union and to optimize the therapeutical outcome, the incorporated high and 

unsafe dosages of the growth factors (mainly due to their very short half-life), timing of 

release and their application systems necessitate further development. Thus far, loading the 

protein solution into collagen sponges prior to surgical implantation has shown poor 

retention and rapid clearance of BMPs within a much shorter period than bone healing 

requires, especially in humans. Also, such carriers do not provide controlled or customizable 

release and can comprise outcome by foreign body reactions due to their nature, composition 

and incomplete degradation. Hence, biocompatible delivery systems that release the 

bioactive load locally and continuously over proper periods of time for the regeneration of 

native bone using lower and safer drug concentrations are needed.  

 

This doctoral dissertation describes the development and evaluation of a novel hybrid 

nanoparticulate rhOP-1 delivery system demonstrating characteristics suitable for enhancing 

de novo bone regeneration and accelerating consolidation in DO. The work is divided into 

two main phases: (1) Formulating biocompatible, biodegradable, monodisperse, physically-

stable and cytocompatible cationic core-shell nanoparticles with good protein encapsulation 

efficiency to provide sustained release over prolonged periods of time. The resulting 

suspension of nanoparticles also exhibited an extended shelf-life with leeway for drug 
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loading via simple rehydration immediately prior to use thus preventing degradation or loss 

of the encapsulant. (2) Evaluating the effect of a single injection of the hybrid nanoparticles 

loaded with low dosages of rhOP–1 on new bone regeneration and consolidation in a rabbit 

model of long bone distraction osteogenesis. Findings demonstrate the potential of the core-

shell nanoparticles in minimizing the therapeutic protein dosage for DO via their localized, 

release-controlled, osteogenic and naturally-biocompatible polymeric properties without 

causing any clinical side effects or pre-mature ossification that often requires repeat 

osteotomies with considerable morbidity. Furthermore, results suggested that the released 

bioactive load from the delivery system as well as any resulting effects were restricted or 

confined to the site of administration in the muscle tissue of young rats with no 

complications from any degradation by-products. Consequently, a novel, safe and promising 

injectable delivery system for the administration of exogenous growth factors is presented. 

In a clinical setting, it can be expected to shorten the treatment period of DO and improve 

the functional outcome in patients via the earlier removal of the fixator. With the continually 

increasing understanding of morphogens, future studies might exploit the therapeutic 

potential and cost-effectiveness of the hybrid nanoparticles incorporated with combinations 

of BMPs, other morphogens and/or biomolecules in pathologies and conditions  beyond  DO 

or  bone defects  and  fracture  healing. 
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RÉSUMÉ 
 

L‟ostéogenèse par distraction osseuse (OD) est une technique chirurgicale répandue pour la 

correction de difformités orthopédiques congénitales et craniofaciales. Pourtant, les 

avantages cliniques continuent d„être limités par un certain nombre de complications comme 

à la suite d‟un traitement de longue durée pendant lequel le fixateur doit être gardé in situ 

jusqu'à ce que l'os nouvellement formé dans la zone distraite se consolide; pouvant 

significativement engendrer voire aggraver certains problèmes médicaux, psychologiques et 

socio-économiques pour les patients, leur famille et le personnel médical. D‟un autre côté, la 

thérapie à base de protéine et plus particulièrement l'utilisation de puissantes cytokines de la 

superfamille TGF-β a été considérée comme l'alternative la plus prometteuse à la greffe 

conventionnelle d‟os. Actuellement, BMP-2 et BMP-7/OP-1 ont été approuvés pour leur 

utilisation clinique "restreinte" dans la longue guérison osseuse et la fusion spinale. Pourtant, 

certaines études ont rapporté une certaine variabilité dans les résultats, allant du pontage 

osseux complet jusqu'à l‟absence d‟unification osseuse. Et pour optimiser le résultat 

thérapeutique, le haut dosage incertain des facteurs de croissance (principalement dû à leur 

très courte demi-vie), le choix du temps de relargage et de leurs systèmes d'application 

requièrent des développements supplémentaires et approfondis. Jusqu'à présent, le 

chargement de protéines dans les éponges à collagène, avant l'implantation chirurgicale, a 

résulté en une pauvre rétention et une clairance rapide de BMPs durant une période plus 

brève que ce que nécessite la guérison osseuse surtout dans le cas des humains. De plus, de 

tels vecteurs ne permettent pas un relargage contrôlé ou a façon et peuvent aboutir à des 

réactions à des corps étrangers, en raison de leur nature, de leur composition et de leur 

dégradation incomplète. Donc, le développement d‟un système de délivrance qui relargue le 

chargement bioactif localement et continuellement sur des périodes de temps appropriées 

pour faciliter la régénération de l‟os natif à des concentrations plus basses et moins 

dangereuses est nécessaire. Cette thèse de doctorat décrit le développement et l'évaluation 

d'un système de délivrance hybride, combinant nanoparticules et rhOP-1, qui démontre des 

caractéristiques convenables pour l‟accélération d‟OD. Le travail présenté dans cette thèse 

est divisé en deux phases principales : (1) La formulation de nanoparticules à structure cœur-

coquille biocompatible, biodégradable, monodisperse, physiquement stable, non-toxique et 



 
5 

 

chargée positivement a été évaluée, notamment à travers l‟amélioration de l‟efficacité 

d‟encapsulation de protéines. De plus, la délivrance constante linéaire multi-étapes de 

protéines sur des périodes de temps prolongées peut être modulée. La suspension de 

nanoparticules ainsi obtenue a une durée de conservation prolongée tout en maintenant à 

façon le simple chargement de protéines. (2) L'effet d'une injection simple de ces 

nanoparticules faiblement chargées en rhOP-1 sur la régénération et la consolidation osseuse 

a été évalué avec un modèle de lapin d‟OD. Les résultats obtenus suggèrent que la structure 

cœur-coquille de ces nanoparticules injectables, grâce au contrôle de relargage localisé, ainsi 

que les propriétés biocompatible et ostéogéniques des polymères formant la coquille, 

maintient la bioactivité. Par conséquent, cela a pour effet de minimiser les doses 

thérapeutiques nécessaires de rhOP-1 en vue d‟améliorer la nouvelle régénération osseuse et 

d‟accélérer la consolidation dans une OD tibiale, sans causer ni effet indésirable clinique ni 

ossification prématurée, exigeant souvent des ostéotomies répétées à morbidité considérable. 

De plus, les résultats ont montré que la charge bioactive relarguée par le vecteur, ainsi que 

tout effet induit, ont été restreints ou confinés au site d'administration dans le tissu 

musculaire de jeunes rats, sans complication considérable par tout sous-produit de 

dégradation.  

 

Par conséquent, un vecteur hybride injectable à base de nanoparticules, à structure cœur-

coquille, prometteur a été présenté et évalué en vue de l'administration localisée et à 

relargage contrôlé de facteurs de croissance exogéniques. D‟un point de vue clinique, ce 

système pourrait raccourcir la durée de traitement d‟OD et améliorer le résultat fonctionnel 

chez les patients grâce à l‟enlèvement précoce du dispositif de fixation. De futures études 

pourraient impliquer l‟exploitation de ses propriétés thérapeutiques à moindre coût sur des 

modèles animaux avec des pathologies ou conditions autres que l‟OD ou liées à des défauts 

osseux.  
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CHAPTER 1 

General Introduction to Thesis 

 

1.1. Bone Tissue Engineering 

1.1.1. 2000-2010: The Bone and Joint Decade 

Bone is one of the tissues with the most regenerative capabilities in the human body. Yet, 

healing of bone fractures and reconstruction of large or critical-sized bone defects continue 

to present a significant challenge for orthopedists, traumatologists, craniofacial as well as 

oral and maxillofacial surgeons
 
(Einhorn 1995). To address the need for increased awareness 

and research into musculoskeletal injuries and disorders, the United Nations and the World 

Health Organization declared the years 2000-2010 as the Bone and Joint Decade (Weinstein 

2000). For example, in the United States alone, over 8 million long bone fractures are 

sustained with at least 500,000 bone grafting procedures performed annually (Bishop and 

Einhorn 2007). Although autologous cancellous bone grafts are still routinely used to heal 

bone defects due to possessing all the important qualities of osteoinduction, osteoconduction, 

osteointegration and osteogenesis, they are plagued with problems of limited supply, donor 

site morbidity including pain, infection, hematoma formation and increased costs as well as 

variability in fusion success rate. The use of processed allografts and xenografts is also 

limited due to potential rejection of foreign tissue and disease transmission as well as poor 

osteogenic capacity of the transplanted bone. In addition, free bone transfer is associated 

with donor site morbidity as well as limited quality and quantity (Finkemeier 2002). Hence, 

bone graft substitutes mainly ceramics, metals and plastics have received great interest in 

the last decades although seldom result in complete bony integration and are often toxic due 

to wear (Salgado et al. 2004). Therefore, developing alternative solutions for bone tissue 

engineering that would replace the conventional grafting procedures remains crucial (Rose 

et al. 2004); with the goal being to regenerate native bone to completely fill such defects, not 

only in terms of quantity but quality as well (Einhorn 2003; Haidar et al. 2009 a, b, c). The 

state of the field of bone tissue engineering in regenerative medicine uses growth factors 

incorporated into biomaterials, alone or in combination with precursor or stem cells, possibly 



 
17 

 

from the patient him/herself. Thus far, three new strategies for osteogenesis are currently 

undergoing vigorous investigation: the transduction of genes encoding osteogenic cytokines 

into cells at repair sites (gene therapy); the transplantation of cultured osteogenic cells 

derived from host bone marrow (stem cell therapy) and the application of biologically-active 

osteoinductive morphogens in combination with the appropriate carriers and/or other 

biomaterials at the target site (protein therapy). Gene- and stem cell therapies for bone 

healing will probably represent the next major advance however are still in their infancy 

requiring considerable resources and investigation regarding safety and efficacy in humans 

(Kimelman et al. 2007). Protein therapy (Figure 1.1) in contrast, has revealed the most 

practical promise for the near future, predominantly with the use of potent bone cytokines 

from the Transforming Growth Factor-β Family (TGF-β), despite some limitations (Li and 

Wozney 2001; Uludag et al. 2001; Nakashima and Reddi 2003; Einhorn 2003; Rose et al. 

2004;  Termaat et al. 2005;  Gautschi et al. 2007). 

 

1.1.2. Protein Therapy: BMPs – a brief historical synopsis and state-of-art overview 

Modern recombinant DNA technology has made it possible to identify several growth 

factors as displayed in Table 1.1. However, it dates back to as early as 1889 when decalcified 

bone was noticed to induce healing of bone defects (Senn 1889). Lavender (Levander 1938) 

provided the first evidence of ectopic bone formation and later on by Lacroix (Lacroix 1945) 

following injecting bone crude extracts „osteogenin‟ into muscle tissue. Yet, the pioneering 

work of Marshall R. Urist in 1965 (Urist 1965) was what marked a landmark on research in 



 
18 

 

the bone field; discovering that the active compound responsible for bone regeneration was 

thus a mix of proteins that he then named  -  Bone  Morphogenetic  Proteins  (BMPs). 

 

 

In the years that followed, Urist‟s students, Sampath and Reddi created a crude but highly 

reproducible bioassay for BMPs in ectopic bone formation (Sampath and Reddi 1981). The 

assay was based on the activity of the alkaline phosphatase enzyme and the content of 

calcium in the newly formed bone. Reddi then proposed that BMPs were responsible for the 

initiation of a cascade of developmental events; in which progenitor cells in the bone marrow 

were induced or stimulated to produce bone cells leading to bone regeneration (Reddi and 

Huggins 1972; Reddi 1987). During the 80s and 90s, BMP genes were cloned and 

recombinant proteins were shown to be biologically potent (Wozney et al. 1988). Much 

work followed with the availability of large amounts of recombinant human (rh) BMPs 

(rhBMPs) mainly in their evaluation for clinical applications such as spinal fusion, fracture 

healing and oro-dental tissue engineering (Nakashima and Reddi 2003; Seeherman and 

Wozney 2005; Bessa et al. 2008 a) as summarized in Table 1.2. Today, BMPs are considered 

peptide signaling molecules that play diverse roles in development, growth, repair and 

regeneration. There are 18 distinct BMPs, 15 of which occur in humans. In a recent review, 

Reddi further proposed naming BMPs: body morphogenetic proteins, due to their extensive 

roles as inductive signals for the development of tissues and organs beyond bone including 

the nervous system, heart, kidney, liver, gut, skin, eyes as well as teeth (Reddi 2001; Reddi 

2005). Yet, the human application of these biologically-active osteoinductive growth factors 



 
19 

 

(protein therapy) is still rather far from optimal. To obtain approximately one microgram of a 

BMP, one kilogram of human bone is required. Therefore, the need to use milligram 

quantities of either of these proteins in order to produce a therapeutic effect suggests that 

optimized clinical application of BMP has not yet been achieved. Furthermore, it is well 

established today that the clinical safety and efficacy of rhBMPs will depend critically on 

the delivery strategy and carrier used where when administered in solution; they are rapidly 

cleared, resulting in suboptimal healing (associated largely with collagen-based carriers). 

Hence, the delivery of specific rhBMPs (proper dose and concentration) at the pertinent 

duration of time efficient for bone regeneration and repair using a biocompatible, 

biodegradable and bioresorbable delivery vehicle that stabilizes and prevents the rapid 

diffusion or dispersal of the growth factor(s) and promotes localized osteogenesis at the 

defect site is consequently essential (Li and Wozney 2001;  Mont et al. 2004;  Gautschi et al. 

2007, Bessa et al. 2008 a, b).  

 

 

The ultimate goal for protein therapy today is to develop safe, proficient, predictable, 

user-friendly and cost-effective BMP delivery systems that would completely replace 

conventional bone grafting procedures. For a clinically beneficial outcome, cytokines such as 

BMPs require a localized and release-controlled delivery system to guide tissue 

regeneration and prevent the rapid dispersal of the growth factors from sites of regeneration 

and repair. The role of rhBMPs, particularly BMP-2, -6, -7 and -9 in de novo bone formation 
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and the involved signaling pathways have received great interest in the past years and are 

currently ongoing as there is still much that needs to be understood regarding the potency of 

individual BMPs, BMP combinations and their use in clinical settings. (Rosen 2006). The 

current state of knowledge is reviewed in Chapters 3, 4 and 5 of this thesis when the clinical 

application (in vivo model of bone healing and repair); distraction osteogenesis is presented 

in detail. It is introduced briefly next. 

 

1.1.3. Distraction Osteogenesis (DO)  – a bone regeneration and repair model 

DO is a prevailing surgical technique widely used for bone lengthening. It includes 

performing an osteotomy followed by gradually distracting the two bone segments resulting 

in de novo bone formation within the distracted gap as is 

displayed in Figure 1.2 (Ilizarov 1989 a, b). However, a main 

limitation is the long period of time required for the newly 

formed bone to consolidate entailing prolonged fixation with 

considerable morbidity (Paley 1990). BMP-7, also known as 

osteogenic protein-1 or OP-1 has been shown to be involved in 

cellular recruitment and in the proliferation and differentiation 

of osteoprogenitor cells into bone-forming cells, thus 

accelerating the formation of new bone in numerous preclinical 

(Cook and Rueger 1996; Ripamonti et al. 2000; Hamdy et al. 

2003) and clinical studies (Cook 1999; Friedlaender et al. 2001; 

Vaccaro et al. 2008). Nonetheless, supra-physiological and 

expensive dosages of rhOP-1 in the milligram range for 

satisfactory bone healing continue to be required. As mentioned earlier, the clinical efficacy 

of rhBMPs will almost always depend on the carrier used. The foremost limitations include 

the rapid diffusion of rhOP-1 away from the site and loss of its bioactivity, resulting in 

ectopic bone formation or suboptimal local induction and hence failure of bone regeneration. 

For example, 28.5 mg rhOP-1 with a Type I collagen carrier were evaluated in a rabbit 

model of long bone DO. The poor results reported in comparison to control animals were 

explained by the relatively large bulk of the solid carrier used therefore mechanically 
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obstructing the osteoregeneration process (Sailhan et al. 2006) in addition to the typical 

initial large burst protein release. Several materials for the delivery of rhBMP-2 and rhOP-1 

have been developed in recent years however with limited and/or restricted clinical use and 

the ideal drug delivery system is still to be developed. Consequently, developing an 

appropriate and adequate delivery system that would improve the efficacy and maintain the 

bioactivity of the incorporated rhBMP(s), other growth factors and biomolecules (and 

perhaps allow for the use of much lower, safer and less expensive dosages) would be largely 

beneficial in the overall enhancement of a procedure such as long bone DO if not in 

conditions beyond the regeneration and repair of osseous tissue. This is today an 

investigative focus of many research groups around the globe as is the motivation  behind 

the  work presented in this doctoral dissertation.   
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1.2. Thesis Outline 

The research work outlined herein aims at developing a novel biocompatible and potentially 

clinically-effective nanosized rhBMP-7/rhOP-1 delivery system in an attempt to provide a 

solution to the limitations currently hindering the practical application of protein therapy in 

bone tissue engineering, specifically in cases of bone lengthening. This project is comprised 

of two major components: in vitro and in vivo. Accordingly, the thesis was divided into VI 

main sections, as follows: general introduction; literature review; in vitro work; in vivo 

work; conclusions and future perspectives with a look into some of the ongoing works 

(uncompleted/unpublished works by the date of thesis submission) and finally an appendices 

section providing supplementary information as per McGill University thesis preparation 

guidelines. In the following chapter (Chapter 2), the rationale, hypothesis, design and 

justification for the formulated hybrid core-shell nanoparticulate delivery system and overall 

project objectives are outlined followed with a presentation of original contributions. Section 

II commences this thesis with a review of published literature that was initially undertaken 

to determine the current state of protein therapy as well as the clinical application model; 

distraction osteogenesis, to establish the criteria for developing an ideal delivery system, if 

possible. Chapters 3 through 5 present this background review in three parts. The first part 

discusses the general requirements for growth factor delivery systems emphasizing the 

distinction between carriers and delivery systems and localized and release-controlled 

delivery strategies in clinical bone tissue engineering (Chapter 3). Then, the various 

formulations of rhBMP-2 and rhBMP-7 carrier materials and delivery systems ranging from 

simple nano/microparticles to complex 3-D scaffolds, particularly with the use of natural 

polymers and their composites in sites of orthopaedic and craniofacial bone regeneration and 

repair are examined (Chapter 4). Finally, the historical development, current status and BMP 

signaling involvement during DO are highlighted to provide an understanding of the 

limitations impeding the procedure and the potential of protein therapy therein. During this 

background review, it was noted that injectable delivery systems have been gaining interest 

as a less invasive method for the repair of osseous defects, avoiding extensive/secondary 

surgery. More significantly, BMP therapy via the currently clinically-available collagen 

carriers has been shown to result in great response variability ranging from full bone 
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bridging within weeks to no bony union, mainly due to their poor BMP retention properties, 

unpredictable and uncontrolled protein release kinetics. Hence, our approach needed to 

constitute a novel biocompatible, biodegradable, stable, safe and effective drug delivery 

system with localized and release-controlled properties that is injectable as is preferable by 

surgeons to provide a malleable alternative to conventional bone grafting procedures, 

collagen sponges and possibly beyond. It is noteworthy that the first two reviews (Chapters 3 

and 4) have been submitted and accepted recently as invited articles and for that reason will 

include some of the results from the experimental manuscripts published at an earlier stage. 

The third review discussing DO (Chapter 5) is part of a more comprehensive review article 

focusing on the most recent attempts for accelerating the consolidation phase of the DO 

procedure in preclinical and clinical studies. It is undergoing writing and is scheduled to be 

submitted for peer-review in September of 2009. The in vitro component of the project is 

presented mainly in Section III and illustrates the initial challenge of incorporating a 

liposomal core in a shell of alternating self-assembled layers of natural polymers; alginate 

and chitosan to develop a non-toxic, biocompatible, biodegradable, stable and release-

controlled protein delivery system at the nanoscale. It first discusses the feasibility of 

formulating and characterizing spherical and stable core-shell nanoparticles (≤ 400 nm in 

size) with the desirable surface charge characteristics, dispersion homogeneity and release 

kinetics (using a model protein) under mild conditions in water as a proof of concept. This 

parametric study was published in and is presented in Chapter 6 with a reprint in Appendix 

C. In Chapter 7, the physico-chemical characterization and optimization of the nanoparticles 

is presented with further set of experiments following the loading of a range of rhBMP-

7/rhOP-1 concentrations in terms of encapsulation efficiency, loading capacity and release 

kinetics demonstrating the effect of the layer-by-layer electrostatically self-assembled core-

shell design on maintaining the bioavailability of the released morphogen. It provides more 

information on the stability of the nanoparticles in simulated physiological media as well as 

their potential cytocompatibility, in vitro. This manuscript was published and a reprint is 

included in Appendix C as well. Following the successful development and characterization 

of the nanoparticles in vitro, their in vivo assessment initiated. Section IV provides a 

detailed presentation of the application of unloaded and loaded nanoparticles with rhBMP-

7/rhOP-1 and findings in two animal species; rats and rabbits. In Chapter 8, the in vivo 
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biocompatibility and safety of the nanoparticles was evaluated in young normal rats upon 

intramuscular administration. This was followed by analysis of blood serum biochemistry 

and comparative histopathology for signs of toxicity and/or adverse effects. The included 

manuscript has been submitted for publication consideration in August of 2009. It also 

contains further parametric data that were not reported in the earlier in vitro works; the 

stability of the nanoparticles post-lyophilization/loading with rhOP-1 in addition to a 

microscopic (cryo-TEM) image revealing the presence of the polymeric shell around the 

liposomal core providing further evidence on its supportive role in maintaining the spherical 

morphology and integrity of the system under harsh preparatory conditions. The evaluation 

of the unloaded and rhOP-1 loaded nanoparticulate system in a rabbit model of long bone 

DO is presented next in Chapter 9 as a manuscript just accepted for publication. The 

regenerate was analyzed radiographically, histomorphometrically and 

immunohistochemically for cellular and molecular changes following the administration of 

different formulations of the nanoparticles. Section V ends this dissertation with a discussion 

of the overall conclusions to date, future perspectives and research directions for the project; 

presented in Chapter 10. A brief look into some of the other (ongoing/unpublished) 

manuscripts is included herein in order to shed light on part of the proposed project outlook. 

In a wild-type mouse DO model, two studies were planned and executed principally under 

the objective of enhancing and accelerating the consolidation phase in DO. Primarily, the 

aim was to develop a rhBMP-7/rhOP-1 dose-response curve as this was not done before in 

mice undergoing tibial bone lengthening (Chapter 10.4.2). Then, the rhBMP-7/rhOP-1 

loaded delivery system was re-evaluated in the same animal DO model looking at effects on 

other aspects of bone regeneration such as the biomechanical characteristics of the 

regenerate (Chapter 10.4.3). These studies have all concluded experimentally (total sample 

size = 160 mice); however the full manuscripts were not included as they are on hold 

pending final results. Nevertheless, the protocol followed (Chapter 10.4.1) and preliminary 

data are described briefly in this section.  The cumulative thesis bibliography is listed in 

Chapter 11. The Appendices available in Section VI provide: supplementary information on 

some of the techniques, methods, materials used generally in the field of drug delivery and 

more specifically in the evaluation and characterization of the formulated nanoparticles 

reported herein (Appendix A); other unpublished experimental in vitro data to complement 
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the findings reported in Section III as well as the suggestions for the future directions of this 

project outlined in Section V (Appendix B); reprints for the published articles and copyright 

waivers (Appendix C); in vivo protocols and research compliance certificates (Appendix D) 

and finally the curriculum vitae of the doctoral degree candidate (Appendix E).  
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CHAPTER 2 

Rationale, Hypothesis, Objectives and Contributions  

 

2.1. Rationale 

It is well-recognized today that the full clinical safety and efficacy of various drugs, growth 

factors and in particular BMPs will almost always depend on the availability of a delivery 

system providing a sustained and prolonged release of adequate bioactive protein 

concentrations to the desired defect site. In the absence of such systems, bolus delivery is 

unpredictable and has been shown over the years to have a limited effect due to the rapid 

diffusion (and clearance) of exogenous proteins away from the application site and loss of 

their bioavailability. Consequently, supra-physiological and expensive dosages of BMPs in 

the milligram range (several orders of magnitude above the natural occurrence in bone) 

continue to be required for satisfactory bone healing. Such large dosages could have adverse 

and unknown long-term drawbacks (immunological reactions, development of antibodies 

and carcinogenic effects). Therefore, it becomes imperative to attempt to decrease the BMP 

dosages required in humans through maintaining their osteogenic efficiency perhaps via 

localizing and controlling the release kinetics of BMP delivery systems. However, 

adjustment of BMP release kinetics from the FDA-approved carriers (mostly collagen-based) 

is difficult and has not been accomplished thus far. Protein release from these BMP-soaked 

collagen sponges tends to be rapid where 70-90% of the load is depleted by the first week 

while bone healing is often a much longer process requiring weeks or months, especially in 

higher mammals with less responsive pools of cells. An optimal BMP release profile will 

also vary with animal species, anatomic site, defect size and vascularity among other key 

factors.  

Thus, a novel ideal delivery system must (i) maintain the bioactivity and bioavailability of 

the encapsulated/entrapped growth factor(s), (ii) prevent rapid protein diffusion/clearance; 

(iii) release the BMP(s) in a predictable, metered and sustained manner, in terms of efficient 

dosage and duration of stimuli to target cells while allowing for profile modulation 

according to application site needs; (iv) provide an attractive environment for bone cells to 
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migrate as large volumes of bone might be required to form; (v) be biocompatible, non-toxic, 

stable (shelf-life), easy-to-manufacture, user-friendly (simple loading and preferably 

injectable) and cost-effective (lower yet therapeutic levels of recombinant BMPs).  

The presence of BMPs over the entire duration of regeneration and repair might eventually 

reduce the variation in response observed among the clinical human trials themselves as well 

as with pre-clinical studies. Furthermore, an injectable system with customizable release, 

which current collagen sponges cannot accomplish, may also augment the bone healing 

response and overall therapeutic outcome without causing any unnecessary tissue distress 

from  invasive surgeries.  

 

2.2. Hypothesis 

The efficiency of exogenous rhBMP-7/rhOP-1 will increase when applied locally via a 

custom-made, release-controlled and injectable nanosized delivery system; permitting the 

use of lower and safer dosages of the growth factor to enhance new bone formation and 

accelerate consolidation in long bone distraction osteogenesis. 

 

2.3. Aim and Design 

The global aim of this research project is to develop a tunable drug delivery system that 

preserves the biological activity of the encapsulant and provide low-burst, linear, sustained 

(over long periods of time) and localized release following a single administration (injectable 

solution). In cases of distraction osteogenesis, specifically, this would offer a patient-friendly 

alternative through ensuring high compliance rates post-operatively and the possible earlier 

removal of the fixator. In addition, it would also allow flexibility in achieving different 

release rates among other characteristics for other therapeutic proteins and biomolecules, 

host species, anatomic sites and thus a broader range  of  possible clinical applications.  

The design constitutes an injectable suspension of biocompatible, biodegradable, stable and 

non-toxic nanoparticles composed of a cationic liposomal core and a customizable shell 

constructed via the electrostatic-based self-assembly of natural polymers; anionic alginate 

and cationic chitosan providing several compartments within it that would efficiently 
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accommodate a range of encapsulant concentrations and provide constant and bioactive 

delivery at the application  site.  

 

2.4. Objectives 

After identifying the clinical application of interest (enhancing and accelerating the 

consolidation phase in distraction osteogenesis), the protein of choice (BMP-7/OP-1) and the 

properties of the ideal delivery system required (Chapters 2.1, 3, 4 and 5), the following 

objectives were established and are presented step-by-step: 

 

1. (a) Prepare cationic, stable and monodisperse submicron uni-lamellar phospholipid 

vesicles and determine/optimize their in vitro characteristics with reproducibility; (b) coat 

the liposomes with alternating self-assembled layers of natural polymers to formulate 

discrete and well-defined cationic core-shell hybrid particles and (c) characterize and 

optimize the formulated nanoparticles for hydrodynamic size, morphology, surface charge, 

dispersion homogeneity, stability, drug encapsulation efficiency, drug loading capacity and 

drug release kinetics with a model protein for initial proof of concept, in vitro  (Chapter 6); 

 

2. Fulfill Objective 1 for the nanoparticles with a range of rhBMP-7/rhOP-1 concentrations 

and determine their stability in simulated physiological media, effect on alkaline phosphatase 

activity and in vitro cytocompatibility  (Chapter 7);  

 

3. Assess the in vivo biocompatibility and safety of the rhBMP-7/rhOP-1 nanoparticulate 

delivery system following intramuscular administration. For this purpose, a protocol was 

developed in young male normal Wistar rats  (Chapter 8); 

 

4. (a) Optimize a previously developed bone lengthening protocol in terms of animal 

handling, operative procedure, post-operative care and the study timeline and (b) evaluate 

the cellular and molecular changes following the administration of the hybrid delivery 

system (unloaded compared to loaded with low rhBMP-7/rhOP-1 dosages) in the rabbit DO 

model through radiographical verification, bone densitometry and quantitative computed 
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tomography, histomorphometry and immunohistochemistry analysis of the regenerate in the 

distracted gap (Chapter 9); 

 

5. Others (planned and initiated at later stages, in a wild-type mouse DO model): develop a 

rhOP-1 dose-response curve and re-evaluate Ho (Objective 4) in a larger sample size and 

using much lower protein concentrations (Chapter 10). 

 

These objectives were established bearing in mind that developing a single delivery system effective for all 

regenerative medicine or drug delivery applications is not realistically likely. Rather, physico-chemical 

characterization and optimization will definitely be necessary to fulfill the criterion relative to each particular 

therapeutic purpose, nevertheless with feasibility and ease. 
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2.5. Justification 

2.5.1. Nanoparticulate Drug Delivery Systems (DDSs) 

Today, controlled drug delivery technology represents one of the revolutionary areas of 

science involving a multidisciplinary experimental approach contributory to human health 

management. Compared to conventional dosage forms, these delivery systems provide 

improved efficacy (through improved release profiles and drug targeting), reduced toxicity 

and improved patient compliance and convenience. Macromolecules are often used as drug 

carriers in these systems. Nanoparticles, first developed around 1970, are defined as 

particulate dispersions or solid particles with a size in the range of 10-1000 nm (Mohanraj 

and Chen 2006). They were initially devised as carriers for vaccines and anticancer drugs. 

Nano- and micro-particles are the dosage forms that have consummated much attention due 

to their attractive tendency to amass in sites of inflammation (RaviKumar 2000). Compared 

to microparticles, nanosized delivery systems have demonstrated superiority in terms of 

longer residencies in general circulation, consequently extending the macromolecule 

biological activity (Vinogradov et al. 2002). They are dependant on the biomaterials(s) used 

of which there is an abundance to choose from. In addition, the preparative conditions (such 

as temperature, aqueous media and pH) involved in the design and formulation of 

nanoparticulate delivery systems are of crucial importance for the incorporation of 

biomolecules in order for the structure and bioactivity of the load to be preserved.    

 

2.5.2. Polymeric Drug Carriers 

Recently, polymeric-based drug carriers have attracted increasing attention and while 

numerous immobilization techniques have been described, physical entrapment within 

naturally-occurring polymers remains among the most popular today. That is due to ease and 

simplicity of preparation, low cost and gentle formulation conditions; guaranteeing elevated 

preservation of protein viability (Li et al. 2005). Natural polymers offer biocompatibility, 

biodegradability, hydrophilicity in addition to protection of the encapsulated protein. 

Alginate and chitosan are introduced below however phospholipid vesicles are  described  

first. 
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2.5.3. Liposomes (Core) 

Liposomes were discovered about 50 years ago by A. Bangham and since then they became 

very versatile tools in biology and medicine. They are the smallest artificial spherically-

shaped vesicles with a lipid bi-layer membrane (Figure 2.1) that can be produced through the 

spontaneous organization of phospholipids and cholesterol in an aqueous medium (Charrois 

et al. 2003). Since the 1990s, liposomes have been extensively investigated and are 

considered the most studied drug delivery systems (Chaize et al. 2004), due to their 

exceptional biocompatibility and appealing ability to carry both hydrophobic and hydrophilic 

drugs provided that there is a net ionic charge. Cationic (positively-charged) liposomes have 

been considered to have favorable characteristics in facilitating electrostatic interactions with 

anionic (negatively-charged) biomolecules and with cellular membranes which are also 

anionic. Nonetheless, one main challenge remains. Stability in vivo is an obstacle, as 

liposomes are cleared rapidly from systemic circulation by cellular uptake via the reticulo-

endothelial system (RES).   

 

Attempts to overcome this have been made via (i) liposomal size variation (< 200 nm – 

nanosized) or (ii) liposomal surface modification by coating it with one layer of hydrophilic 



 
32 

 

polymers (Takeuchi et al. 2000). Stealth
®
 (referring to the expectation that these particles 

would travel through the bloodstream virtually un-noticed by the immune system thus 

avoiding adsorption of blood proteins, uptake by the mono-nuclear phagocystic system and 

clearance by the RES resulting in long circulation life-times)  liposomes, is a good example 

(Charrois et al. 2003). Other limitations are associated with cytotoxicity and aggregation; 

hence most attention in recent years has turned away and towards the use of polymeric 

nanoparticles for drug (protein, gene, etc …) delivery (Mohanraj and Chen 2006). 

 

2.5.4. Alginate and Chitosan (Shell) 

Alginate and chitosan are examples of hydrophilic polyionic polysaccharides that have been 

widely investigated and described as the most interesting polymers for use in systems 

formulated with drug or gene delivery purposes where the inclusion of targeting ligands is 

feasible  (Shu  and  Zhu 2002;  Prabaharan 2008). 

Alginates (Bregni et al. 2000) are linear un-branched anionic polymers (marine sources, 

algae) containing β-(14)-linked D-mannuronic acid and α-(14)-linked L-guluronic acid 

residues (Figure 2.2). They are haemocompatible and 

have not been found to accumulate in any major organs, thus demonstrating sufficient 

evidence of biocompatibility and biodegradability, in vitro  and  in vivo.  
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Chitosan (Vila et al. 2002) is the second most abundant natural polymer. It is a linear 

cationic polysaccharide (Figure 2.3) with interspersed D-glucosamine, and acetyl-D-

glucosamine units (derived by the N-deacetylation of chitin, a biopolymeric product found in 

the shells of crustaceans). It is a biocompatible, non-toxic, non-immunogenic and 

biodegradable polymer with bioadhesive, wound healing, antimicrobial as well as osteogenic 

properties; making it favorable for biomedical applications (Prabaharan 2008; Haidar et al. 

2009 a, b,c).  

 

In addition, chitosan have demonstrated exceptional abilities in crossing mucosal barriers, 

passing through the tight junctions of the intestinal epithelium and binding to and 
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transversing cellular membranes; showing enhanced and prolonged systemic absorption of 

the encapsulant (Prabaharan 2008; Haidar et al. 2009 a, b). 

Both, alginate and chitosan have been extensively studied for drug delivery in different 

forms, such as microcapsules (Gaserod et al. 1998), beads (Shu and Zhu 2002) or even 

wound dressing membranes (Wang et al. 2002) to name a few. Alginate-chitosan polyionic 

complexes form through ionic gelation via electrostatic interactions between the carboxyl 

groups of alginate and the amine groups of chitosan. For example, hollow capsules of 

sodium alginate and chitosan were layer-by-layer (l-b-l) engineered for controlled drug 

release applications (Shenoy et al. 2003) and very much recently, our group (Douglas and 

Tabrizian 2005) designed and evaluated chitosan and alginate nanoparticles for potential 

gene therapy applications. Such polyelectrolyte complexes fulfill the requirements for most 

delivery systems including being biocompatible, biodegradable, bioadhesive (and 

osteogenic) and non-toxic while protecting and limiting the release of associated 

biomolecules more effectively than either biopolymer alone (Qiu et al. 2008, Issa et al 2008 

a, b). Furthermore, these natural polyelectrolytes, being extensively used in our laboratory 

for many years and in an array of applications  are  consequently well-characterized, 

chemically and  enzymatically.  

 

2.5.5. BMP-7/OP-1:  the Drug / Protein of Choice  (in Long  Bone DO) 

Over 15 distinct BMPs have been isolated so far and BMP-2, -4, -6 and -7 (and -9) have 

been reported to have osteoinductive potentials (Abe 2006). The exogenous application of 

BMPs, specifically BMP-2 and BMP-7/OP-1 has been shown to accelerate bone formation 

in numerous clinical and pre-clinical reports (Ripamonti et al. 2000; Einhorn 2003; Termaat 

et al. 2005) with no significant differences between them (when used alone). In a rat model 

of DO, OP-1 application immediately after surgery accelerated bone formation (Mizumoto et 

al. 2003). In contrast, our own experiments in rabbits showed that OP-1 injected at the end of 

the distraction period did not have a marked effect on bone consolidation (Hamdy et al. 

2003). Subsequent studies revealed that this lack of effectiveness could be due to that only 

very low amounts of OP-1 receptor proteins were present at that time (Hamdy et al. 

2003). Consequently it was projected that better results could be obtained when OP-1 was 
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injected into the distraction gap early during the distraction phase, when OP-1 receptors are 

abundantly expressed. Indeed, we found that injecting OP-1 in a rabbit model of distraction 

osteogenesis accelerated bone consolidation (Mandu-Hrit et al. 2006). However, in order to 

be effective, large dosages of exogenous BMPs have to be administered. As mentioned 

earlier, such supra-physiological dosages may have many short- and long-term drawbacks 

including the unknown effect on the growth plate in the skeletally immature patient, 

developing embryos, possibility of formation of antibodies and developing malignancies, 

and the associated huge cost of the proteins (Rengachary 2007). Furthermore, proteins 

generally experience short half-lives in the order of minutes or hours (< 12 hrs) due to 

enzymatic degradation, evisceration through the RES and immunological inactivation once 

applied in vivo. Hence, we then hypothesized that developing a way to intrinsically stimulate 

BMP expression with lower, safer and cost-effective bioactive dosages may be an attractive 

alternative mode of treatment  (Haque et al.  2005;  Mandu-Hrit et al.  2006;  Haidar et al.  

2008 b;  Haidar et al. 2009 a, c).  

 

2.5.6. Core-Shell  Hybrid  Nanoparticulate  rhOP-1  DS  for  Tibial  DO  

Combining the advantages of liposomes and natural polymers with those of core-shell 

nanosized particles and hydrogels (formed by spontaneous ionic gelation), a novel injectable 

drug delivery system that entraps the water-soluble and readily diffusible positively-charged 

OP-1 molecules within a core composed of cationic uni-lamellar liposomes and a 

surrounding shell composed of alternating and self-assembled matrices of negatively-

charged alginate and positively-charged chitosan polymers formulated using the l-b-l 

technology (Quinn and Caruso 2004) was developed as is displayed in Figure 2.4. The l-b-l 

self-assembly allows for evaluating the step-by-step build-up and monitoring any changes 

with each deposited layer. Also, preparation of the involved biomaterials in mild conditions 

suitable for fragile biomolecules with short half-lives is feasible. This idea of drug 

entrapment within the layers of the liposomal core and the coatings of the polymeric shell 

should allow efficient loading capacity (in the several compartments including the aqueous 

core, the lipid bi-layer and the polyelectrolyte film), stability and more importantly, a 

reduced and possibly controlled (by controlling the number of layers) release of OP-1 to the 
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site of interest.  The system was evaluated in long bone DO; yet, it might be appropriate for 

craniofacial indications, as well as other applications; cardiovascular perhaps. 
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2.6. Summary of Original Contributions 

This dissertation contains mainly two published in vitro manuscripts, two published review 

articles, an accepted in vivo manuscript (in press) and another in vivo manuscript currently 

under peer review. In addition, parts from three incomplete manuscripts (a review and two in 

vivo studies) undergoing writing have been included. Chronologically, the first publication 

(Chapter 6) was printed in the peer-reviewed Biomaterials. It presents the formulation and 

characterization of novel core-shell nanoparticles through the study of parameters such as 

average size, surface charge, physical stability, microscopic morphology as well as the 

encapsulation efficiency, loading capacity and release kinetics of a model protein, bovine 

serum albumin. The second publication (Chapter 7) was printed in the peer-reviewed Journal 

of Biomedical Materials Research Part A. It first presents the in vitro cytocompatibility of 

the nanoparticles assayed with mouse preosteoblast cells and the cell viability determined by 

colorimetry. Then the release profiles of a range of OP-1 concentrations were obtained and 

the release kinetics identified. Finally, the alkaline phosphatase activity of preosteoblasts 

was evaluated using a micro-BCA assay. The third and fourth publications (Chapters 3 and 

4, respectively) were invited review articles accepted in the peer-reviewed Biotechnology 

Letters and are available online, titled: Recombinant BMP Delivery for Bone Regeneration 

and Repair and divided into 2 parts; A: Current Challenges in BMP Delivery and B: Delivery 

Systems for BMPs in Orthopaedic and Craniofacial Tissue Engineering. Those works 

focused on the related literature published mainly between the years 2000 and 2009. The 

fifth manuscript (Chapter 9), accepted very much recently (August 2009) in the peer-

reviewed Growth Factors, presents the evaluation of the nanoparticulate rhOP-1 delivery 

system in a rabbit model of long bone distraction osteogenesis (DO). The sixth manuscript 

(Chapter 8), submitted (August 2009) to the peer-reviewed Biomaterials, presents the 

biocompatibility and safety of the unloaded and OP-1 loaded nanoparticles injected 

intramuscularly in rats.  All of these 6 manuscripts have been included in this thesis in full 

and as submitted for publication. The seventh manuscript (Chapter 5) is a review article 

updating knowledge on the attempts for accelerating distraction osteogenesis, emphasizing 

on the role of protein therapy and BMPs. Upon completion, it will be submitted to the 

Journal of Orthopaedic Surgery and Research. Here in, only a shortened portion presenting 
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an overview on the procedure, principles, applications and limitations of distraction 

osteogenesis was included. The remaining 2 manuscripts were not entirely incorporated in 

this thesis (Chapter 10) as well and include: an eighth manuscript presenting the first study 

on developing a rhOP-1 dose-response curve in a mouse long bone DO model and a ninth 

manuscript evaluating the OP-1 loaded nanoparticles in the same model. Final results are 

pending. Upon completion, these  manuscripts will be submitted for peer-review in Bone, 

shortly. 
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CHAPTER 3 

rhBMP Therapy – Current Challenges in BMP Delivery 

 

Bone Morphogenetic Proteins (BMPs) form a unique group of proteins within the 

Transforming Growth Factor (TGF-β) superfamily with pivotal roles in the regulation of 

bone induction, maintenance and repair as highlighted in Section I of this thesis (Chapter 

1.1.2). The application of BMP-2 and BMP-7 with embryonic rat calvarial cells, rat 

osteosarcoma cells and/or mouse fibroblasts resulted in enhanced osteoblastic differentiation 

and elevated expression of bone mineralization proteins. The stimulation of new bone 

formation and healing of different bone fractures including critical-sized defects and long 

bone non-unions (which do not heal spontaneously) following the application of BMP-2 or 

BMP-7 was also demonstrated in models ranging from rodents to rabbits to dogs to sheep to 

non-human primates. Consequently, these pre-clinical studies have validated their safety and 

efficacy in promoting bone regeneration and repair. However, results from the three major 

randomized clinical trials in humans (BMP-2 in open tibial fractures and spinal fusion and 

BMP-7 in long bone non-unions) have shown significant discrepancy. A literature review 

was initially carried out to identify the state-of-art and current limitations in bone tissue 

engineering and regenerative medicine focusing on the pre-clinical and clinical application 

of protein or BMP-therapy. This work was motivated primarily by the problems related to 

the delivery aspect(s) of BMP-therapy. Hence, the research discrepancies and slower 

response in humans that may be attributed to the presence of a smaller population of 

multipotent cells less responsive than in smaller animals or to the complex signaling 

pathways of the BMPs themselves and their antagonists were not the central focus here in. In 

this chapter, the promises and problems of rhBMP therapy are discussed in the context of 

findings from in vitro, pre-clinical and clinical studies; thus emphasizing the rationale behind 

the current need for developing novel carrier systems to deliver bioactive BMPs to sites 

of bone regeneration and repair. The universal characteristics necessary for an ideal carrier 

are identified. Bone healing by recombinant BMPs will predominantly depend on the 

parameters of a combined localized and release-controlled delivery system including: protein 

release kinetics and retention, protein dose/concentration, mechanism(s) of release and 
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nature of the vehicle used. Such key factors hindering the development of a safe and stable 

rhBMP delivery system appropriate for use in humans with dependable success and 

reproducibility in different defect sites and  sizes are  examined  next. 

 

This work has been in published in Biotechnology Letters and is reprinted with permission; 

DOI 10.1007/s10529-009-0099-x; Wednesday August 19
th
 2009; ISSN 0141-5492 (Print); 

ISSN 1573-6776 (Online) © Springer Netherlands 2009. 
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3.1. ABSTRACT 

 

 
Recombinant human bone morphogenetic proteins (rhBMPs) have been extensively 

investigated for developing therapeutic strategies aimed at the restoration and treatment of 

orthopaedic as well as craniofacial conditions. In this first part of the review, we discuss the 

rationale for the necessary use of carrier systems to deliver rhBMP-2 and rhBMP-7 to sites 

of bone tissue regeneration and repair. General requirements for growth factor delivery 

systems emphasizing the distinction between localized and release-controlled delivery 

strategies are presented highlighting the current limitations in the development of an 

effective rhBMP-specific delivery system applicable in clinical bone tissue engineering. 

 

 

 

Keywords: Bone morphogenetic proteins; bone regeneration; bone repair; delivery 

systems; controlled-release; growth factors; orthopaedics; craniofacial surgery  

Manuscript submitted to Biotechnol. Letters (June 8
th
 09) and published online (Aug 19

th
 09).  
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3.2. Introduction: rhBMPs in Bone Regeneration  &  Repair 

Healing of bone fractures and reconstruction of critical-sized bone defects continue to 

present a significant challenge for orthopedists, traumatologists and maxillofacial surgeons. 

To address this need, the United Nations and the World Health Organization declared the 

years 2000-2010 as the Bone and Joint Decade (Weinstein 2000). Although autologous bone 

grafts are routinely used, limited graft accessibility and donor site morbidity as well as 

increased costs continue to drive the development of alternative methods for bone 

regeneration and repair (Geiger et al. 2003; Bishop and Einhorn 2007). Thus far, three new 

strategies (Rose et al. 2004) are currently undergoing vigorous investigation: the 

transduction of genes encoding cytokines with osteogenic capacity into cells at repair sites 

(gene therapy); the transplantation of cultured osteogenic cells derived from host bone 

marrow (stem cell therapy) and the application of osteoinductive growth factors (protein 

therapy), as shown below in Figure 3.1.  

 

Gene- and stem cell-based therapy will probably represent the next major advance however 

presently are still in their infancy regarding safety and efficacy in humans (Kimelman et al. 

2007). Protein therapy, on the other hand, has demonstrated the most practical promise, 
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mainly incorporating osteoinductive morphogens such as bone morphogenetic proteins 

(BMPs) even so with some limitations. BMPs are among the most potent cytokines in tissues 

and organs even beyond bone (Reddi 2005). The role of BMPs in bone development and 

repair has been extensively reviewed by numerous authors (Termaat et al. 2005; Bessa et al. 

2008a). BMP-2, -4, -7 and -9 may be the most potent osteoblastic differentiation inducers of 

mesenchymal progenitor cells into osteoblasts. For example, BMP-7, also known as 

osteogenic protein-1 or OP-1 has been shown to enhance the formation of new bone in 

numerous preclinical (Ripamonti et al. 2000; Hamdy et al. 2003) and clinical studies 

(Friedlaender et al. 2001; Vaccaro et al. 2008). BMPs are known to act locally; yet, the exact 

cellular and molecular mechanisms are not fully understood (Gautschi et al. 2007). Small 

amounts induce cellular responses in vitro, however, when administered in vivo, rapid 

degradation and consequently insufficient and improper tissue regeneration occurred 

(Engstrand et al. 2008). It was suggested that the clinical efficacy of recombinant human (rh) 

forms of BMPs will depend on the carrier system used to ensure an effective delivery of 

adequate protein concentrations to the desired site (Mont et al. 2004). Thus far, several 

materials for the delivery of rhBMP-2 and rhOP-1 have been developed however with 

restricted clinical use (Termaat et al. 2005). This review aims at addressing the current 

challenges in BMP delivery strategies emphasizing the differences between ‘localized’ and 

‘release-controlled’ systems commonly and mistakenly used interchangeably in an attempt 

to further understand the requirements for an effective protein therapy in clinical bone tissue 

engineering (where the „carriers‟ such as collagen-based if can be considered localized given 

their application by implantation in defect sites,  they  are  not release-controlled). 

3.3. Challenges in rhBMP Delivery 

For osteoregeneration to yield proper healing, mechanical stability in the defect site, 

osteogenic cells and osteoinductive growth factors in combination with a suitable carrier or 

delivery system, conceptualized as the “Diamond Concept” (Giannoudis et al. 2007) are 

necessary. The main role of the delivery system consequently is to retain the growth factor at 

the defect site for the bone regeneration and repair pertinent duration of time according to 

defect anatomical site, size and vascularity in order to allow the regenerative tissue forming 



 
44 

 

cells to migrate to the defect area, proliferate and differentiate (Issa et al. 2008 a, b, c). BMPs 

are soluble and if delivered in a buffer solution, their clearance is rapid. Less than 5% of the 

BMP dose remains at the application site whereas combinations of the proteins with gelatin 

foam or collagen showed increased retention ranging from 15% to 55% (Hollinger et al. 

1998). The use of biomaterials that can retain and sequester BMPs at the site of interest have 

been shown to greatly enhance efficacy and reduce protein dose by localizing the 

morphogenetic stimulus (Chen and Mooney 2003). Hence, the pharmacokinetics of rhBMP 

therefore can be influenced by the carrier used. Moreover, other challenges are related to 

individual proteins - regulation of effects and dose-response ratio. BMPs are currently being 

used in supra-physiologic concentrations and expensive dosages in the milligram range for 

satisfactory bone healing (Luginbuehl et al. 2004). The resulting tissue effects are 

occasionally overwhelming when viewed from a clinical point of view. Soft tissue edema, 

erythema, local inflammation, heterotopic ossification and immune response are the most 

remarkable although rarely reported. Osteoclastic activation has been noted in some cases as 

well where applied in large doses; bone resorption occurred (Gautschi et al. 2007). 

Additionally, currently used rhBMP-2 and rhBMP-7 are produced lacking a heparin-binding 

domain, hence probably reducing their clinical bioactivity (Saito et al. 2008).  Recently, the 

osteoinductive effects of rhBMP-2 in combination with a complex of heparin and chitosan in 

a gel formulation were shown to be superior when compared to rhBMP-2 implanted with 

type-I collagen in a rat model (Engstrand et al. 2008). Chemically-modified BMPs with 

enhanced affinity to their carriers showing altered stability, solubility, surface binding, 

bioactivity and biospecificity have been reported (Gautschi et al. 2007). Therefore, despite 

the ample evidence of the benefit of BMPs in bone regeneration and repair from preclinical 

and clinical studies, conclusive knowledge about BMP dosage, time-course, release 

dynamics and carriers remains to be determined. It is unclear why the impressive and 

convincing results seen in vitro and in animal models are difficult to reproduce in humans 

(Einhorn 2003). Unfavorable release kinetics, insufficient mechanical stability and porosity 

to allow cell and blood vessel infiltration into the carrier and inflammatory tissue reactions 

are few reasons. The effects of BMPs must therefore be localized as well as regulated. BMP 

delivery will also depend on the anatomic location where the treatment is required, the 
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vitality of the soft tissue envelope and the mechanical strain environment provided by the 

surgical procedure (Einhorn 2003).  

3.4. Delivery Systems Parameters & Requirements 

Delivery systems should have the ability to provoke optimal inflammatory responses, be 

biocompatible and are often required to be bioresorbable. Processing conditions need to 

prevent protein aggregation or denaturation. Also, they have to be easily and cost-effectively 

manufactured for large-scale production. Appropriate storage, stability, handling and 

sterilization conditions are favored as well. Finally, all these processes need to be approved 

by regulatory agencies for the desired indication and application (Rose et  

 

al. 2004; Seeherman and Wozney 2005).  It has become clear that there is probably not one 

single desirable pharmacokinetic profile that is predictive of success (Geiger et al. 2003) 

where various carrier and delivery materials have been examined in vitro, in vivo as well as 

in humans. These include demineralized collagenous bone matrix, collagen products, gelatin 

hydrogels, natural polymers and combinations of these materials and others
 
(Lee and Shin 

2007; Haidar et al. 2008 a, b).  Table 3.1 summarizes the desirable qualities of an ideal bone 
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morphogenetic protein delivery system or carrier. Clearly, there is no ideal carrier or delivery 

system for all growth factors, pathologies, indications or clinical applications. Immediately 

after administration or implantation, BMPs are subject to the presence of fluid, protein 

competition, enzymatic activity, temperature, pH influence and salt concentrations (Dard et 

al. 2000). Each of these factors could lead to the release of a totally denatured growth factor 

in an uncontrolled manner and thus appends to the limited success of clinical BMP therapies. 

It is important thereby to emphasize that the enhancement of bone healing by BMPs is 

predominantly dependant on the parameters of a combined localized and release-controlled 

carrier/delivery system including: protein release kinetics and retention, protein dose size/ 

concentration, mechanism of release and nature of the vehicle used in terms of biomaterial(s) 

and design/geometry.  

 

3.4.1. Release Kinetics & Retention at Defect Site 

In physiologic bone repair some growth factors such as BMP-2 are predominantly expressed 

during the early inflammatory phase. Others are up-regulated during the chondrogenic and 

osteogenic phases and have a biphasic expression pattern or are constitutively present.  

Furthermore, the cell pool present in the defect zone is dynamic by nature and different 

stimuli can attract different cell types to invade the compromised area (Cho and Nuttall 

2002). Therefore, the impact of localized release kinetics for the therapeutic enhancement of 

skeletal repair becomes evident. Furthermore, recent evidence has suggested that 

cementogenesis and osteogenesis occur at different rates during BMP-stimulated 

regeneration (Issa et al. 2008 a, b, c). However, very few have investigated the influence of 

release kinetics on bone regeneration. The effect of BMP-2 release from slow and fast 

degrading gelatin carriers was not significantly different in a rat model of periodontal defects 

(Talwar et al. 2001).  Higher retention times for BMP-2 were more osteoinductive in a rat 

ectopic assay (Uludag et al. 2001) and the prolonged delivery of BMP-2 enhanced the in 

vivo osteogenic efficacy of the protein compared to short-term delivery at equivalent dosage 

in another recent study (Jeon et al. 2008). Furthermore, retention of BMPs depends on 

whether the protein is immobilized within the carrier, adsorbed onto the surface or 

covalently-bonded during its formulation (Luginbuehl et al. 2004). Release should preferably 
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be sustained over time (Haidar et al. 2008 a, b). In designing a delivery system for 

differentiation factor release, it is apparent that the extremes of release (bolus injections or 

prolonged low level release) are not beneficial to bone induction (Geiger et al. 2003). While 

timing of the protein release is important, the dynamic nature of the healing zone makes it 

difficult to assess the state of the defect. It is certainly dependant on the type of defect, its 

location and appearance, the patient‟s age, gender, hormone and nutritional status, illness 

and other parameters
 
(Li and Wozney 2001). Other factors (Kirker-Head 2000) influencing 

release rates include protein size and conformational changes, solubility, polymer/scaffold 

composition/geometry and molecular weight.  Also, different animal species, ages and sizes 

may have varying optimum release profiles. 

3.4.2. Dose & Concentration 

Maintaining a critical threshold concentration of the rhBMP at the defect site for the 

necessary period of time (temporal distribution) is crucial. Such supra-physiological dosages 

range from 0.01 mg/ml in small animal models such as rats to 0.4 mg/ml in rabbits to more 

than 1.5 mg/ml in non-human primates. Different anatomical sites require different 

therapeutic doses depending on the degree of vascularization, defect size and the number of 

resident responding cells. Ranges vary from fusion site to fusion site as well. In humans, for 

anterior inter-body fusion a total dose of 4.2–12 mg of rhBMP-2 at a concentration of 

1.5mg/ml is recommended. For inter transverse arthrodesis, the suggested dose of rhBMP-2 

(based on pilot clinical trials) is 20 mg on each side at a concentration of 2.0 mg/ml 

delivered in a 60% hydroxyapatite and 40% tricalcium phosphate (granules) carrier (Boden 

et al. 2002). The recommended dose of rhBMP-7 for recalcitrant long bone non-unions is 

7mg or 2 vials (each containing 3.5 mg reconstituted with 1 g of type I bovine collagen) and 

implanted at the non-union site. New delivery systems with optimized and controlled release 

profiles may decrease or even alleviate the need for excessive and expensive concentrations 

of BMPs. Our own work with rhBMP-7 encapsulated in a core-shell nanoparticulate delivery 

system showed that a dose as low as 100 ng/ml was significantly sufficient to enhance 

preosteoblast differentiation noted by an increased alkaline phosphatase activity over 7 days, 

in vitro (Haidar et al. 2008 a, b). The formation of ectopic bone is also a potential concern 
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that is substantially under-investigated. Paramore et al. implanted BMP-7 into the epidural 

space of dogs after laminectomy and posterolateral fusion. Animals demonstrated bone 

formation adjacent to their spinal cords causing mild spinal cord compression (Paramore et 

al. 1999). Novel carriers need to contain the BMP, prevent ectopic and heterotopic bone 

formation and utilize lower, safe and cost-effective dosages. 

3.4.3. Mechanisms of Localized & Release-controlled BMP Delivery 

Growth factors release from a localized and release-controlled delivery system can either be 

(i) diffusion-controlled, (ii) chemical and/or enzymatic reaction-controlled, (iii) solvent-

controlled, or (iv) controlled by combinations of these mechanisms (Luginbuehl et al. 2004; 

Haidar et al. 2008 a, b).  

Diffusion-controlled release is governed by the solubility and diffusion coefficient of the 

protein in the aqueous medium, protein partitioning between the aqueous medium and 

material of the delivery system, the protein loading and the diffusional distance (Li and 

Wozney 2001). An example of diffusion-controlled release is BMP-2 release from porous 

scaffolds that was regulated via adjustment of pore size (Whang et al. 2000). In our own 

studies, TGF-β1 release from coral particles was modulated through modification of 

adsorption conditions and particle size (Demers et al. 2002). BMP-7 release from core-shell 

nanoparticles was controlled via the layer-by-layer build-up of natural polymers on 

liposomes (Haidar et al. 2008 a, b) as displayed in Figure 3.2.   
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The combination of the polymeric electrostatic-based assembly technique and nanoscaled 

liposomes yielded a stable and non-toxic delivery system consisting of a suspension of 

monodisperse nanoparticles suitable for the potential administration of growth factors via a 

parental injection as is preferable by surgeons.  The nanoparticles tolerate extended shelf 

storage and allow for protein loading immediately preceding administration, preventing 

degradation or loss of the encapsulant. Controlled linear and multistep release of bioactive 

BMP-7 over an extended period of 45 days was evident. The increase in shell thickness 

slowed the rate of protein release where BMP-7 release from uncoated liposomes was clearly 

faster than from coated liposomes. BMP-7 release from this physically dispersed polymeric 

system may be described by several possible mechanisms: diffusion, polymer degradation, 

ion complexation, and interactions among the protein and the polymers, although it is 

primarily governed by a diffusion-based or affinity-based mechanism.  
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Chemical and/or enzymatic reaction-controlled systems include erodible systems, where the 

protein is physically immobilized in the carrier matrix and released by degradation or 

dissolution of the carrier, or systems, where the protein is chemically bound to the polymer 

backbone and released upon hydrolytic or enzymatic cleavage of the bond. TGF-β1 release 

from cross-linked collagen sponges depended on the extent of cross-linking, as observed 

post-subcutaneous implantation into skull defects in rabbits (Ueda et al. 2002), for example. 

In solvent- or swelling-controlled systems, the protein is embedded in a carrier matrix and 

diffusional release occurs as a consequence of the rate-controlled penetration of solvent 

(water) into the system. Hence, to mimic the space- and time-restricted physiologic pattern 

of growth factor kinetics by the release kinetics of a vehicle, different strategies of 

controlling growth factor delivery are available (Luginbuehl et al. 2004). 

3.4.4. Injectable & Multiple Growth Factor Delivery 

Injectable delivery systems are gaining much interest as they could provide a less invasive 

method for the regeneration and repair of osseous defects with clinical indications including 

fresh fractures, non-union or delayed union, large bone defects associated with osseous 

tumor resection as well as the acceleration of periodontal therapy hence avoiding 

extensive/secondary surgery (Einhorn et al. 2003; Bishop and Einhorn 2007).  

A single, local, percutaneous injection of 80 ug rhBMP-2 in 25 uL buffer vehicle was shown 

to accelerate healing in femoral fracture rat model (Einhorn et al. 2003). Our group 

demonstrated earlier that a single bolus injection of rhBMP-7 (75 ug in acetate buffer) 

accelerated bone formation during long bone distraction osteogenesis in rabbits (Hamdy et 

al. 2003; Mandu-Hrit et al. 2006). Furthermore, preliminary results from our most recent in 

vivo assays in the same model have demonstrated that osteogenesis and consolidation were 

accelerated via a single localized injection of the core-shell delivery system loaded with a 

dose of no more than 1.0 ug rhBMP-7 (Haidar et al. 2009 c) accentuating the role of local 

and release-controlled nanoparticles. Also, we have demonstrated how the injected unloaded 

delivery system did not interfere with the osteoregenerative process mainly due to its 

biocompatible and biodegradable nature. Moreover, the natural polymers used to formulate 

the nanoparticles especially chitosan has been shown to promote osteogenesis and enhance 
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the bioactivity of the encapsulated protein via controlling the release profile (Prabaharan 

2008). The use of this novel cost-effective delivery system has the potential to shorten the 

treatment period of long bone distraction osteogenesis and thus could diminish the morbidity 

and improve the functional outcome in patients via the earlier removal of the external fixator.  

Injectable scaffolds for bone tissue engineering are consisted of a mixture of bioactive 

molecules and solidifiable precursors which are injected into the defect site to form a 3-D 

structure in situ (Hou et al. 2004). Hosseinkhani et al.
 
fabricated injectable transparent 3-D 

networks (hydrogel) of self-assembled peptide-amphiphile and BMP-2 and showed 

significant homogenous ectopic bone formation in the back subcutis of rats (Hosseinkhani et 

al. 2007).  

Since growth factors act in a coordinated cascade of events to restore bone, delivering 

combinations of growth factors may have a great potential. However, the choice of growth 

factor combinations has to be with great care. The sequential release of BMP-2 in 

combination with IGF-1 has already been explored by Raiche and Puleo, nevertheless with 

commercialization-related difficulties (Raiche and Puleo 2004; Westerhuis et al. 2005). In 

another example, rhBMP-2 and bFGF absorbed to a collagen sponge resulted in decreased 

bone formation in a rabbit model of tibial fracture (Vonau et al. 2001).   

 

In conclusion, the delivery of the appropriate biologically-active growth factor(s) at the 

proper dose and concentration for the intended application using a biocompatible, 

biodegradable and bioresorbable delivery vehicle that will stabilize and prevent the rapid 

diffusion or dispersal of the encapsulant and promote localized osteogenesis at the defect site 

is essential. 

3.5. Future Prospects 

Bone regeneration and repair with BMPs are leading a new era in orthopaedic and 

craniofacial reconstruction. Their ability to substantially enhance bone formation and 

facilitate healing will likely be optimized by the simultaneous use with other growth and 
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differentiation factors and/or with an expanded responsive cell population. The challenge for 

researchers today remains to deliver these osteoinductive factors in ways that would ensure 

consistent clinical success in humans. Currently, delivery of BMPs is still attempted through 

the direct local application of rhBMP to the regeneration or repair site with (primarily with 

the use of collagen carriers) or without a release-controlled carrier. Future studies will need 

to focus on the development of customizable, localized and release-controlled delivery 

materials and systems with the surgical practicality (mainly injectable) and adjustable growth 

factor(s) release profiles, according to defect site, size and vascularity. Intelligent delivery 

systems would provide BMPs and other growth factors in response to physiological 

requirements, having the capacity to sense changes of the bone defect‟s microenvironment 

and accordingly, alter protein release. Such systems may represent a step towards 

individualizing protein release kinetics. Given the complex nature of osseoregeneration, it is 

possible that multiple growth factor delivery exhibiting both stimulatory and inhibitory 

responses (for noggin, for instance) on bone formation with different release characteristics 

be the most desirable approach clinically, with caution to the choice of combinations. Other 

issues such as biosafety, cost-effectiveness, user-friendliness and optimum delivery time 

need to be addressed as well. Advances in biotechnology and biomaterials will certainly 

expand the number of tissue-engineering approaches with the use of BMPs assuring a 

promising future beyond the present Bone and Joint decade for millions of patients 

worldwide.   
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CHAPTER 4 

rhBMP Therapy – BMP Delivery Systems  

 

The main role of a delivery system is to retain the bioactive growth factor(s) at the site of 

interest for a prolonged time frame, providing an initial support to which cells attach and 

form regenerated tissue. The type of tissue is of vital importance, as different mechanical 

requirements apply for the repair of bone, cartilage or tendon. For the highly vascularized 

nature of bone, a delivery system should permit or even enhance vascular ingrowth, for 

instance. Several materials for the delivery of BMPs have been investigated and developed 

in recent years with only some collagen-based formulations (mostly absorbable collagen 

sponges) for rhBMP-2 and rhBMP-7/rhOP-1 obtaining regulatory approval for their 

restricted clinical use in humans. Furthermore, those carriers, devices or products are not 

considered delivery systems (mainly injectable in the context of this thesis) as they are 

simply graft materials requiring implantation and surgical site preparation similar to 

conventional bone grafting procedures.  

 

The recent advances in biomaterial science have certainly boosted the number of tissue-

engineering approaches and strategies available for bone healing with the use of several 

BMPs. The major categories of carrier biomaterials include: natural polymers such as 

collagen, alginates and chitosan; inorganic materials such as hydroxyapatite; synthetic 

polymers such as poly(lactic acid) and poly D,L-lactide-co-gycolic acid (PLGA); in addition 

to composites or material combinations used to optimize the benefits and get through the 

shortcomings of the other classes of biomaterials. Therefore, the literature is extensive and 

the number of publications is constantly multiplying with  the development of new  materials 

and composites.  

 

Those are spread over a very broad range of potential applications and intentions of use. In 

this chapter representing the second part of the background review, the advantages and 

disadvantages of some of these delivery materials are highlighted. 
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An examination of a representative selection of pre-clinical and clinical (orthopaedic and 

craniofacial) studies incorporating rhBMP-2 and rhBMP-7 delivery systems is presented to 

further recognize the requirements, approaches, advancements and shortcomings 

investigated to date. The need and potential for designing localized and release-controlled 

injectable delivery systems based on natural polymers and formulated at the nano-scale, to 

overcome the limitations from the use of synthetic polymers and diminish the risks of 

disease transmission from the use of bovine collagen are thereby rationalized; providing the 

context for the global aim, design and the works carried out in this project. 

 

 

This work has been in published in Biotechnology Letters and is reprinted with permission; 
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Appendix C contains a copy of the publication where the tables are perhaps clearer for the 

reader. 
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4.1. ABSTRACT 

 
 

Localized and release-controlled delivery systems for the sustained expression of the 

biologic potency of rhBMPs are essential. A substantial number of biomaterials have been 

investigated thus far. Most fail after implantation or administration mainly due to either 

being too soft, difficult to control and/or stabilize mechanically. In this second part, we 

review a representative selection of rhBMP-2 and rhBMP-7 carrier materials and delivery 

systems ranging from simple nano/microparticles to complex 3-D scaffolds in sites of 

orthopaedic and craniofacial bone regeneration and repair.   

 

 

Keywords: Bone morphogenetic proteins; biomaterials; microparticles; nanoparticles; 

delivery systems; controlled-release; growth factors; bone regeneration; synthetic polymers 
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4.2. Introduction 

Attempts to induce de novo bone formation for bridging defects using bone grafting 

procedures, segmental bone transport, distraction osteogenesis or biomaterials have been 

applied to a great extent (Kneser et al. 2006; Mussano et al. 2007). Several materials for the 

delivery of recombinant human (rh) forms of bone morphogenetic proteins (BMPs) have 

been developed in recent years with only specific collagen-based formulations for rhBMP-2 

and rhBMP-7/rhOP-1 obtaining FDA approval for their restricted clinical use in humans, 

namely in orthopaedic and spinal fusion applications (Table 4.1). The ultimate goal would be 

to develop safe, proficient, user-friendly and cost-effective rhBMP delivery systems that 

would completely replace traditional grafting procedures in a number of diverse applications 

(Moioli et al. 2007; Schmidmaier et al. 2008).  

In this review, we classify and discuss the carrier biomaterials, particularly natural and 

synthetic polymers and their combinations in different formats for the delivery of rhBMP-2 

and rhBMP-7 to preclinical and clinical sites of bone regeneration and repair. 

 

4.3. rhBMP Delivery Systems 

Challenges in BMP delivery were discussed in part A (Chapter 3). It has been for long 

suggested that to induce osteogenesis, a suitable delivery system is required for new bone to 

form due to the very short half-life (1-4 hours) of these cytokines (Takaoka et al. 1991), thus 

requiring large single doses or multiple smaller applications (Talwar et al. 2001). Also, given 

that BMPs are not bony tissue-specific (Okubo et al. 2000), their localized (vs. systemic) and 

release-controlled (vs. un-controlled) delivery is necessary to prevent any un-desired and un-

controlled ectopic bone formation in non-bony tissues of the body (Schmidmaier et al. 

2008).   
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The FDA approved bovine collagen-based delivery devices for rhBMP-2 and rhBMP-7 have 

limited indications in spinal interbody fusion and open tibial non-unions, respectively, 

mainly due to the large doses required to achieve the desired osteogenic effect where there is 

more exogenous BMP in a single dose than is present in 1000 humans, hence raising serious 

concerns regarding safety and cost (Kwon and Jenis 2005). Supra-physiological 

concentrations resulting from imperfect release kinetics of BMPs where 30%  

 

of the encapsulate is lost in the initial bust phase (Geiger et al. 2003) are additionally being 

related to severe clinical complications including generalized hematomas in soft tissue and 

para-implant bone resorption (Gautschi et al. 2007; Robinson et al. 2008).  

 

4.4. rhBMP-specific Carrier Types and Delivery Materials 

Researchers have commonly explored biomaterials with demonstrated osteoconductive 

properties. However, an ideal BMP carrier material needs to be osteoconductive, 

osteoinductive and osteogenic (Seeherman and Wozney 2005; De Long et al 2007; 

Schmidmaier et al. 2008). Although intensively evaluated in animal studies (please see 

supplementary Table 4.4) as well as in clinical trials with satisfactory results, bovine 

collagen has also demonstrated some safety issues mainly owing to its xenogenic origin. 

Polymeric matrices have attracted attention over the last years to achieve the localized and 

controlled release of proteins over long periods of time and overcome limitations in 

enzymatic susceptibility, stability during storage and efficacy upon administration (Termaat 

et al. 2005; Moioli et al. 2007; Schmidmaier et al. 2008).  
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Generally, the major categories of carrier materials
 
(Table 4.2) include: (1) natural-origin 

polymers such as collagen, hyaluronans, soy- and alga-derived materials, and 

poly(hydroxyalkanoates); (2) inorganic materials and ceramics/cements such as 

hydroxyapatite, tri-calcium phosphates and -sulphates as well as bioglasses and metals; (3) 

synthetic biodegradable polymers such as poly(lactic acid) (PLA), polyglycolide (PLG) and 

their copolymers, poly L-lactic acid (PLLA), poly D,L-lactide-co-gycolic acid (PLGA) and 

poly ε-caprolactone (PCL); and (4) composites which are combinations that take advantage 

of each material class as well as other biomolecules (Fei et al. 2008).  

 

4.5. Natural-origin Polymeric Carriers 

4.5.1. Collagen 

Collagen is the most abundant protein in connective tissues of mammals and the major non-

mineral component of bone with a well established role in cellular infiltration and wound 

healing (Geiger et al. 2003). It has been prepared in powders, membrane films and 

implantable absorbable sponges as well as in aqueous forms (Geiger et al. 2003; Lee and 

Yuk 2007). Despite known for versatility and ease of manipulation, manufacturing collagen 

carriers is highly sensitive to several factors including mass, soaking time, protein 

concentrations, sterilization methods, buffer composition as well as pH and ionic strength 

(between collagen and the encapsulant)  that directly affects the binding of rhBMPs (Goa 

and Uludag 2001; Lee and Yuk 2007). Absorbable collagen sponges (ACS) have been 

evaluated in numerous in vivo models and clinical trials. In the healing of a critical-sized 

radial defect stabilized by an external fixator, Sciadini and Johnson compared the efficacy of 

various dosages of rhBMP-2 delivered in an ACS to autogenous bone grafts in 27 dogs. 

Defects treated with rhBMP-2 showed better healing than those treated with the ACS alone 

or autogenous bone grafts (Sciadini and Johnson 2000). Paramount evidence, nonetheless, is 

derived from well-designed clinical trials.  Table 4.3 lists selected examples of randomized 

clinical trials and clinical case series. The BESTT study investigated low (0.75 mg/mL) and 

high (1.5 mg/mL) doses of rhBMP-2 impregnated in an ACS. At 12 months, patients in the 

latter group had statistically significant accelerated healing, fewer invasive interventions and 
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a lower rate of non-union than the control group (Govender et al. 2002). In patients requiring 

staged maxillary sinus floor augmentation, rhBMP-2/ACS safely induced adequate bone 

formation for the placement and functional loading of endosseous dental implants (Boyne et 

al 2005). The use of rhBMP-2/ACS without concomitant bone grafting materials in critical-

sized mandibular defects produced excellent regeneration in a very recent case review of 14 

patients (Herford and Boyne 2008).  

 

On the other hand, no differences using rhBMP-7 incorporated in type I collagen carriers 

over a period of 24 months were detected in a prospective clinical trial (Friedlaender et al. 

2001). It was concluded to be similar to autografts in the management of non-unions except 

for the pain factor associated with the donor site. Although eliminating the need to harvest 

autologous bone and alleviating the associated pain, animal-derived collagens are limited by 

their xenogenic nature (mostly bovine and porcine skin) where anti-type I collagen 

antibodies developed in almost 20% of patients treated with rhBMP-2/ACS (Sciadini and 

Johnson 2000, Geiger et al. 2003; Bessa et al. 2008 b). Also, sterilization is usually using 

ethylene oxide prior to soaking the sponge in the BMP solution; hence, with an effect on the 

release kinetics or the bioactivity of the protein within (Gittens and Uludag 2001). 

Furthermore, without delivery in situ, BMPs rapidly diffuse away from defect site (Sciadini 

and Johnson 2000) probably explaining some of the discrepancies noted in preclinical and 

clinical outcomes (Chen and Mooney 2003). Therefore, other sources of collagen 



 
60 

 

(recombinant perhaps) and biomaterials are currently being evaluated for rhBMP delivery, 

though still at the preclinical stages.   

 

4.5.2. Alginate and Chitosan 

Alginate (AL) is a non-immunogenic polysaccharide abundantly found in the surface of 

seaweeds used in a wide range of tissue engineering applications due to its gel-forming 

properties (Tönnesen and Karlsen 2002). Injectable in situ-forming AL gels were prepared 

then loaded with an osteoinductive growth factor (IGF-I), for example. Significantly 

accelerated proliferation of osteoblast-like MG-63 cells favorable for the conformal filling of 

bone defects was demonstrated
 
(Luginbuehl et al. 2005). Furthermore, encapsulant release 

from AL matrices can be modulated by different parameters such as particle size, viscosity 

and chemical composition. Liew et al. in a recent investigation found that particle size 

affected the extent of burst release and the higher the viscosity the slower the encapsulant 

release. (Liew et al. 2006).  

 

Chitosan (CH) is a cationic copolymer of N-acetyl-D-glucosamine and glucosamine 

prepared by N-deacetylation of chitin well-known for its biological, chelating and adsorbing 

properties (Kumar et al. 2004; Lee and Yuk 2007). Practical use of CH has been mainly 

confined to un-modified forms as they have solely demonstrated favorable biodegradation 

kinetics slower than polymers such as collagen. However, the chemical-modification and 

graft co-polymerization onto CH further improved controlling the release profile of bioactive 

molecules and some have been described as osteoinductive materials (Prabaharan 2008). 

Novel chemically-modified CHs with controllable photo-curability showed enhanced 

biocompatibility and bone tissue repair in athymic rats (Qiu et al. 2008).  Furthermore, 

rhBMP-2/CH accelerated osteogenesis in a rat critical-sized mandibular defect. CH adapted 

well to the defect and had favorable release kinetics as revealed by the amount of new bone 

tissue (Issa et al. 2008 a, b).  
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4.5.3. Hyaluronic Acid 

 Hyaluronic acid (HA) is another naturally-occurring biopolymer, which plays a significant 

role in wound healing. HA and its derivatives have been largely studied in biomedical and 

tissue engineering applications as gels, sponges and pads
 
and as  a viscous gel injected 

percutaneously in ophthalmic surgery (O'Regan et al. 1994, Bessa et al. 2008 b). HA also has 

an osteoinductive action itself where it has been shown to result in improved bone formation 

in mandibular defects in comparison to collagen sponges when both carriers were used to 

deliver BMP-2 in rats as well as in a human clinical trial (Arosarena and Collins 2005). That 

is probably due to that HA-based delivery vehicles might posses the capacity to retain more 

BMPs than collagen (Kim and Valentini 2002). In addition, hyaluronans seem to stimulate 

the proliferation of bone marrow stromal cells, expression of osteocalcin, enhance ALP 

activity and interact positively with BMPs to generate direct and specific cellular effects. 

This increased affinity is attributed to HA being anionic thus forming ionic bonds with the 

cationic BMPs significant for potential future clinical applications (Peng et al. 2008).   

 

Other less common natural polymers in BMP delivery include gelatin, dextran and fibrin as 

they are limited by their mechanical strength and fusion with other biomolecules or 

biomaterials seems necessary, nonetheless with promising applications in angiogenesis 

(Young et al. 2005).    

 

4.6. Inorganic Materials 

4.6.1. Hydroxyapatite  

Hydroxyapatite (HAP) is well known for its osteoconductivity and has been widely used as a 

bone-substitute material clinically since the 1970s due of its ability to bond directly with 

bone (Li and Wozney 2001). Synthetic HAP comes in ceramic (porous and non-porous) or 

non-ceramic, cementable form (Moore et al. 2001) with only porous HAP being evaluated as 

a scaffold and a controlled release carrier (particles, powder, granules, disks or blocks) of 
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BMPs for bone regeneration (Bessa et al. 2008 b). However, lack of bone induction due to 

the high affinity between the material and the BMPs in addition to the lack of resorption of 

the HAP and dependence on the geometry of the substratum was evident (Noshi et al. 2001).  

Therefore, HAP has been often combined with tri-calcium phosphates, collagen, other 

natural and synthetic polymers to form a more rigid, resorbable and porous BMP carrier. 

Generally, such composites have demonstrated better local BMP delivery and bone 

formation than HAP alone in various bone defects in vivo (Schopper et al. 2008; Kim et al. 

2008).   

 

4.6.2. Calcium Phosphates and Bioactive Glasses 

Inorganic materials such as calcium phosphate-based cements, ceramics and coatings 

(CPCs) have proven to be versatile carriers that can be formulated as implantable and 

injectable cements. They harden in vivo and can be used to deliver bioactive growth factors 

(in low temperature forms to prevent protein denaturation) with established prominent bone 

formation (Moore et al. 2001; Ginebra et al. 2006). Ceramics are known to mimic natural 

bony structure when implanted (Schmidmaier et al. 2008). Furthermore, overall, lower 

dosages of BMPs are required with the use of CPCs compared to other carriers (Ginebra et 

al. 2006). However, phase separation during injection, lack of intrinsic macroporosity to 

allow cell infiltration, intrinsic radiopaque nature and decreased mechanical tensile and shear 

properties compared to bone and other materials are among the main disadvantages of CPCs 

(Seeherman and Wozney 2005). Modifications to increase injectability and macroporosity in 

vivo have been recently reported (Bohner and Baroud 2005). Also, CPCs have been used as 

a bulking agent to improve the osteogenicity of ACS loaded with rhBMP-2 where it helped 

lowering the BMP dose (> 3-fold) in a spinal fusion model in the non-human primate model 

(Barnes et al. 2005).  

 

Bioactive glasses (BG) are a group of hard and non-porous silica-based bioactive 

compounds which are known to bond directly to bone due to their good osteointegrative and 

osteoconductive properties. They have different resorption rates depending on their chemical 
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compositions where solubility is proportional to the sodium oxide content (Välimäki and Aro 

2006). BG such as 45S5 Bioglass
®
 are commonly used as filler material for fractured bone, 

augmentation of the alveolar ridge and vertebral implants. Recent studies have shown that 

BG induce a high local bone turnover in vitro and in vivo where they increase the BMP 

effect, support osteoblast growth and favor osteoblast differentiation by stimulating the 

synthesis of phenotypic markers like alkaline phosphatase, collagen Type I and osteocalcin 

(Moore et al. 2001; Välimäki and Aro 2006).   

 

4.7. Synthetic Biodegradable Polymeric Carriers 

Unlike collagen, synthetic biodegradable polymers pose no danger of immunogenicity or 

possibility of disease transmission. A number of synthetic biodegradable polymeric delivery 

systems for BMP-2 were discussed in two recent reviews (Saito et al. 2003; Saito et al. 

2005). The most commonly used polymers herein are PLLA and PLGA. Their degradation is 

primarily via hydrolysis and different proportional combinations of PGA and PLA, for 

example, demonstrate various material properties which in turn affect biodegradability. 

Material crystallinity and scaffold morphology (pore size/number) also play an important 

role in biodegradability where a more porous scaffold degrades faster as will that comprised 

of low molecular weight polymers. Synthetic polymers can be processed into highly porous 

3-D scaffolds, fibers, sheets, blocks or microspheres (Seeherman and Wozney 2005). BMP 

release is by means of diffusion, polymer swelling followed by fast diffusion-controlled 

release, and polymer erosion (Engstrand et al. 2008). Bioresorbable PLA/PGA beads were 

found to be superior to collagen when used to deliver rhBMP-2 to transosseous rat 

mandibular defects (Zellin and Linde 1997). PLGA was evaluated successfully in several 

canine defect models such as for BMP-2-induced periodontal regeneration, maxillary 

alveolar cleft repair, and segmental ulnar long-bone defects (Sigurdsson et al. 1996; Mayer et 

al. 1996; Itoh et al. 1998). Nonetheless, the main limitation is their acidic breakdown by-

products and the associated risk of inflammatory response if not cleared quickly which is 

detrimental to the stability of the encapsulated BMPs and the overall therapeutic outcome 
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(Saito et al. 2005). As a result, a continuous supply of osteoinductive factors would be 

crucial to compensate for polymer degradation (Schliephake et al. 2008).  

 

4.8. Composites  

Combinations of different material classes (Table 4.2) have been used to optimize the 

benefits and overcome the limitations of many of the above materials. Examples of recent 

composites include glycidyl methacrylated dextran (Dex-GMA)/gelatin scaffolds containing 

microspheres loaded with rhBMP-2 and implanted into the periodontal defects of dogs (Chen 

et al. 2007), PLGA-gelatin composites for the delivery of rhBMP-2 to vertical alveolar ridge 

augmentation in dogs (Kawakatsu et al. 2008), HAP-coated porous  

 

titanium/rhBMP-2/HA in the metaphysic of the distal femur of rabbits (Peng et al. 2008) and 

PEG hydrogel/rhBMP-2/HAP/TCP granules in the rabbit calvarial bones (Jung et al. 2008). 

A 3-D highly porous PLA/HAP/collagen scaffold was prepared for use in healing of canine 
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segmental bone defects. The HAP/collagen portion was to mimic the natural extracellular 

matrix of bone, with the collagen serving as a template for apatite formation. All defects 

healed satisfactorily (Hu et al. 2003). Fu et al. recently combined rabbit mesenchymal stem 

cells (MSCs) with AL/BMP-2 and implanted the composite in a posterolateral 

intertransverse fusion model in 24 rabbits. Results demonstrated that MSCs delivered with 

rhBMP-2 (2.5 mg) are more osteoinductive than MSCs without rhBMP-2 and that the 

composite material enhanced bone formation and spine fusion success (Fu et al. 2008).  

Nano- and micro-particles from synthetic polymers and natural polymers (Figure 4.1) are 

other dosage forms that have consummated much attention for the localized and release-

controlled delivery of growth factors due to their attractive tendency to amass in sites of 

inflammation (Lee and Shin 2007). Enhanced in vivo tissue regeneration using PLGA and 

gelatin microparticles for growth factor release was reported (Park et al. 2005).  

Compared to microparticles, nanoparticle and nanofiber delivery systems have 

demonstrated superiority in terms of longer residencies in general circulation, consequently 

extending the bioactivity of the entrapped molecule (Nair and Laurencin 2008). In a recent 

example of a combined localized and release-controlled delivery system, PLGA nanospheres 

(NS) immobilized onto prefabricated nanofibrous PLLA scaffolds were used to load and 

deliver rhBMP-7 (Wei et al. 2007; Ma 2008). BMP-7 delivered from NS-scaffolds induced 

significant ectopic bone formation while passive adsorption of the protein into the scaffold 

resulted in failure of bone induction either due to the loss of protein bioactivity or its rapid 

release from the scaffolds upon implantation in vivo. We have successfully encapsulated a 

model protein, bovine serum albumin in monodisperse and non-toxic nanoparticles 

constituting a core of cationic liposomes and a shell constructed through the layer-by-layer 

electrostatic-based self-assembly of alternating layers of anionic AL and cationic CH. The 

release profile was characterized by an initial burst followed by sustained albumin release, 

highly desirable for growth factor delivery; particularly in large bony defects (Haidar et al. 

2008 a).  

In a subsequent work, the ability of the core-shell nanoparticulate delivery system to 

encapsulate a range of concentrations of BMP-7 was evaluated. The system exhibited high 
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physical stability in simulated physiological media as well as an extended shelf-life allowing 

for immediate protein loading prior to administration, preventing degradation or loss of the 

encapsulant. A sustained triphasic linear release of BMP-7 was evident for an extended 

period of 45 days with the bioactivity of the protein maintained via enhancing pre-osteoblast 

differentiation (Haidar et al. 2008 b).  

In a rabbit model of tibial distraction osteogenesis, accelerated osteogenesis and 

consolidation was evident following a single injection of the nanoparticles loaded with a 

dose of no more than 1.0 µg rhBMP-7 (Haidar et al. 2009c) in comparison to earlier results 

from a single injection of rhBMP-7 (75 µg in saline), accentuating the role of the injectable 

localized and release-controlled nanoparticles (Mandu-Hrit et al. 2006).  

 

Other groups investigated injectable scaffolds and matrices for drug delivery in bone tissue 

engineering (Kretlow et al. 2007). A recent example is the work of Hosseinkhani et al. where 

an injectable hydrogel of self-assembled peptide-amphiphile and BMP-2 was fabricated. 

Significant homogenous ectopic bone formation in the back subcutis of rats was 

demonstrated (Hosseinkhani et al. 2007). A 3-D scaffold for the sequential delivery of BMP-

2 and BMP-7 was recently developed (Basmanav et al. 2008). The system consisted of 

microspheres of polyelectrolyte complexes of poly(4-vinyl pyridine) and AL loaded with 

both proteins and incorporated in PLGA scaffolds. Neither BMP-2 nor BMP-7 delivery had 

any direct effect on cellular proliferation; however, their co-administration enhanced 

osteogenic differentiation to a higher degree than with their single administration. This was 

suggested to be due to the physical properties (pore size and distribution) of the foams. In 

conclusion, no single clinically-effective delivery system for rhBMP-2, rhBMP-7 or any 

other bone growth factors has been developed to date.  
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4.9. Future Prospects 

The use of delivery systems is crucial for reliable bone formation and economic application 

of BMPs. Many carrier materials have been investigated. Collagen matrices have been 

clinically successful nevertheless with shortcomings including biodegradability, local 

retention and controlling release kinetics of BMPs. A limited number of other potential 

delivery systems have been developed and are still at the preclinical stage. Nonetheless, 

advances in the field will eventually lead to novel customized and optimized BMP-specific 

carrier materials. Better, safer and more integrated minimally-invasive drug delivery systems 

that utilize smaller amounts of BMPs effectively are needed. They will be insoluble under 

physiological conditions in order to retain the BMP yet absorbable by host tissue after 

implantation/administration so that be replaced by the regenerating bone, preferably 

following single application. Controlled prospective clinical trials should follow. The use of 

BMPs and other less understood morphogens will extend into much broader range of 

orthopaedic as well as craniofacial and oro-dental indications including bone, cartilage and 

tendon/ligament (and periodontal) tissue regeneration and repair.  
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CHAPTER 5 

Distraction Osteogenesis (DO) – A Bone Regeneration Model   
 

Bone is a highly specialized tissue that differs from all other non-mineralized connective 

tissues in that it is hard, attributable to the mineralized extracellular matrices. Although the 

human body possesses an enormous regenerative capacity, bone healing continues to be 

limited in an array of defects and clinical indications involving the implantation of bone 

grafts. In an attempt to improve the correction of severe bony anomalies, distraction 

osteogenesis (DO) has been introduced as an early alternative to traditional orthopaedic, 

craniofacial or orthognathic surgery. DO can be considered a very special, altered form of 

fracture healing that takes advantage of the regenerative potential of bone tissue in addition 

to mechanical force to induce and direct bone formation as well as the remodeling of 

cartilage, nerve, muscle, blood vessel and skin. DO creates a controlled fracture in a bony 

structure and then separates the two viable bone segments in a controlled and gradual 

manner. This process induces the formation of new bone in between the distracted segments. 

DO can be performed using internal or external devices. Today, it is a well-established and 

widespread surgical technique for the correction of congenital orthopaedic deformities such 

as limb-length discrepancies, transporting bone to bridge and fill segmental bone defects and 

treating fracture non-unions following trauma as well as for the correction of craniofacial 

developmental conditions and TMJ growth disturbances including obstructive sleep apnea 

and upper airway obstruction in addition to alveolar ridge reconstruction prior to the 

placement of dental implants. Despite the success of DO standardizing its world-wide 

application for limb lengthening, clinical benefits continue to be limited by a number of 

complications mainly as a result of the protracted treatment time during which the external 

fixator has to be kept in situ until the newly-formed bone in the distracted zone consolidates 

(or hardens); which can last longer than 12 months. In turn, this can exacerbate significant 

medical, psychological and socio-economical problems on patients, their families as well as 

caregivers. Complications specific to the distraction process include: device failure; pin-site 

infection with external or semi-buried devices, nonunion and premature fusion. Others 

related to the osteotomy include neurovascular injuries and to psychosocial well-being and 
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recovery such as the length of treatment time and the physical appearance of patients; mostly 

clear in children. Numerous studies have attempted several approaches to accelerate bone 

regeneration and consolidation in DO; however protein therapy particularly with the use of 

rhBMPs seems to be the most promising to date. In the following pages, the aim is to 

provide an understanding of the procedure and its limitations. It is a part of a more 

comprehensive review article motivated by the lack in the available literature for a current 

update on the attempts explored to  enhance  DO.   
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5.1. ABSTRACT 

 
Distraction osteogenesis (DO) is a prevailing surgical technique widely used for bone 

lengthening and includes performing an osteotomy followed by gradually distracting the two 

viable bone segments resulting in de novo bone formation within the distracted gap. 

However, a main limitation is the long period of time required for the newly formed bone to 

consolidate. Therefore, accelerating DO and specifically distraction and consolidation by 

enhancing the quantity and quality of bone formation would shorten the length of time the 

fixator has to be kept in situ, thus improving patient comfort, compliance and the overall 

outcome of the treatment, especially in children. Over the last decades, several approaches 

have been explored although none have yet shown any efficiency in humans. The most 

recent attempts at accelerating the consolidation phase have been focusing on the application 

of certain growth factors in combination with delivery systems.  

 

Keywords: Angiogenesis; Bone morphogenetic proteins; bone regeneration; biomaterials; 

consolidation; delivery systems; distraction osteogenesis; polymers; growth factors; 

mechanical stimulation; nanoparticles; rhythm of distraction   

Unpublished Manuscript. To be submitted to the Journal of Orthopaedic Surgery and Research. 
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5.2. Definition  

Benefiting greatly from the regenerative potential of the human body and bone tissue, DO is 

a surgical procedure primarily used for limb-lengthening purposes where large quantities of 

bone are produced by means of stimulating local host tissues via mechanical gradual 

distraction forces. DO is a form of biologic in vivo tissue engineering whereby viable new 

bone is generated as a result of regularly separating the two viable osteomized bone edges, at 

the molecular level.  It also allows for the simultaneous expansion of the functional soft 

tissue matrix; blood vessels, nerves, mucosa, fascia, skin, muscles, ligaments and/or 

periosteum in cases of craniofacial and mandibular DO in a process collectively referred to 

as distraction histiogenesis (Murray and Fitch 1996; Lauterburg et al. 2006).    

 

5.3. Historical Background 

Mechanical tension is one of the key signals required for embryological bone formation and 

growth during morphogenesis. Endochondral bone lengthening was first documented in 

ancient times when Hippocrates described the application of external traction forces on 

broken bones using two leather rings connected to four slightly bent rods made from the 

elastic cornel tree in order to provide tension as displayed in Figure 5.1. The tension applied 

to the separated bone segments was controlled by the amount of rod bending (Samchukov et 

al. 1998).  However, the first to introduce the concept of limb lengthening was de Chauliac 

in the 14
th

 century using a pulley system consisting of a weight attached to the leg by a cord 

so that to exert continuous traction on long bone fractures (Peltier 1968). The first osteotomy 

or surgical division of bone was performed by Barton in 1826 (Codivilla 1994) and the first 

external skeletal fixator device utilizing two double hooks connected by a screw and inserted 

through the skin was developed later on towards the middle of the 19
th

 century (Malgaigne 

1847).  
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Considerable evolution of external fixation (Figure 5.2) has took place since then where the 

first limb lengthening procedure applied on a femur by creating an oblique osteotomy 

followed by placing external skeletal traction onto the osteomized bone segments was 

performed by Alessandro Codivilla in 1905.  

 

Nonetheless, wound infection, tissue necrosis and unreliable and controlled bone formation 

were common drawbacks back then (Codivilla 1994; Samchukov et al. 1998; Lauterburg et 

al. 2006; Codivilla 2008). 
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The work of the Russian orthopaedic surgeon Gavriel A. Illizarov is considered the most 

significant contribution to the improvement of DO where he was the one who developed the 

modern principles and phases of bone lengthening earning him the title; Father of DO. In 

1951, while treating a patient with a short amputation stump in the small Siberian 

community of Kurgan, Illizarov performed an osteotomy and applied external fixation to 

lengthen the stump with the intention of placing a bone graft.  

The new apparatus consisted of two metal rings joined together with threaded rods as 

displayed in Figure 5.3. After a delay of few days post-osteotomy, Illizarov noticed that bone 

as well as soft tissue regenerated when subjected to slow and gradual distraction and 

therefore eliminating the need for the graft. He later developed a low-energy, subperiosteal 

osteotomy technique (corticotomy) and a unique protocol for limb lengthening: 5-7 days 

latency period followed by distraction at a rate of 1 mm per day performed in four 

increments of 0.25mm (Illizarov 1989 a, b). Thousands of patients with different orthopaedic 

problems were then treated by Illizarov where mechanical tension which is one of the key 

signals of morphogenesis during embryological bone formation and growth was utilized by 

him as a foundation for his DO technique.  
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Today, DO is a prevailing surgical technique for the minimally-invasive correction of limb 

length discrepancies, severe bone loss (critical-sized bone defects) as well as the 

reconstruction of many craniofacial deformities as will be discussed later on in this chapter.     

 

5.4. Biological Basis of New Bone Formation in DO 

5.4.1. Principles of DO 

In human patients, the treatment protocol of DO consists of a surgical osteotomy of the bone 

followed by three sequential periods or phases: (1) latency phase, the duration from bone 

division to the onset of traction where the patient is left to recover from surgery for 5-7 days, 

the wound is allowed to reduce swelling and most importantly the reparative callus develops 

; (2) distraction phase, the time when gradual distraction is applied and new bone (or 

regenerate) at the desired or maximum possible length is formed (5 cm would require 50 

days of distraction, at 1 mm/day for example); and (3) consolidation phase, the period 

where the newly-formed bone is allowed to mature, mineralize and corticalize after 

distraction has discontinued with the fixator left in situ (Illizarov 1989 a, b; Samchukov et al. 

2001). It is noteworthy that distraction rate cannot exceed 1.5 mm/day as it might cause 

delayed ossification, pseudoarthrosis and/or soft tissue, nerve and muscle damage. Also, it 

cannot be less than 0.5 mm/day as regenerate bone might consolidate prematurely. The 

consolidation phase is the lengthiest of all 3 periods of DO where almost 1 month is required 

for every 1 cm of lengthened bone. The goal is for the regenerate bone to be 

indistinguishable from the surrounding native bone and to be biomechanically strong enough 

to withstand the stresses exerted during mechanical usage (Hamdy et al. 1997; Welch et al. 

1998; Haidar et al. 2009 c). Besides the involved biological principle known as the „Tension-

Stress effect‟ for the genesis and growth of tissues, it has been a long held belief in the fields 

of bone tissue engineering and orthopaedics that the influence of blood supply and loading of 

bones and joints are of crucial significance for the successful outcome of a treatment 

procedure. Similarly in DO, blood supply and angiogenesis are closely associated and 

necessary to support the mechanical loading of bones and joints where if inadequate, 

atrophic or degenerative changes can result (Ilizarov, 1992; Ohashi et al. 2007).     
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5.4.2. Histological Features of DO 

At the histological level, DO bone is very similar to that of fracture healing (McKibbin 1989; 

Campisi et al. 2002). The de novo bone formation is initiated when the callus is subjected to 

a controlled traction force thereby interrupting the fracture healing process. DO, therefore 

can be considered as a bony fracture that is subjected to a specific mechanical environment 

requiring sufficient blood supply, rigid fixation and stabilization in addition to an adequately 

precise distraction rate and rhythm for the bone to continue to grow in length. Briefly, the 

histological  pattern  typically  observed  is  mainly  as follows: 

Hematoma formation as a result of vascular disruption between and around the bone 

segments occurs immediately after performing the osteotomy. It is subsequently converted 

into a clot with bony necrosis occurring at the end of the fractured bone segments. The clot is 

then replaced with granulation tissue consisting of inflammatory cells, fibroblasts, collagen 

and invading capillaries (Iranov 1996). This soft callus stage is marked by a continuous 

capillary ingrowth and the conversion of the granulation tissue into a fibrous tissue by 

fibroblasts. Also, cartilage replaces the granulation tissue more towards the periphery of the 

intersegmentary gap than in the central region of the callus (Komuro et al. 1994). During 

normal fracture healing, the fibrocartilaginous tissue of the soft callus is replaced by bone by 

osteoblasts. During DO, this normal process is interrupted by the application of gradual 

traction to the soft callus where a fibrous interzone develops in the gap formed between the 

separated bone segments. Fibroblasts secrete collagen fibers along the orientation and 

direction of the distraction force. This fibrous tissue is transformed later into bone tissue, as 

early as two weeks after the start of distraction. The new bone is formed from the 

periosteum, the cortex at the site of the osteotomy and the spongiosa.  
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It proceeds from the osteotomy cuts towards the center almost always creating a fibrous 

radiolucent interzone between the two advancing edges of the mineralization front with the 

fibers and the new bone trabeculae oriented parallel to the distraction force as illustrated in 

Figure 5.4 (Shearer et al. 1992; Aronson et al. 1997). Besides, several histological studies 

have demonstrated the significance of the osteotomy, stability of the fixator in situ, use of 

the proper rate and rhythm of distraction and presence of adequate vascularization and local 

blood supply between the newly-formed columns/margins of bone to prevent delayed or 

failed bone healing in DO (Choi et al. 2000; Ohashi et al. 2007).  
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After distraction ends, the fibrous interzone gradually ossifies and one distinct zone of bone 

completely bridges the gap. Although the regenerate forms predominantly by membranous 

ossification, isolated islands of cartilage may also be observed, suggesting endochondral 

bone formation. The types of bone formation in DO are exemplified below. As the 

regenerate matures, the zone of primary trabeculae significantly decreases and later fully 

resorbs (Komuro et al. 1994). The consolidation phase is affected by several factors 

including the amount of distraction and the age of the patient (Yasui et al. 1993). The 

reported consolidation period for mandibular DO is 1-4 weeks in children and 6-12 weeks in 

adults. This can extend to 6 months for other craniofacial bones and even more in long bones 

(Chin and Toth 1996). 

 

5.4.3. Type(s) of Bone Formation in DO 

Bone formation is an intricately balanced development that is coordinated by a complex 

network of signaling pathways. Although bone formation in DO is mostly intramembranous 

(Aronson 1997; Farhadieh et al. 2000; Campisi et al. 2003), endochondral bone is also 

present (Windhager et al. 1995). Our own previous works, though, have shown that 

endochondral ossification occurred rather significantly in DO (Walsh et al. 1994; Hamdy et 

al. 1997). The major difference between those two types of bone formation is the presence or 

absence of an intermediate cartilaginous phase (Zelzer and Olsen 2003). During 

intramembranous bone formation, mesenchymal precursor cells proliferate and 

differentiate directly into osteoblasts that produce a collagen matrix known as osteoid. The 

osteoblasts then begin to mineralize this osteoid forming a primary immature bone tissue 

called woven bone which slowly matures into lamellar bone (Zelzer and Olsen 2003). On the 

other hand, endochondral bone formation involves mesenchymal cells that condense and 

differentiate into chondrocytes that secrete an avascular cartilaginous matrix containing type 

II (Col2) and type X (Col10) collagen. The hypertrophic, differentiated chondrocytes 

proceed to mineralize the surrounding cartilaginous matrix. This calcified matrix is then 

infiltrated by vascular tissue and the process of angiogenesis attracts osteoclast precursors to 

the new bone. The osteoclasts excavate the hematopoietic bone marrow cavity while new 

osteoblasts are recruited to replace the cartilage scaffold with bone matrix (Zelzer and Olsen 
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2003). A third mechanism of bone formation in DO has also been described and is referred 

to as transchondroid ossification (Yasui et al. 1997). Herein, cartilage forms except it is 

directly transformed into bone rather than by the traditionally accepted endochondral 

pathway (Li et al. 1999). 

It is generally accepted that perhaps either ossification process or a combination of more 

than one process occur in the same time. The percentage of new bone formation in DO will 

therefore, vary from one specimen to another, from one species to another and will depend 

on numerous factors, particularly the osteotomy, the stability of the fixation and both the 

timing and rate of distraction (Farhadieh et al. 2000; Li et al. 2000; Kusec et al. 2003) 

possibly explaining some of the discrepancies noted in the literature.   

 

5.5. Clinical Applications of DO 

As portrayed earlier, DO is a well-established and widespread surgical technique largely 

practiced in the orthopaedic field with applications in bone lengthening and correction of 

limb length discrepancies, filling segmental bone defects, treating angular deformities and 

fracture non-unions following trauma, debridement after severe cases of osteomyelitis and 

resections of malignant bone tumors.   Nevertheless, the application of DO is also common 

in the field of reconstructive surgery particularly in the craniofacial complex where patients 

with cranio-maxillofacial anomalies/deficiencies benefit from mandibular, maxillary and 

alveolar DO (Batra et al. 2006; Yamauchi and Takahashi 2006). 

It is worth mentioning that in 1973, Snyder first described the use of the Illizarov technique 

to lengthen a surgical osteotomy in a canine model (Costantino et al. 1993) while the first 

human mandibular DO was performed by McCarthy in 1989 and reported in 1992 

(McCarthy et al. 1992). Today, patients undergo DO for the treatment of craniofacial 

microsomia, craniosynostoses, Nager‟s syndrome, Treacher Collins syndrome, Pierre Robin 

sequence, post-traumatic temporomandibular joint (TMJ) or TMJ growth disturbances, bone 

transport of the jaw and a variety of other sporadic developmental anomalies in the lower 

jaw including mandibular lengthening and widening for the correction of obstructive sleep 

apnea and upper airway obstruction (in cases of bilateral mandibular hypoplasia and children 
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dependant on tracheostomy) and alveolar reconstruction for the placement of dental implants 

(Swennen et al. 2001; Cascone et al. 2005; Smith and Senders 2005; Chiapasco et al. 2006). 

Hence, a variety of internal, external and miniature distraction devices have been developed 

in recent years as displayed in Figure 5.5.   
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5.5.1. Clinical Problems and Limitations of DO 

The main problem of DO today whether in orthopaedics or craniofacial applications 

remains to be the protracted time required for the newly-formed bone in the distracted zone 

to consolidate during which the external (usually) fixator needs to remain in place, as 

highlighted throughout this thesis. This often results in several side effects, medical and 

socio-economic problems for the patient and his/her family; especially when the treatment 

period can last as long as 12 months if not more in some cases. A number of the clinical 

drawbacks from the extended external fixation include pin tract infections, cutaneous scars, 

bone infections, soft tissue swelling, pain, the necessity of a secondary procedure for 

removal of internal devices as well as psychological effects (Paley 1990). Other issues are 

related to the patient‟s age and the surgical specifics of the osteotomies including 

neurovascular and dental injuries. Therefore, accelerating DO and specifically distraction 

and consolidation by enhancing the quantity and quality of bone formation would shorten the 

length of time the fixator has to be kept in situ, thus improving patient comfort, compliance 

and the overall outcome of the treatment, especially in children. 

 

5.5.2. Attempts to Accelerate Bone Formation in DO 

Over the last decades, several approaches have been explored to accelerate osteogenesis, 

including mechanical (Walsh et al. 1994; Meyer et al. 2001), electrical and electromagnetic 

stimulation (Hamanishi et al. 1995), low-velocity ultrasound (Shimazaki et al. 2000), the use 

of growth hormones (Mosekilde and Bak 1993), Prostaglandin E2 (Keller et al. 1993), bone 

marrow extracts (Hamanishi et al. 1994), demineralized bone matrix (Hagino and Hamada 

1999), osteoblast-like cells transplantation (Tsubota et al. 1999), mesenchymal stem cells 

(Kitoh et al. 2004) and bisphosphonates (Little et al. 2003). Although some approaches have 

shown potential, none have yet shown any efficiency in human trials. 

Thus far, low-intensity pulsed ultrasound (LIPUS) is one of the most successful attempts 

investigated. It has shown effectiveness in fracture repair (Leung et al. 2004). In DO, it has 

been used in animal models (Mayr et al. 2001; Chan et al. 2006) and in humans (El-Mowafi 

and Mohsen 2005; Gebauer et al. 2005). However, these studies have shown no significant 
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differences in bone mineral density or biomechanical strength between the treated and 

untreated calluses. Moreover, it is still unclear which mechanism translates the mechanical 

forces generated by the LIPUS into new bone formation (Claes et al. 2005). In another 

example, it was suggested that the external mechanical tension exerted during DO is what 

determines differentiation between chondrocytes and osteoblasts. And so, the type of new 

bone formation involved might be directly related to the magnitude of the strain or stimulus 

applied (Meyer et al. 2001).     

 

5.5.3. Protein Therapy and BMPs in DO 

5.5.3.1. BMPs in Bone Formation 

Bone contains a cocktail of morphogens including transforming growth factor beta (TGF-β), 

platelet-derived growth factor (PDGF), bone morphogenetic proteins (BMPs), insulin-like 

growth factors I and II (IGF-I and IGF-II) and fibroblast growth factors (FGFs). Generally, 

bone formation by BMPs is an orderly sequence involving the recruitment of 

undifferentiated mesenchymal progenitor cells and driving osteogenic precursors down the 

osteoblasts, osteoclasts and chondroblasts differentiation pathways, consequently stimulating 

bone formation in vivo (Urist 1965). Many cell types synthesize BMPs as large precursor 

molecules (Figure 5.6) with a region containing seven cysteine residues at their carboxy-

terminal ends, common among all members of the TGF-β superfamily. BMPs are composed 

of an amino acid terminal sequence of 15 to 25 amino acids, a poorly conserved pro-domain 

that varies from 20 to 375 amino acids and a carboxyl terminal domain of 110 to 140 amino 

acids (Kingsley 1994). Proteolytic cleavage releases the mature carboxyl terminal domain 

from the pro-domain and following folding and dimerization possible also with other BMPs, 

it becomes biologically active (Wozney 1992). For example, mature BMP-2 is a homodimer 

of two 114-peptides subunits. Dimeric molecules can be either homodimers (when both 

subunits are the same) or heterodimers (two different subunits) resulting in structural and 

chemical differences.  
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These differences have been suggested to explain the variations in their biologic potential 

and binding characteristics where heterodimer (synergy) forms of BMP-2 and OP-1 have 

shown greater (up to ten-fold) osteogenic potency in cartilage and bone formation when 

compared to BMP-2 alone (Rosen et al. 1996; Sykaras and Opperman 2003). Hence, the past 

speculation that BMPs act in concert in such that the induction of one BMP leads to the 

modulation and expression of other BMPs and subsequent chemotaxis, cellular proliferation 

and differentiation is valid. However, the biologic functions of individual BMPs have been 

reported in the literature with variance in different cell lines, culture conditions as well as 

anatomic sites. This was perhaps due to the differences in the protein concentrations, 

extraction methods and preparatory/examination conditions in addition to the specifics of 

targeted tissues. Also, BMPs are highly resistant to heat, denaturants and pH extremes 

(Wozney et al. 1988; Rosen 2006).  
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5.5.3.2. BMP  Signaling  Pathways  in Bone  Formation  and  during DO 

Upon secretion from cells, BMPs have one of several described fates: immediately exert 

their actions locally, bound up by extracellular antagonists present at the site of their 

secretion, or enhance their biologic activities by anchoring with other proteins and receptors 

and become more available to target cells (Rosen 2006). Two types of receptors have been 

characterized and cloned, types I (high affinity) and II (low affinity). In mammalian species, 

type I receptors have been further divided into 7 subtypes and similarly, type II receptors to 5 

subtypes (Demers and Hamdy 1999). All receptors possess intrinsic serine-threonine kinase 

activity (Figure 5.6). However, it is noteworthy that receptor subtypes IA (BMPR-IA) and IB 

(BMPR-IB) have demonstrated the greatest affinity for BMPs (than BMPR-II) and so both 

are required for signaling (Rosen 2006). So, two downstream signaling pathways have been 

identified. The first is known as the Smad cascade. Smads are intracellular proteins and are 

considered the major cytoplasmic signal transducers for the serine/threonine kinase receptors 

(Miyazono et al. 2000). The other pathway involves two mitogen-activated protein cascades 

(MAPK). In either case, regulation of gene transcription, results. The gene transcription 

mediated by BMP receptors serves to promote osteogenesis via promoting differentiation of 

pluripotent stem cells to differentiate into bone-forming cells in addition to cartilage-forming 

cells (Rosen et al. 1996; Demers and Hamdy 1999; Miyazono et al. 2000; Rosen 2006).     

BMP binding (Figure 5.7.) to pre-formed BMP type I and type II heteromeric complexes 

activates (Similar to) mothers against decapentaplegic or Smad signaling.  Eight different 

Smads have been identified (Smads 1 through 8) in mammals and are classified into three 

subclasses according to structure and mechanism of action; i.e. receptor-regulated Smads (R-

Smads such as Smads 1, 5 and 8 that are BMP-activated and Smads 2 and 3 that are 

activated by TGF-β); common-partner Smads (Co-Smads such as Smads 4 and 3 which are 

common BMP and TGF-β mediated Smads) and inhibitory Smads (I-Smads such as Smads 6 

and 7). The Smad signaling cascade is initiated by type II receptors where they associate 

with and phosphorylate type I receptors which in turn phosphorylate and activate the R-

Smad proteins.  



 
85 

 

 

 

This is then translocated into the nucleus where the transcriptional activity of specific target 

genes (osteopontin, for example) is modified. Conversely, I-Smads negatively regulate BMP 

signaling by competing with the R-Smads for interactions with the other Smad subtypes and 

by targeting them to initiate degradation via the ubiquitin-mediated proteasomal pathway in 

either a ligand-independent and/or -dependant fashion (Miyazono et al. 2000; Shi and 

Massagué 2003). Smad-ubiquitin regulatory factor (Smurf); Smurfs 1 and 2 have been 

shown to specifically interact with Smads 1, 5, 6 and 7. Smurf 1 which binds to ubiquitin 
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through a conserved cysteine located at the carboxyl terminus of the molecule is located in 

the nucleus before exportation to the cell membrane and cytoplasm to induce the 

proteasomal degradation of type I receptors and Smads 1 and 5. Hence, Smurfs are 

implicated in this ubiquitin-mediated degradation process of different components of the 

BMP signaling pathway (Miyazono et al. 2000) where receptor turnover is enhanced (Shi 

and Massagué 2003; Deregowski et al. 2006). However, how the specificity of BMP-

receptor signaling is determined and what regulates cell-specific production of BMPs or their 

receptors remain to be established, according to Rosen (Rosen 2006) where many ligands 

bind to the same receptors and many receptors bind the same ligands suggesting that ligand-

receptor pairing is inadequate to generate a specific signal within the TGF-β superfamily. 

Additionally, the physiological role of BMP antagonists (interact directly with BMP ligands 

to restrict their biological activities extracellularly by preventing intracellular signaling and 

concomitantly decrease the mineralization potential; especially noted with BMP-2, -4, -6 and 

-7) and their interplay with their BMPs within the bone environment that has been proposed 

to represent a negative feedback mechanism to limit BMP action and was shown to be 

constantly changing with aging/illness still entail further understanding.  

 

5.5.3.3. BMPs in DO 

In DO, TGF-β expression was stimulated in osteoblasts and fibroblasts within the distraction 

callus in humans (Holbein et al. 1995). The most recent attempts at accelerating the 

consolidation phase have been focusing on the application of certain growth factors. 

Okazaki et al. investigated the effects of a single local injection of rhFGF-2 into the center of 

the callus in a rabbit model of DO on the final day of distraction. An increased rate of bone 

formation was demonstrated evident by an increase in bone mineral content in the distraction 

gap (Okazaki et al. 1999). In another example, IGF-1 infusion enhanced osteoblast activity at 

the distraction gap in a rabbit mandible resulting in bony union (Stewart et al. 1999). It has 

been also shown to potentiate the osteoinductive activities of other factors although that the 

overall osteoinductive capacity of TGF-β was reported to be much weaker when compared 

to that of BMPs (Rosier et al. 1998); where among all cytokines proposed to be involved in 

the regulation of bone synthesis and turnover, BMPs were reported to be the only 
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differentiation factors able to singularly induce de novo bone formation in vitro as well as in 

vivo (Urist 1965), as discussed earlier in Chapters 3 and 4 (Haidar et al. 2009 a, b). In DO 

specifically, BMPs have shown great potential, BMP-2 and more often BMP-7/OP-1, 

suggesting to be ideal candidates for the acceleration of bone regeneration. They have both 

been evaluated in animal DO models of both long and flat bones with promising results 

(Hamdy et al. 2003; Zakhary et al. 2005), with also very little known about their roles and 

signaling pathways during the DO phases. This is again largely attributed to complexity of 

the molecular mechanism of bone formation as is during DO and the unnatural presence of 

distraction forces. Nonetheless, it is evident today that several different signaling pathways 

as well as other transcription factors (such as Runx2, Sox-9 or osterix that interact with 

Smads and modulate gene expression) are involved as described in the earlier paragraph. Our 

group is amongst those who have been focusing on this aspect for several years where for 

instance the optimal time for the local application of OP-1 (Mandu-Hrit et al. 2006), the 

expression patterns of BMPs, BMP-signaling Smads and Smad ubiquitin regulatory factors 

known as Smurfs (Haque et al. 2006), the role of a key markers of vascularization such as 

vascular endothelial growth factor and its receptors and the platelet endothelial cell adhesion 

molecule (Mandu-Hrit et al. 2008), the temporal and spatial profile of FGFs, IGFs and TGF-

β (Haque et al. 2007), the role of BMP antagonists such as Noggin, Chordin, Gremlin and 

Inhibin (Haque et al. 2008) in addition to characterizing the signaling pathway of Wnts 

(Alsalmi et al. 2009) during DO were hitherto be determined with most not previously 

reported in the literature available on distraction osteogenesis or fracture healing.  

It has been shown that BMPs act at the earliest stage of osteoinduction via influencing gene 

transcription of pluripotent stem cells to promote differentiation into osteoprogenitor cells 

(Croteau et al. 1999). Our group has previously characterized the temporal and spatial 

expression of BMPs in membranous bone formation in a rabbit mandibular DO model 

(Campisi et al. 2003). Interestingly, an intense OP-1 signal was detected in the vascularized 

connective tissue and was expressed in osteoblasts, chondrocytes and fibroblasts during the 

first 2 weeks of distraction. These signals decreased significantly or were even absent during 

the consolidation period. This lead to suggesting that exogenous OP-1 administered during 

the consolidation period when endogenous OP-1 production abruptly tapers might enhance 

bone formation (Hamdy et al. 2003); however was only modestly successful. Later findings 
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in a rabbit model of long bone DO revealed that the acceleration of new bone formation can 

be rather attained after the administration of OP-1 early (vs. at the end) during the 

distraction period when OP-1 receptors are abundantly expressed (Mandu-Hrit et al. 2006) 

and was also found to be most likely depending on a non-vascular mechanism (Mandu Hrit 

et al. 2008).  

Findings from such studies along with the well-established call for a biocompatible, 

biodegradable, safe, customizable, localized and release-controlled injectable protein 

delivery system gave birth to the research work presented in herein as well as other ongoing 

studies conferred towards the end of this dissertation.  Mostly, these investigations are 

motivated to find a way to intrinsically stimulate BMP expression as an alternative mode of 

treatment minimizing if not diminishing the need and associated drawbacks of supra-

physiological and expensive dosages of exogenous BMPs.  

 

5.6. Conclusions 

DO today is a prevailing surgical technique widely used for bone lengthening and the 

reconstruction of and array of bone-related defects and conditions. It is not a new concept. 

Over the years, researchers determined that soft tissue must be kept from invading any bone-

to-bone interface in order for the free bone edges to heal. Studies are underway to determine 

what impact genetics, growth factors and signaling pathways may further have on bone 

repair, how to decrease bone morbidity and to identify improvements in this surgical 

intervention. It has been determined that a greater distance in movement can be achieved 

using DO, with less disruption to surrounding tissues. Nevertheless, DO does not eliminate 

the underlying disease process that led to the initial bone deficiency and when performed at 

an early age, additional surgery may become necessary. A main limitation, however, is the 

long period of time required for the newly formed bone to consolidate entailing prolonged 

external fixation with considerable morbidity. Through genetically-modified cell lines, 

recombinant BMPs are being produced as singular molecular species in unlimited quantities 

(although still very expensive to obtain and use). On top, rhBMPs do not cause a host-

versus-graft immune response and are free of infectious agents or contaminants. BMP-7/ 
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OP-1 have been shown to accelerate the formation of new bone in numerous preclinical and 

clinical studies. Nonetheless, the clinical efficacy of rhOP-1 will depend on the carrier used 

to ensure a sustained, multi-step, and prolonged delivery of adequate protein concentrations 

to the desired site of tissue regeneration and repair, the distraction callus and its surrounding, 

herein. Our previous studies have shown that several BMPs and their receptors are 

upregulated during the distraction period and gradually disappearing during the 

consolidation phase. Also, it was noted that the expression of inhibitory Smads was high 

during the consolidation phase suggesting that the BMP-related osteogenic activity is 

controlled through a negative feedback mechanism. This means that endogenous BMP 

production, especially OP-1, declines in osteoblasts in the consolidation phase. In addition, 

the BMP signaling pathway was suggested to be upregulated by the mechanical forces 

exerted during distraction and downregulated once these forces cease in the consolidation 

phase. Therefore, it was concluded that the osteogenic potential of BMPs (whether 

endogenous or exogenous) might be limited by the upregulation of the inhibitory Smads and 

Smurfs when the activity of the BMPs is at its maximum. This further provided information 

about the optimal time for exogenous administration of BMPs, early in the distraction 

period.  

Based on these findings, the aim of the work (presented in Section IV; Chapter 9) was to 

evaluate the effect of an early, single and localized injection of the release-controlled core-

shell nanoparticles loaded with a range of OP-1 concentrations in a rabbit DO model on new 

bone formation and consolidation to investigate the pursuit possibilities of (a) reducing the 

often necessary large, unpredictable and costly OP-1 dosages and (b) the earlier removal of 

the external fixation  device  or  apparatus;  for  a  favorable  and  steady  therapeutic 

outcome.  
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CHAPTER 6 

Core-Shell NPs – Formulation and Characterization 

 

Most drug delivery systems must be biocompatible, biodegradable (at a proper rate and with 

no by-products), non-immunogenic, non-toxic and stable at the least.  For those proteins with 

short biological half-lives, such delivery systems should also permit their immobilization at 

therapeutically-effective levels and provide their release in a predictable or metered manner 

over apt periods of time with the possibility of modulating or calibrating the release kinetics 

according to the specific requirements of a certain application (concentration, anatomical site 

and size among others factors), as discussed earlier.   

 

Therefore, the main objective of this phase of the project was to develop a novel delivery 

system suitable for bioactive proteins directed by these requirements. In the present 

parametric study representing the first set of in vitro experiments, the formulation and 

physico-chemical characterization of the liposomes and the natural polymers resulting in the 

core-shell nanoparticles introduced and justified in Chapter 2 are reported. For the physical 

characteristics of the majority of drug delivery systems, particle size and surface charge are 

considered of paramount significance to their role in efficiently associating with 

biomolecules and proteins, cellular uptake in addition to systemic particle distribution, fate 

and stability.  

 

Guided by these basic necessities, the initial challenge was to formulate with reproducibility, 

stable cationic liposomes suitable for the later build-up of alginate and chitosan. It was also 

deemed favorable to have the ability to produce these liposomes in a time-effective manner. 

Therefore, the cationic surfactant used was explored in a range of molar concentrations (4% 

to 19%), cholesterol was incorporated to strengthen the lipid bi-layer and extrusion/filtration 

of the vesicles was optimized to yield small, monodisperse and stable lipid vesicles in 

approximately 60 minutes per 8-9 mL. For the polymers and the subsequent layer-by-layer 

self-assembly forming the shell around the liposomal core, the pH, volume ratio, incubation 

and centrifugation times were optimized to finally result in cationic, spherical, monodisperse 
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and stable nanoparticles (even upon freeze-drying/rehydration) as small as 350 nm. For the 

proof of concept, bovine serum albumin was incorporated as a model protein and the 

encapsulation efficiency, loading capacity and release kinetics from both, uncoated and 

coated liposomes determined.  

 

The results of most of these experiments were reported in a manuscript published in the peer-

reviewed Biomaterials and are reproduced next. A reprint is included in Appendix C. 

Relevant information regarding some of the materials, methods and analytical techniques 

applied in this work are further described in Appendix A.  Supplementary experiments  not  

reported herein are  included in Appendix B. 
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6.1. ABSTRACT  
 

The present work is focused on the formulation of core-shell nanoparticles via the layer-by-layer 

(L-b-L) self-assembly technique for delivery of biomacromolecules; such as bone growth 

factors. The drug encapsulation efficiency of liposomes are enhanced with the increased stability 

of polyelectrolyte systems achieved through the alternate adsorption of several layers of natural 

polymers; anionic alginate and cationic chitosan on cationic nanosized phospholipids vesicles. 

The resulting particles were characterized for their size, surface charge, morphology, 

encapsulation efficiency, loading capacity and release kinetics over an extended period of 30 

days. The L-b-L deposition technique succeeded in building a spherical, monodisperse and stable 

hybrid nanoparticulate protein delivery system with a cumulative size of 383 ± 11.5 nm and zeta 

potential surface charge of 44.61 ± 3.31 mV for 5 bi-layered liposomes. The system offers 

numerous compartments for encapsulation including the aqueous core and within the 

polyelectrolyte shell demonstrating good entrapment and sustained linear release of a model 

protein, bovine serum albumin, in vitro. Our results demonstrate that this delivery system 

features an extended shelf-life and can be loaded immediately prior to administration, thus 

preventing any loss of the protein. 

 

Keywords: Controlled drug release; Liposome; Polysaccharide; Self-assembly 

Reproduced with permission from Biomaterials 29 (2008) 1207-1215. © 2007 Elsevier Ltd. 
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6.2. Introduction  

The recent advancements in the field of biotechnology have led to the development of 

abundant recombinant protein-based drugs such as vaccines, enzymes and hormones. Yet, 

since their isolation and purification, optimizing a delivery mechanism continues to be the 

primary obstacle for the clinical introduction of many protein-based drugs (Solheim 1998; Li 

and Wozney 2001). Predominantly due to their short biological half-life, lack of long-term 

stability, tissue-selectivity, potential toxicity and risk of carcinogenic activity (Luginbuehl et 

al. 2004). Hence, repetitive highly-dosed injections are often required to obtain the intended 

therapeutic efficiency, without causing any toxicity or other side effects. The optimal carrier 

would preserve the biological activity and viability of the protein, prevent its rapid clearance, 

and, preferably release it in a predictable or metered manner. Accordingly, the development 

of such new protein-based drugs coincides with the development of custom-made and 

release-controlled delivery systems (Li and Wozney 2001; Luginbuehl et al. 2004; 

Crommelin et al. 2003; Davis and Illum 1998; Richardson et al. 2001). 

Liposomes are the commonly investigated vehicles for delivery of therapeutic compounds, 

such as enzymes (Illum and Davis 1991; Chaize et al. 2004) because of their 

biocompatibility and appealing ability to carry hydrophobic and hydrophilic drugs. 

Nonetheless, stability in vivo remains a setback, due to their high tendency to degrade or 

aggregate and fuse leading to leakage of the entrapped drug during storage or after 

administration. Additionally, they are rapidly cleared from the circulation via uptake by the 

cells of the reticulo-endothelial system (Takeuchi et al. 2000).  To overcome those problems, 

varying the size of the liposome (Takeuchi et al. 1998; Takeuchi et al. 2001) or modifying 

the liposomal surface via coating with a single layer of hydrophilic polymers have been 

investigated (Charrois and Allen 2003). Accordingly, the idea of polyelectrolyte coatings 

obtained by the alternate deposition of polyanions and polycations emerged as a novel way 

to functionalize surfaces (Thierry et al. 2003; Quinn and Caruso 2004). This was quickly 

applied to the drug delivery field where the layer-by-layer (L-b-L) technique extended from 

the build-up of multi-layered polyelectrolytic films on macroscopic flat substrates (Decher 

1997) to the construction of core-shell particles on various spherical templates and colloidal 

particles
 
(Walker and Grant 1998; Bogdanovic et al. 2002; Yap et al. 2005). However, 
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particle flocculation or aggregation was difficult to overcome and thus far, the adsorption of 

only a single layer of biopolymer, such as polyvinyl alcohol (PVA)
 
(Takeuchi et al. 1998) or 

chitosan (Galovic et al. 2002) on a charged liposomal surface has been reported. In previous 

work, we have been successful with the L-b-L assembly of polyelectrolytes on 2- and 3-

dimensional artificial and biological systems. In addition to being non-toxic, biocompatible, 

biodegradable and hydrophilic, we have shown that biomolecules could be assembled and 

entrapped within polyelectrolyte layers, hence maintaining their bioactivity (Thierry et al. 

2003; Hillberg and Tabrizian 2006). We also designed alginate-chitosan nanosized polyionic 

complexes for gene therapy (Douglas and Tabrizian 2005). Besides the known advantages 

including the size property, longer shelf-life and ability to entrap more drugs (Gref et al. 

1994), nanosized systems reside longer in circulation, and therefore greatly extend the 

macromolecular biological activity when compared to microparticles (Desai et al. 1996).  

 

Combining the advantages of liposomes with those of L-b-L assembly systems, we report in 

this work a novel core-shell release-controlled delivery system. The core is composed of 

charged large unilamellar liposomes (LUVs) and the shell is constructed through the L-b-L 

self-assembly of alternating layers of sodium alginate and chitosan. The system was 

characterized and loaded with a model protein, bovine serum albumin (BSA) to evaluate its 

encapsulation efficiency, loading capacity and release profile over an extended period. The 

BSA release kinetics  were finally analyzed with the renowned Higuchi model (Higuchi 

1961).  

 

6.3. Materials and Methods  

6.3.1. Formulation of Liposomes  

LUVs were formulated via the thin-film hydration technique. A lipid phase was prepared by 

dissolving 1, 2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC: Genzyme 

Pharmaceuticals, Switzerland), cholesterol (Sigma-Aldrich Chemical) and a cationic 

surfactant; dimethyldioctadecyl-ammonium bromide (DDAB: Sigma-Aldrich Chemical) in a 

chloroform-methanol (Fisher Scientific) mixture (4:1, v/v). DDAB was used in a 4% molar 
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concentration to tailor the surface charge of the liposomes. The solvent mixture was removed 

from the lipid phase by rotary evaporation under vacuum resulting in the deposition of a 

homogenous dry lipid film. The film was hydrated with highly-pure water (HPW), vortexed 

to obtain a suspension of positively-charged multi-lamellar vesicles and transferred into a 

mini extruder (Avanti
®
 Polar Lipids, Inc.) with two 200 nm pore size 19 mm polycarbonate 

filters (GE Osmonics). 

  

6.3.2. Preparation of Nanoparticles  

Fresh alginate (AL) and chitosan (CH) 1mg/mL solutions were prepared in HPW (18.2 MΩ 

cm
-1

). Alginic acid (low viscosity; 12 kDa molecular weight) and chitosan (85% 

deacetylated; 91.11 kDa molecular weight) were purchased from Sigma-Aldrich Chemical. 

CH solution was prepared in 1% (v/v) acetic acid aqueous solution and the final pH adjusted 

with 1M NaOH to 5.5. Overnight stirring and filtration followed. For the L-b-L build-up, the 

cationic liposomes were coated with alternating layers of negatively charged AL and 

positively charged CH (volume ratio of 1:2 respectively) until the desired number of 

polyelectrolyte layers was achieved. With the deposition of each polymeric layer, the 

solution was incubated at room temperature for 60 minutes under gentle stirring. 

Centrifugation at 1600g for 15 minutes in order to eliminate aggregates that may form upon 

the mixture of liposomes and polymeric material (washing) followed.   

 

6.3.3. Characterization of Nanoparticles 

6.3.3.1. Particle Size, Surface Charge and Physical Stability 

Average hydrodynamic diameter (size), size distribution (polydispersity index; PI) and mean 

count rate (MCR) of all un-coated and coated liposomes were assessed at 25
o
C by a particle 

sizer using a low-angle laser light-scattering device (HPPS, Malvern Instruments). The net 

surface charge was determined by zeta (ζ) potential with a ZetaPlus analyzer using laser 

Doppler anemometry (Brookhaven Instruments, USA). Using sucrose as a cryoprotectant, 

aliquots of particle suspensions were freeze-dried at -54ºC for 48 hours (Thermo Savant, 
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Modulyo D-115). Physical stability upon rehydration of lyophilized powders in HPW to the 

original volume was evaluated.  

 

 

6.3.3.2. Morphology  

Morphological analysis was performed by atomic force microscopy (AFM). Samples were 

deposited onto alginate-coated silica (Si) wafers. Slides were scanned with a Nanoscope
®
 

IIIa Scanning Probe Microscope (Digital Instruments, USA) in a liquid cell at room 

temperature in contact mode using a silicon nitride (Si3N4) cantilever at a scan rate of 1.850 

Hz. 

 
 

6.3.3.3. Protein Encapsulation Efficiency and Loading Capacity 

Accurately weighed lyophilized nanoparticles were re-hydrated to the original volume with 

different concentrations of BSA (66 kDa molecular weight, Pierce Biotechnologies) solution 

(0 to 2.0 mg/ml). The BSA-loaded particles were separated from the un-adsorbed protein by 

ultracentrifugation for 30 minutes at 180000g and 25°C (Beckman TL-100 Ultracentrifuge). 

Un-adsorbed BSA in the supernatant was quantified using a colorimetric method (Micro 

BCA protein assay, Pierce Biotechnologies) by reading the absorbance at 562 nm (µQuant, 

Bio-Tek Instruments). The loading capacity (LC) and encapsulation efficiency (EE) of the 

nanoparticles were calculated using equations (1 and 2) (Calvo et al. 1997; Douglas and 

Tabrizian 2005): 

 

LC = 
part

ertotal

Mass

BSABSA
sup


   x 100                              (1) 

EE = 
total

ertotal

BSA

BSABSA
sup


  x 100                                  (2) 
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where BSAtotal is the initial amount of BSA; BSAsuper is the amount of un-adsorbed albumin 

measured in the supernatant, and Masspart is the mass of the initial nanoparticles powder 

lyophilized. 

 

 

6.3.3.4. Protein Release Study 

Aliquots of nanoparticle suspensions loaded with albumin were maintained at 37°C. 

Suspensions were then ultracentrifuged for 20 minutes at 180000g and 25°C to separate the 

nanoparticles from the supernatant containing released protein for quantitative analysis. The 

pellet was re-suspended in 3 ml of HPW and the procedure repeated similarly over a period 

of 30 days at pre-determined time points. The amount of released BSA was analyzed 

spectrophotometrically by measuring the protein concentration in the supernatant using the 

micro-BCA method and reading the absorbance at 562 nm. The cumulative amount of BSA 

released over the time period were calculated using the following equation (3) (Dhoot and 

Wheatley 2003; Kim et al. 2003): 

 

Cumulative protein released (%) =  
total

er

BSA

BSA
sup

 x 100                                (3) 

where BSAsuper  is the cumulative amount of protein released at each time point and BSAtotal  

is the actual loading of the protein determined earlier.  

6.3.3.5. Modeling of Release Kinetics 

To describe the release rate and characteristics of BSA from this delivery system as the 

square root of a time-dependant process based on diffusion, the Higuchi model (Higuchi 

1961) was applied. The basic equation (4) is: 

 

   tktSADSQ
Ht


5.05.0

5.02                                                                            (4)
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where Qt is the amount of drug released in time t, D is the diffusion coefficient, S is the 

solubility of drug in the dissolution medium, ε is the porosity, A is the drug content per cubic 

centimeter of matrix and kH is the Higuchi constant. Equation (4) can be further simplified 

and expressed as: 

 

tk
M

M

H

t




                                                                                                        (5)

  

where Mt is the cumulative absolute amount of drug released at time t, M∞ is the absolute 

cumulative amount of drug released at infinite time (which should be equal to the absolute 

amount of drug incorporated within the system at time t = 0). Thus, the fraction of drug 

released is proportional to the square root of time. Alternatively, the drug release rate is 

proportional to the reciprocal of the square root of time.  

 

6.3.4. Statistical Analysis 

All experiments were done in triplicate. The results are reported as means ± standard 

deviations. Unpaired or paired t-tests were performed for all comparisons to assess for 

statistical significance at the 95% confidence level.   
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6.4. Results and Discussion  

6.4.1. Particle Size and Size Distribution 

 

The relevant size, PI, MCR and ζ-potential surface charge for bare liposomes (L; 4% DDAB) 

are displayed in Table 6.1. This concentration was previously investigated proving to yield 

stable, monodisperse vesicles where DDAB concentrations of less than 4% or more than 

19% were reported to alter the colloidal stability of the liposome suspension (Crispin et al. 

2002). The buildup of multi-layers on LUVs was accompanied by an increase in particle 

size, as determined by HPPS. 

 

The mean particle diameter of initial LUVs is 180 ± 10.5 nm versus 345 ± 10.9 nm for 

liposomes coated with six polyelectrolyte layers (Figure 6.1). It is noteworthy that the 

adsorption of the first chitosan layer [L(AL-CH)] on a previously adsorbed alginate layer 

[L(AL)] causes a decrease of the mean particle size; especially noticeable with the first two 

layers stabilizing afterwards. This behavior might be explained by the ability of the shorter 

polymer chains of alginate to easily diffuse between the longer polymer chains of chitosan 

due to the strong ionic electrostatic interactions and complexation of the polymers forming a 

denser network (Calvo et al. 1997). As we reported in a previous work (Douglas and 

Tabrizian 2005), low-molecular weight chitosan favored the creation of smaller chitosan-

alginate nanoparticles, as compared to high-molecular weight chitosan. These results are 

displayed in the insert of Figure 6.1. Moreover, the PI is a measure of dispersion 

homogeneity, ranging from 0 to 1. Values between 0 and 0.3 indicate a relatively 

homogeneous dispersion (Chu et al. 1991). As shown in Figure 6.2a, the PI tends to decrease 
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with the addition of polymers nevertheless it remained in the range that indicates dispersion 

homogeneity (< 0.24).  

 

The literature provides evidence that particles (< 500 nm) cross membranes of epithelial 

cells through endocytosis while larger particles (> 5µm) would be taken up via lymphatics 

(Savic et al. 2003; Zhang and Feng 2006). Dong and Feng (Dong and Feng 2004) reported 

that nanoparticles have greater ease of targeting tumors and delivering anti-cancer drugs 

reason being that they have higher surface area/volume ratio making it easier for the 

entrapped drug to be released in addition to having the advantage in permeating through the 

physiological drug barriers. Additionally, we monitored particle size change stored at room 

temperature over a period of 12 months. Figure 6.2b reveals no significant difference 

indicating the effect of the L-b-L self-assembly in stabilizing these nanoparticles and 

enhancing their shelf-life. 
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6.4.2. Surface Charge and Physical Stability 

The step-wise adsorption of alginate and chitosan was also monitored by measuring the ζ-

potential upon addition of each polyelectrolyte layer. Besides confirming the presence and 

coverage of the polymer coating, ζ-potential is an important index for the stability of 

nanoparticulate suspensions. ζ-potential values above +30 mV or below -30 mV are 

generally considered to be an indication of stability and enhanced uniformity through 
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causing strong repulsion forces among particles to prevent aggregation (Shiqu et al. 2005). 

As evidenced in Figure 6.3, the adsorption of each monolayer of charged polymer induced a 

charge inversion on the surface with ζ-potentials in the order of 36.6 ± 2.9 mV after the 

addition of six layers of polyelectrolytes; L(AL-CH)3, indicating that the system is stable.  

 

 

Furthermore, lyophilization (Bridges and Taylor 2001) in the presence of small amounts of 

sucrose (cryoprotectant) was carried out for this delivery system. Rationale behind freeze-

drying is two-fold: (a) additional stability evaluation in terms of particle size and surface 

charge before and after lyophilization; and (b) loading the nanoparticles with BSA to 

evaluate their loading capacity, encapsulation efficiency and release profile.  
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Figure 6.4 demonstrates that the re-hydration of the lyophilized particles could be attained in 

HPW with no significant difference in particle size or ζ-potential for the coated liposomes. 

Sucrose seems to prevent fusion or aggregation by acting as a spacer between particles 

(Womersley et al. 1986). Results show that the freeze-drying/rehydration procedure works as 

well for polysaccharide-coated liposomes as it does for bare liposomes.  

 

 

6.4.3. Morphology  

AFM scanning is illustrated in Figure 6.5. Figure 6.5a shows spherical liposomes with an 

average size of 200 nm and Figure 6.5b illustrates 3-bilayerd nanoparticles; L(AL-CH)3 with 

an average diameter of 350 nm confirming HPPS readings. The height profile of un-coated 
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liposomes (L) amplified as an average vertical height was estimated at about 1.005 nm 

compared to L(AL-CH)3 with 5.042 nm as shown in Figures 6.5c and 6.5d respectively. The 

observed contraction in thickness is probably owing to the scanning force acting on the 

surface of the particles, as reported by Lulevich et al. (Lulevich et al.2003).  

 

 

6.4.4. Protein Entrapment Efficiency (EE) and Loading Capacity (LC) 

Results of the LC and EE of our delivery system are displayed in Figures 6.6a and 6.6b. Bare 

liposomes (L); liposomes coated with a single layer of alginate L(AL); liposomes coated 

with 6 layers of alginate and chitosan L(AL-CH)3; and liposomes coated with 10 layers of 
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alginate and chitosan L(AL-CH)5 were loaded with different concentrations of BSA (ranging 

from 0 to 2.0 mg/ml). Results showed that the protein LC in all liposomes, whether coated or 

un-coated is directly proportional to the BSA concentration used. Generally, the LC was 

enhanced by increasing the initial BSA concentration, reaching a maximum of ~ 70 mg of 

BSA entrapped in 100 mg of nanoparticles [L(AL-CH)3 and L(AL-CH)5 for 2.0 mg/ml BSA 

concentration] after which a plateau seems to attain. Similarly, EE was also affected by the 

initial BSA concentration where the lower the concentration, the higher the EE (with a range 

from 0 to 0.5 mg/ml BSA). Yet, the EE tends to decrease afterwards with higher BSA 

concentrations. This might indicate that the optimum EE was reached; however no 

significant differences were detected.  

Nevertheless, results demonstrate a significant difference between the EE of un-coated 

liposomes and coated liposomes with 3- and 5-bilayers of polymers (ρ<0.05). Coated 

liposomes can efficiently encapsulate more than double the amount than un-coated 

liposomes. Hence, higher LCs and EEs are achieved with the addition of the alginate and 

chitosan layers, enabling the system to entrap additional amounts of protein. Liposomes 

coated with ten layers of polyelectrolytes  were  able to  encapsulate  more than  80% of the 

loaded protein.  
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6.4.5. Protein Release Profile  

Figure 6.7 illustrates the BSA release profiles plotted as a function of time over a period of 

30 days. Figures 6.7a and 6.7b display the cumulative percentage release and the absolute 

release profiles at every time point, respectively. Un-coated liposomes exhibited a typical 

initial rapid burst effect of 60% in the first 3 days while coated liposomes displayed an 

elimination of this burst effect along with a slowed release of albumin (< 50%) over the 

extended period of 30 days. Controlled, linear and sustained release of BSA was observed 

throughout the study with up to 88% of BSA released over 4 weeks before reaching a 

plateau. According to Kim et al. (Kim et al. 2003) the molecular weight of polymers  

incorporated might have an effect on the slower release of albumin as stronger outer coating 

membrane forms from higher molecular weights of polymers. Conformational changes to 
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produce a more dense shell might have transpired with adding additional layers, mainly 

noticeable with the L(AL-CH)5 nanoparticles.  

 

Figure 6.7b demonstrates the release values at each time point. Following the initial burst, 

BSA release from L and L(AL) starts to decrease dramatically (day 7 onwards). It seems that 

the effect of the single alginate layer limits itself mainly to reducing the initial BSA burst. 

On the contrary, BSA release from coated liposomes with 6 or more layers of 

polyelectrolytes displays higher release percentages in the first 2 days than L and L(AL). The 

fraction released during the first hours could correspond to the fraction of the free BSA that 

is released without control from the carrier. This represents the albumin that is physically 

adsorbed on the surface of the liposomes/nanoparticles. Release starts to increase again on 

day 7. Almost 35% of the loaded albumin in L(AL-CH)3 was released primarily from the 

shell followed by an increase in the release profile afterwards.  

This would be from the core, decreasing again in the third week of the experiment. The 

release profile for L(AL-CH)5 provides evidence of the effect of polymer coating and 

additional compartments on exhibiting slower release profiles. Chellat et al. (Chellat et al. 

2000) have previously demonstrated that the complexation of two polymers (one of which 

was CH) provided a protective effect for shell degradation in simulated gastric and intestinal 

fluids starting after 15 days. Similarly here in, the ionic interactions between the amine 

groups of CH and the carboxyl groups of AL seem to control the biodegradation of the 

delivery system, thus the delayed and longer release of protein from the core.     

 

6.4.6. Release Kinetics 

We have obtained a 30-day BSA release profile from multi-layered nanocapsules plotted as a 

function of square root of time (in days) in Figure 6.8. The data obtained has been fitted for 

the ideal Higuchi model based on calculation of area under the curve using the trapezoidal 

rule (Gohel et al. 2000). The method is exemplified for 3 experimental formulations [L, 

L(AL-CH)3 and L(AL-CH)5] allowing for where drug release is complete (100%) or 
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incomplete (< 100%) at the last sampling time. The literature provides evidence that for such 

systems, the Higuchi model based on the goodness-of-fit test continues to be the most 

appropriate model to describe the kinetics of drug release, when compared to zero-order, 

first-order, Hixson-Crowell‟s, and Weibull‟s models (Gohel et al. 2000).   

 

Furthermore, it enables an understanding of the quantitative deviation of the proposed 

formulation from the diffusion-controlled ideal Higuchi model. The plot showed good 

linearity for the coated liposomes. The insert in Figure 6.8 displays the slope K, axis 

intercept a and squared coefficient of correlation r
2 

from equation (5) for the release of 

incorporated BSA out of un-coated and coated liposomes. Diffusion seems to be the main 

factor controlling the release of the encapsulated BSA from this delivery system over the 30 

days. The increase in coating thickness appears to decrease the rate of protein release where 
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BSA release from un-coated liposomes is clearly faster than from coated liposomes. This 

might be attributed to the presence of albumin on the surface of liposomes.  

 

Finally, the rate of release was divided into an initial phase (shell release; 0-7 days) and a 

terminal phase (core release; 11-30 days) and fitted to the Higuchi mathematical model as 

well. Release rate constants (mean ± standard deviation) and correlation coefficients of BSA 

release from un-coated and coated liposomes are displayed in Table 6.2. The initial burst 

effect and rapid release of albumin is clearly noted from un-coated liposomes. On the 

contrary, controlled release initial and terminal phases (via L-b-L build-up) of the coated 

nanocapsules is demonstrated and would have a functional therapeutic use in maintaining 

sustained drug/protein delivery over extended periods of time diminishing lag periods.  

 

6.5. Conclusion  

This paper introduces a novel hydrophilic controlled-release protein delivery system 

consisting of a suspension of core-shell nanoparticles. Small and stable, monodisperse 

cationic particles (< 400 nm; PI < 0.3) were obtained by the L-b-L deposition of alternating 

polyelectrolytes on cationic liposomes. The system demonstrated a good capacity for the 

encapsulation and loading of albumin. The in vitro release profile suggested that albumin has 

been entrapped in both, the aqueous liposomal core and within the polyelectrolyte shell. 

These core-shell nanoparticles have the following features: (i) formulated spontaneously and 

rapidly under mild conditions; (ii) are nanosized and stable; (iii) have a surface charge that 

can be modulated; (iv) possess a high loading capacity that can be altered by the number of 

polyelectrolyte layers and (v) provide sustained release of the entrapped protein for extended 

periods of time. The system tolerates extended shelf storage and drug loading via simple 
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rehydration immediately preceding administration, thus preventing degradation or loss of the 

drug. Hence, it seems promising for the in situ administration of therapeutic proteins. 
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CHAPTER 7 

Core-Shell NPs – Cytocompatibility and rhOP-1 Release  
 

It has been often reported that most protein-loaded biodegradable microspheres exhibit an 

unpredictable tri-phasic release kinetics beginning with a considerable „initial burst‟ effect at 

the onset, followed by a lengthy lag phase and then culminate with incomplete release 

despite significant polymer degradation by erosion. This so-called “initial burst” 

phenomenon poses a serious toxicity risk and consequently is a major hurdle for the 

development of drug delivery systems with marketing potential. The „lag‟ phase is the period 

during which a very slow (close to zero) release occurs after the rapid initial burst period and 

usually lasts from days to weeks. During this lag phase, a patient may not be effectively 

treated due to the lack of sufficient drug release and delivery adding to the dilemma. For 

nano-sized systems, bioactivity preservation during preparation and following release is one 

of the most challenging issues in the field today. Commonly, drugs can be entrapped in the 

polymer matrix, encapsulated in a liquid core, surrounded by a shell-like polymer membrane 

or bound to the particle surface by adsorption. No studies have reported on a combination of 

these and/or within liposomes. Also, biocompatibility (safety in vivo) non-toxicity 

(cytocompatibility, in vitro) is without doubt vital for any drug delivery system, in general. 

 

Following the successful application of the L-b-L self-assembly technique in formulating a 

suspension of hybrid core-shell nanoparticles with good encapsulation properties and 

sustained linear release profiles for albumin as a model drug, the second phase of the project 

was initiated. The main aim was to evaluate the ability of the nanoparticles to serve as an 

injectable release-controlled delivery system specific for bioactive BMP-7/OP-1 over longer 

periods of time (for later evaluation in DO) than what was accomplished previously with 

albumin.  

 

Hence, in the present study representing the second set of in vitro experiments, the physical 

stability of the nanoparticles was further assessed in simulated physiological media and post-

lyophilization/rehydration with OP-1. The potential cytotoxicity/cytocompatibility of the 

system was evaluated by means of monitoring the viability of preosteoblasts in culture using 
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MTT colorimetry (in vivo biocompatibility and safety is presented later on in Chapter 8 of 

Section IV). The effect of the core-shell design and the encapsulation process on maintaining 

the bioavailability of the immobilized protein was then examined by measuring the  alkaline  

phosphatase  activity  of  preosteoblasts  using  a  micro-BCA assay.  

 

The results of this study were reported in a manuscript published in the peer-reviewed 

Journal of Biomedical Materials Research / A and are reproduced herein. A reprint is 

included in Appendix C. Likewise, relevant information regarding some of the materials and 

analytical methods used in this work to evaluate cytocompatibility and rhOP-1 release 

kinetics in UPW for instance are present in Appendix A. 
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7.1. ABSTRACT  
 

A release-controlled OP-1 delivery system consisting of a suspension of core-shell nanoparticles was 

prepared. The nanoparticles were composed of a core of positively-charged large unilamellar 

liposomes and a shell constructed through the L-b-L assembly of alternating layers of negatively-

charged sodium alginate and positively-charged chitosan. Cytotoxicity was assayed with MC3T3-

E1.4 mouse preosteoblast cells and cell viability was determined by colorimetry (CellQuanti-MTT
TM

 

kit). The system was loaded with a range of OP-1 concentrations and the release profiles were 

obtained and fitted into the Higuchi model to determine release kinetics. Alkaline phosphatase (ALP) 

activity of preosteoblasts was evaluated using a micro-BCA assay. The resulting monodisperse and 

nontoxic spherical nanoparticles exhibited high physical stability in simulated physiological media as 

well as an extended shelf-life allowing for immediate protein loading before future administration. 

ALP activity increased over time with the OP-1 loaded delivery system when compared with control, 

protein alone, and nanoparticles alone (ρ < 0.05). The system offers copious compartments for 

protein entrapment including the aqueous core and within the polyelectrolyte layers in the shell and 

demonstrates a sustained triphasic linear release of OP-1 over a prolonged period of 45 days, in vitro. 

This system might offer a great advantage for optimum growth factor performance when applied in 

different anatomical sites of varying defect sizes and vascularity. 

 

Key words: alginate; alkaline phosphatase; bone morphogenetic protein(s); cell viability; chitosan; 
controlled drug release; core-shell nanoparticles; liposomes; self-assembly  

Reproduced with permission from Journal of Biomedical Materials Research Published by John 

Wiley & Sons, Inc. © 2008 Wiley Periodicals, Inc. 
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7.2. Introduction  

Bone morphogenetic proteins (BMPs/OPs) are multifunctional osteoinductive cytokines that 

belong to the transforming growth factor β (TGF- β) superfamily (Ripamonti et al. 2001). 

BMPs exert diverse biological processes and are able to elicit osteogenesis during both, 

embryological bone formation and fracture repair (Ripamonti et al. 2001; Sykaras and 

Opperman 2003). Among the 20 BMPs identified and characterized to date, BMP-2, -4, -5, -

6, -7 and -9 have shown the greatest de novo osteogenic capacity in vitro as well as in vivo 

(Xiao et al. 2007). They have stimulated bone regeneration and repair both orthotopically 

and heterotopically in several experimental animal models (Termaat et al. 2005). Thus, 

recombinant BMPs are now recognized as key factors in the arena of bone tissue engineering 

(Sykaras and Opperman 2003; Saito et al. 2003). They hold great potential for healing bone 

fractures and large osseous defects, bridging bone nonunions, preventing osteoporosis, and 

treating periodontal defects, in humans (Giannobile et al. 1998; Termaat et al. 2005).  

 

For example, BMP-7 (osteogenic protein 1, OP-1) induced bone formation into muscle and 

between bone fragments when implanted subcutaneously (Sampath et al. 1992). Since its 

production by recombinant DNA technology in 1992, OP-1 has been extensively 

investigated for bone and cartilage regeneration in preclinical and clinical research 

(Vukicevic et al. 1995; Cook and Rueger 1996; Cook 1999). OP-1 has been shown to be 

effective in promoting bone healing in long bone nonunions, open tibial fractures as well as 

in spinal fusion, providing a full alternative for conventional bone grafts (Giannobile et al. 

1998; Friedlaender et al. 2001; Pecine et al. 2001). Furthermore, ossification was accelerated 

during distraction osteogenesis following a single injection of OP-1 for correcting numerous 

craniofacial and orthopedic conditions (Mizumoto et al. 2003; Hamdy et al. 2003; Mandu-

Hrit et al. 2006; Buxton and Cobourne 2007; Mitsukawa et al. 2007).  

 

However, the clinical efficacy of OP-1 would depend on the carrier system used to ensure a 

sustained, multistep, and prolonged delivery of adequate protein concentrations to the 

desired site of tissue repair or restoration (Giannobile et al. 1998; Seeherman et al. 2002; 

Saito et al. 2003; Hamdy et al. 2003; Luginbuehl et al. 2004; Termaat et al. 2005; Seeherman 
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and Wozney 2005; Mandu-Hrit et al. 2006). The foremost limitations include the rapid 

diffusion of OP-1 away from the site of application and the loss of its bioactivity, resulting in 

suboptimal local induction and thus incomplete or failure of bone regeneration. Researchers 

over the years have investigated numerous types of carriers to deliver bone growth factors 

(Winn et al. 1999; Kirker-Head 2000; Li and Wozney 2001; Chen and Mooney 2003). 

Animal-derived collagens, while successful in many preclinical and human clinical trials 

(Cook et al. 1995; Geesink et al. 1999) are limited by their immunogenicity and risk of 

disease transmission due to their xenogenic nature (DeLustro et al. 1990; Bach et al. 1998; 

Butler et al. 1998). Other materials that were proposed as safer and more effective than 

collagen in recent years include porous inorganic hydroxyapatite (HAP)(Boden et al. 1999) 

and synthetic biodegradable polymers such as poly L-lactic acid (PLLA), poly D, L-lactic-

glycolic acid (PLGA), and poly ε-caprolactone (PCL)(Boyan et al. 1999; Saito et al. 2003; 

Sung et al. 2004). However, acid degradation products resulting in aseptic inflammation and 

further ectopic bone formation have transpired consistently and thus far none of them have 

gained acceptance for human clinical investigation (Vukicevic et al. 1995; Giannobile et al. 

1998). Natural, negatively-charged polymers such as hyaluronic acid and alginate have been 

used in gel and sponge formats yet are limited due to rapid resorption. This can be surpassed 

through chemical modification to decrease the intrinsic hydrophilicity of these polymers, 

minimizing degradation and enhancing ionic bond formation with the positively-charged 

BMPs (Li and Wozney 2001; Seeherman and Wozney 2005). As a result, the controlled 

release properties of synthetic polymers have been combined with the biocompatibility of 

natural polymers in recent years. Examples include PLGA-gelatin composites, collagen-

PLG-alginate composites, and hyaluronan-impregnated PLA sponges (Kenley et al. 1994; 

Brekke 1996; Higuchi et al. 1999).  

 

Nano- and microparticles are other dosage forms that have consummated much attention for 

delivery of growth factors due to their attractive tendency to amass in sites of inflammation. 

They can be prepared from either synthetic polymers (PLA and PLGA) or from natural 

polymers (gelatin and chitosan) (Lee and Shin 2007). Weber et al. (Weber et al. 2002) and 

Park et al. (Park et al. 2005) reported on enhanced tissue regeneration in vivo using PLGA 

and gelatin microparticles for growth factor release. When compared with microparticles, 
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nanoparticle delivery systems have demonstrated superiority in terms of longer residencies 

in general circulation, consequently extending the biological activity of the entrapped 

molecule (RaviKumar 2000). PLGA nanospheres immobilized onto prefabricated 

nanofibrous PLLA scaffolds were used to load OP-1 and to promote in vivo bone 

regeneration (Wei et al. 2007). However, significant failure of bone induction was observed 

due to loss of the bioactivity of the loaded protein and rapid release from the scaffolds once 

implanted subcutaneously in rats.  

 

Hence, the design of a safe and effective delivery system that immobilizes biologically 

active growth factors, controls their release at therapeutic levels over the proper periods of 

time for bone induction, has release kinetics calibrated to local requirements, and ultimately 

degrades without soliciting unexpected side effects remains a challenge (Hollinger 1993; Cai 

et al. 2002). Consequently, we focused on two biodegradable natural polymeric carrier 

materials combined together via the layer-by-layer (L-b-L) self-assembly technique over 

nanoscaled liposomes to formulate core-shell nanoparticles. In a previous in vitro study, we 

have successfully encapsulated a model protein, bovine serum albumin in this core-shell 

controlled release system. The nanoparticles constitute a core of positively-charged large 

unilamellar liposomes and a shell constructed through the L-b-L assembly of alternating 

layers of negatively-charged sodium alginate and positively-charged chitosan (Haidar et al. 

2008 a). The system had a cumulative size of 383 ± 11.5 nm and a zeta potential surface 

charge of 44.61 ± 3.31 mV for a five bilayered shell onto liposomes. The spherical 

nanoparticles tolerated extended shelf storage (up to 12 months) and had a capacity for 

protein loading over a concentration range of 0–2.0 mg/mL BSA. The release profile 

observed was characterized by an initial burst followed by sustained protein release. This 

release profile is highly desirable for delivering growth factors; particularly in large bony 

defects (Li and Wozney 2001; Seeherman and Wozney 2005).  

 

In the present work, we investigate the ability of our core-shell nanoparticulate system to 

encapsulate OP-1 and its physical stability in serum as well as post-lyophilization. The 

release kinetics of OP-1 over an extended period of 45 days is determined. The in vitro 
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cytotoxicity of the nanoparticles and the effect of the controlled release of OP-1 from the 

nanoparticles on mouse MC3T3 preosteoblast cells differentiation were assessed. 

 

7.3. Materials and Methods  

7.3.1. Materials   

For the preparation of liposomes, 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine was 

purchased from Genzyme Pharmaceuticals, Switzerland; cholesterol and 

dimethyldioctadecyl-ammonium bromide (DDAB) were obtained from Sigma-Aldrich 

Chemical. The extrusion apparatus was purchased from Avanti
®

 Polar Lipids, and the 19 

mm polycarbonate filters (200 nm pore size) were obtained from GE Osmonics. For the L-b-

L coating, alginic acid (sodium salt; viscosity of 2% in water) and chitosan (85% 

deacetylated with molecular weight of 91.11 kDa) were obtained from Sigma-Aldrich 

Chemical. For the cytotoxicity assay, mouse preosteoblast MC3T3-E1 subclone 14 

(American Type Culture Collection, Manassas, VA) were cultured. Recombinant human OP-

1 (15.7 kDa molecular weight; lyophilized) was purchased from bio-WORLD, OH. Fetal 

calf serum was obtained from Invitrogen
TM

 Canada, ON. For the alkaline phosphatase (ALP) 

activity assay, ρ-nitrophenylphosphate substrate was purchased from Pierce Chemical, IL.  

 

7.3.2. Preparation of Nanoparticles  

Core-shell nanoparticles were prepared through the electrostatic interaction of positively-

charged liposomes (L) with alternating layers of negatively-charged alginate (AL) and 

positively-charged chitosan (CH) according to the method described previously (Haidar et al. 

2008 a). Briefly, liposomes (4% and 9%DDAB w/w) were formulated via the thin-film 

hydration technique, followed by extrusion through double 200 nm polycarbonate filters. For 

the L-b-L build-up, fresh AL and CH solutions (1 mg/mL) were prepared in highly-pure 

water (HPW: 18.2 MΩ cm
-1

). CH solution was prepared in 1% (v/v) acetic acid aqueous 

solution and the final pH adjusted with 1M NaOH to 5.5. The cationic liposomes were 

coated with alternating layers of AL and CH until the desired number of polyelectrolyte 

layers was achieved (6 layers: L(AL-CH)3 and 10 layers: L(AL-CH)5). With the deposition 
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of each polymeric layer, the solution was incubated at room  temperature  for 60 min  and  

centrifuged  at 1600g for 15 min for washing.   

 

7.3.3. Characterization of Nanoparticles 

7.3.3.1. Particle Size, Surface Charge and Physical Stability 

Average hydrodynamic diameter (size) and the net surface charge (zeta potential) of all 

uncoated and coated 4% and 9% DDAB liposomes were assessed at 25
o
C using low-angle 

laser light-scattering (DLS-HPPS, Malvern Instruments, UK) and laser Doppler anemometry 

(Zeta-Plus, Brookhaven Instruments, NY), respectively. Aliquots of particle suspensions 

were freeze-dried using sucrose as a cryoprotectant at -54
o
C for 48 h (Modulyo D-115, 

Thermo Savant, MA) and the physical stability upon rehydration of lyophilized powders 

with OP-1 to the original volume was evaluated. Furthermore, stability over time (stored in 

solution at room temperature) was assessed by DLS over a period of 12 months. 

 

7.3.3.2. Cell Culture  

Mouse preosteoblast MC3T3-E1.14 cells were seeded in a-minimum essential medium 

supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin. Cells 

were allowed to attach to the plates in a humidified atmosphere of 5% CO2 and 95% air 

incubator at 37
o
C for 24 h and the media changed every 48 h. Cells were sub-cultured after 

reaching confluence using trypsin-EDTA. Controlled experiments were conducted on 

conventional well plates for each set of experiments. 

 

7.3.3.3. Cytotoxicity Assay 

Cells were seeded in a 96-well plate at an initial density of 1.0 x 10
4
 viable cells/well. The 

following day, medium was removed and cells were treated with 200 µL of medium 

containing several concentrations of both uncoated and coated liposomes. Cells were 

incubated in treatment medium for 24 h, after which cell proliferation and viability with a 

linear detection range of 1,000 to 50,000 cells was performed using a colorimetric method 
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using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole 

(CellQuanti-MTT
TM

 kit) purchased from BioAssay Systems, CA.  

 

Briefly, treatment solutions were replaced with 100 µL fresh medium to which 10 µL of 12 

mM MTT solution was added. After 4 h of incubation at 37
o
C, 100 µL of SDS-HCl solution 

was added to each well, followed by further incubation at 37
o
C. Samples were then read at 

570 nm by a plate spectrophotometer (µQuant, Bio-Tek Instruments). As a negative control, 

10 µL of the MTT stock solution were added to 100 µL of medium alone. The viability of 

cells incubated with DMEM alone was taken as 100%. 

 
 

7.3.3.4. Stability in Fetal Bovine Serum 

To evaluate the stability of the system in simulated physiological medium, aliquots of 

particle suspensions (uncoated and coated liposomes) were diluted 10 times with fetal calf 

serum and incubated at 37
o
C for 1 h, 6 h, and 24 h. The change in particle diameter was 

assessed by DLS. 

 

7.3.3.5. Protein Entrapment Efficiency and Loading Capacity 

Lyophilized 4% DDAB nanoparticles were rehydrated to the original volume with different 

concentrations of OP-1 solution (0.0 to 5.0 µg/mL). The un-adsorbed protein was separated 

from the protein-loaded particles by ultracentrifugation for 30 min at 180,000g and 25
o
C 

(TL-100 Ultracentrifuge, Beckman Coulter, CA). Quantification was performed using an 

enzyme-linked immunosorbent assay (ELISA) construction kit specific for human BMP-7 

according to the manufacturer‟s (Antigenix America) protocol, reading the absorbance plate 

spectrophotometer at 450 nm. Alongside, the average size and zeta potential surface charge 

of the particles following rehydration with OP-1 were measured. 

 

7.3.3.6. Protein release study 

Aliquots of nanoparticle suspensions loaded with OP-1 were maintained at 37
o
C. 

Suspensions were then ultracentrifuged for 20 min at 180,000g and 25
o
C to separate the 

nanoparticles from the supernatant containing the released protein for quantitative analysis. 
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The pellet was re-suspended in 1 mL of HPW and the procedure repeated over a period of 45 

days at pre-determined time points. The cumulative amount of released OP-1 was analyzed 

spectrophotometrically by measuring the protein concentration in the supernatant using 

ELISA and reading the absorbance at 450 nm. 

 

 

7.3.3.7. Measurement of Alkaline Phosphatase (ALP) Activity 

Osteogenic differentiation was screened by the expression of the activity of ALP measured 

via the time-dependent formation of ρ-nitrophenol from ρ-nitrophenylphosphate substrate 

(Pierce Chemical, IL) at pH 9.8. Cells were incubated at 2 x 10
4
 cells/well in a 24-well plate 

for 24 h at 37
o
C. The following day, cells were treated with uncoated and coated liposomes 

for 2, 4, and 7 days. The cell layers were washed with PBS and scraped off from the surfaces 

by adding harvest buffer (10 mM Tris pH 7.4, 0.2% IGPAL). After sonication and 

centrifugation, preosteoblast cell lysate was used for the analysis of the ALP activity and the 

total protein level. Each reaction was initiated by adding 100 µL of ρ-nitrophenylphosphate 

to the cell lysate. The reaction was stopped after 30 min by adding 50 µL of 2N NaOH. 

Optical density was measured at 405 nm by a spectrophotometer on every time point to 

quantify the amount of ρ-nitrophennol produced. The values of ALP activity were 

normalized with respect to the total protein content obtained from the same cell lysate. Total 

protein content was determined using a micro-BCA Protein Assay kit (Pierce 

Biotechnologies, IL) following the recommendations of the manufacturer. 

 

7.3.3.8. Modeling Release Kinetics 

The OP-1 release rate and characteristics for this delivery system were described as a time-

dependent process based on diffusion. The renowned Higuchi model (Higuchi 1961) was 

applied, as described earlier (Haidar et al. 2008 a). Briefly, the protein release rate is 

considered proportional to the reciprocal of the square root of time expressed as quantitative 

deviation from the Higuchi ideal model which takes into consideration complete (100%) or 

incomplete (< 100%) protein release at the last sampling time.  
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7.3.4. Statistics   

Statistical analysis was performed using unpaired or paired t-tests to assess for statistical 

significance at the 95% confidence level, where ρ-values of less than 0.05 were deemed 

statistically significant. 

 

 

7.4. Results and Discussion  

7.4.1. Preparation and Characterization of Core-Shell Nanoparticles 

Spherical core-shell nanoparticles (Haidar et al. 2008 a) were formulated in mild aqueous 

conditions by the L-b-L self assembly of negatively-charged AL and positively-charged CH 

on 4% and 9% DDAB cationic liposomes. Driven by electrostatic interactions, we have 

previously shown how AL and CH spontaneously interact under these conditions to form a 

shell around the 4% DDAB liposomal core resulting in particles with small size (<400 nm) 

and narrow distribution (polydispersity index <0.3). DDAB is a cationic surfactant that 

tailors the surface charge of the particles. An increase of DDAB concentration from 4% and 

9% for the preparation of nanoparticles indicated no significant difference in particle size, 

polydispersity, surface charge, or physical stability over time (up to 12 months) for 4% and 

9% DDAB liposomes coated with up to 5 bi-layers of polymer (data not shown). In general, 

narrow particle size distribution (Heerklotz et al. 2004) and dispersion homogeneity were 

evident. Zeta potential measurements indicated an overall positive charge of 46.2 ± 0.8 mV, 

suitable for complex formation with anionic proteins and confirming the complete coverage 

of the liposomal core with the surrounding polymer shell (Shiqu et al. 2005). 
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7.4.2. Stability in Serum 

Stability in fetal bovine serum evaluated by DLS did not show significant changes in the size 

of coated nanoparticles following incubation over time (Figure 7.1). In contrast, uncoated 

liposomes exhibited extensive aggregation upon 1 h incubation. Results demonstrate the 

protective effect of the polyelectrolyte shell in stabilizing the liposomal core and maintaining 

the integrity of the overall delivery system in simulated physiological media. 

 

7.4.3. Cytotoxicity   

The viability of MC3T3-E1.4 mouse preosteoblast cells after incubation with varying 

concentrations of the samples over 24 h exposure time is shown in Figure 7.2. Results show 

that particulate systems constituting liposome cores with 4% DDAB are not toxic (96% of 
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control) to cells (12.5 through 253 µg/mL). Although the nanoparticles made of liposomes 

containing 9% DDAB were similar in size and surface charge, they caused a decrease in cell 

viability (85% of control).  

This is in agreement with previous reporting that at certain concentrations of DDAB; 

liposomes are toxic to cells (Tabatt et al. 2004; Asasutjarit et al. 2007). Consequently, 

nanoparticles containing 9% DDAB were excluded from further experiments. 

 

 

7.4.4. OP-1 Loading Capacity and Entrapment Efficiency 

 The loading capacity (LC) and entrapment efficiency (EE) of the nanoparticles are displayed 

in Figure 7.3(a, b), respectively. Liposome (L), liposome with three alginate-chitosan 

bilayers [L(AL-CH)3], and liposome with five alginate-chitosan bilayers [L(AL-CH)5] were 

loaded with different concentrations of OP-1 (15.7 kDa) ranging from 0 to 5000 ng/ mL. 

Results showed that the protein LC and EE in all lipid delivery systems, whether coated or 

uncoated, were directly proportional to the protein concentration entrapped as previously 

observed with bovine serum albumin encapsulation (Haidar et al. 2008 a).  

 

In general, the LC was enhanced by increasing the initial OP-1 concentration, reaching a 

maximum of 50% and 40% of OP-1 entrapped in 100 mg of L(AL-CH)3 and L(AL-CH)5 for 
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5000 ng/mL OP-1 concentration, respectively. The LC of OP-1 was less than that calculated 

with albumin-loaded nanoparticles. This might be explained by the variation in the 

concentration and molecular weight of the entrapped proteins. A plateau seems to emerge for 

loaded liposomes; however not for coated nanoparticles. In fact, they show a potential for a 

higher LC with elevated concentrations of OP-1. Likewise, the EE was also affected by the 

initial OP-1 concentration mounting with higher concentrations. Results demonstrated a 

significant difference between the EE of uncoated liposomes and coated liposomes (ρ < 

0.05) only. Hence, the addition of the AL and CH layers enhances both, the LC and EE 

enabling the system to entrap additional amounts of the protein.  

 

Liposomes coated with 10 layers of polyelectrolytes were able to encapsulate more than 80% 

of the loaded protein. DLS showed no significant changes in particle size following 

lyophilization and rehydration with the protein (data not shown; reported in Chapter 8) for 

all coated liposomes indicating the incorporation of OP-1 into the compartments of the core 

and shell system. This is a very interesting feature for the delivery of recombinant BMPs, 

because supra-physiologic doses of single growth factors in microgram ranges are essential 

to induce bone regeneration (Li and Wozney 2001). The required dose depends on the 

anatomical site being treated in terms of the degree of vascularization and number of resident 

responding cells in the defect site; thus, the LC and EE of the formulated nanoparticles seem 

to have the capacity of entrapping BMPs in a range of concentrations and amounts suitable 

for potential use in an array of bony defects and conditions. 

 

7.4.5. OP-1 Release Profile  

The ELISA assay constructed to measure the OP-1 release from the delivery system in vitro 

gave a linear absorbance response for OP-1 concentrations from 0 to 5000 ng/mL (r
2
 = 

99.8%). Figure 7.4 illustrates the OP-1 release profiles plotted as a function of time over a 

period of 45 days for particles loaded with 5000 ng/mL OP-1 concentration. The cumulative 

percentage release and the absolute release profiles at every time point in HPW are displayed 

in Figures 7.4(a, b), respectively. A control of the burst effect is revealed by the coated 
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liposomes followed by a slowed and prolonged release of OP-1. Controlled, linear, and 

sustained release of OP-1 was observed with up to 85% of OP-1 released over a period of 4 

weeks. OP-1 release is faster than what was reported earlier with our albumin-loaded 

nanoparticles (Haidar et al. 2008 a). This might be attributed again to the variance in the 

molecular weights of the loaded proteins; 15.7 kDa versus 66 kDa for OP-1 and albumin, 

respectively. Hence, the smaller the protein, the faster it is to diffuse through the layers of the 

nanoparticles. 

Figure 7.4(b) demonstrates the release values at each time point. Following the initial burst, 

OP-1 release from L starts to decrease dramatically. On the contrary, biphasic protein release 

from L(AL-CH) 3 and L(AL-CH)5 is shown where it starts to increase noticeably on day 7 

and continues for over a 1 week period. Almost 12% of the loaded OP-1 in L(AL-CH)3 was 

released primarily from the shell. This was followed by an increase in the release profile 

afterwards mainly from the core, decreasing again in the third week of the experiment. The 

release profile for L(AL-CH)5 provides evidence of the effect of polymer coating and 

additional compartments on exhibiting slower release profiles even with such small proteins. 

The ionic interaction between the amine groups of CH and the carboxyl groups of AL are 

known to control biodegradation (Chellat et al. 2000), hence the delayed and longer release 

of OP-1 from the core. Therefore, low- or high-level sustained protein release profiles with 

smaller or larger initial protein bursts are feasible with the alteration in the number of 

polyelectrolyte layers. This is essential for optimum growth factor performance when 

applied in different anatomical sites of varying defect sizes and vascularity as reported 

earlier (Kirker-Head 2000; Seeherman et al. 2002; Chen and Mooney 2003; Seeherman and 

Wozney 2005; Luginbuehl et al. 2004; Li and Wozney 2004). For instance, large or critical-

sized defects (Lindholm et al. 2002) that fail to heal spontaneously might require an initial 

high-level burst release to recruit osteoblasts to defect site, followed by an extended, low-

level constant release to differentiate the cells once localized at the repair site (Luginbuehl et 

al. 2004; Li and Wozney 2004). This triphasic delivery system seems to have the capacity to 

be tailored and formulated accordingly.  
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7.4.6. ALP Activity 

The impact of unloaded and OP-1 (100 ng/mL) loaded nanoparticles on the differentiation of 

MC3T3-E1.14 preosteoblast cells incubated for 2, 4, and 7 days by measuring the ALP 

activity is displayed in Figure 7.5. Ascorbic acid and β-glycerophosphate (AA+βGP); 

medium supplements and nutrients essential for differentiation of preosteoblasts, were 

present in the assay as positive controls. We have also included OP-1 alone (100 ng/mL) so 

that to compare its effect with that of OP-1 incorporated into the nanoparticles. Results are 

expressed relative to untreated cells (control) as µmol ρ-nitrophenol (PNP) produced/min/mg 

protein. High ALP activity is an osteoblastic phenotype (Mizuno and Kuboki 2001). The 

activity of ALP was significantly increased in cells incubated with OP-1 loaded 
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nanoparticles, and preosteoblast differentiation was enhanced over the monitored period of 7 

days. The stimulatory effect of OP-1 alone was less than when loaded in the delivery system 

or when compared with both controls. More specifically, it was significantly less when 

compared with AA+βGP and OP-1 loaded nanoparticles on day 7.   

 

 

Nonetheless, incubation with a low-level dose of 100 ng/mL OP-1 was sufficient to induce 

cell differentiation, as assessed by the ALP activity between days 2 and 4. It has been shown 

recently that OP-1 is mitogenic for MC3T3-E1 cells demonstrating dose-dependant 

induction of ALP activity and osteocalcin production (Lee et al. 2005). In addition, 

therapeutic applications are known to require large amounts of recombinant proteins (Wang 

1993). Hence, the need for a cost-effective and efficient release-controlled protein delivery 

system is amplified. 
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7.4.7. In vitro OP-1 Release Kinetics 

The 45-day OP-1 release profile from the core-shell delivery system plotted as a function of 

square root of time (in days) is shown in Figure 7.6. The method is epitomized for L, L(AL-

CH)3, and L(AL-CH)5 (Haidar et al. 2008a). A good linearity for coated liposomes is 

illustrated. The insert displays the slope K, axis intercept a, and squared coefficient of 

correlation r
2
 for the release of incorporated OP-1 from both, uncoated and coated 

liposomes. The increase in coating thickness appears to decrease the rate of protein release 

where OP-1 release from uncoated liposomes is clearly faster than from coated liposomes. 

OP-1 release over the 45 days from this physically dispersed polymeric system may be 

described by several possible mechanisms: diffusion, polymer degradation, ion 

complexation, and interactions among the protein and the polymers, although it is primarily 

governed by a diffusion-based or affinity-based mechanism. Finally, the rate of release was 

divided into an initial phase (shell release; 0–7 days) and a terminal phase (core release; 8–

45 days grouping two release episodes together) and fitted to the Higuchi mathematical 

model which is based on the calculation of the area under the curve using the trapezoidal rule 

(Gohel et al. 2000).  

 

Table 7.1 displays the relevant release rate constants and correlation coefficients. This model 

allows for where drug release is complete (100%) or incomplete (< 100%) at the last 

sampling time.  

 

The literature provides evidence that for such systems, the Higuchi model based on the 

goodness-of-fit test continues to be the most appropriate model to describe the kinetics of 

drug release, when compared with zero-order, first-order, Hixson-Crowell‟s, and Weibull‟s 

models (Gohel et al. 2000). Furthermore, it enables an understanding of the quantitative 

deviation of the proposed formulation from the diffusion-controlled ideal Higuchi model.  
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The role of the L-b-L build-up of polymers around nanosized liposomes is clearly 

demonstrated in controlling the release of the entrapped drug or protein over prolonged 

periods of time. The release patterns of the coated liposomes showed linear profiles with a 

much lower burst than uncoated liposomes followed by a sustained release of OP-1. 
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7.5. Conclusion  

The novelty of this work is based on the combination of the polymeric L-b-L self assembly 

technique and nanoscaled liposomes in formulating a stable and nontoxic release-controlled 

protein delivery system. It consists of a suspension of monodisperse core-shell nanoparticles 

suitable for the potential administration of growth factors via a parenteral injection as is 

preferable for surgeons. The nanoparticles tolerate extended shelf storage and allow for 

protein loading immediately preceding administration, preventing degradation, or loss of the 

entrapped growth factor. The system demonstrated a good capacity for the encapsulation and 

loading of OP-1 which can be altered by the number of polyelectrolyte layers. Sustained and 

multistep release of OP-1 was evident for an extended period of time with the viability and 

bioactivity of OP-1 maintained via enhancing preosteoblast differentiation, in vitro. These 

findings suggest that our core-shell nanoparticulate system could be an effective carrier for 

morphogens, growth factors, and most likely for other classes of bioactive molecules. 
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CHAPTER 8 

Core-Shell NPs – Biocompatibility and Safety in Rats 
 

New therapeutically-effective strategies for the treatment of critical bone defects using 

growth factors that can be used clinically are desirable. Due to the very short half-lives and 

instability of these morphogens once administered, their incorporation in an appropriate 

delivery system is thus indispensable. Collagen sponges were used as BMP carriers in many 

experimental and clinical studies. However, it is known that bovine collagen might cause 

allergic reactions or transmit viral infections. The incorporated growth factor concentrations 

are relatively high, unsafe and have the risk of ectopic bone formation in the surrounding 

soft tissue such as muscle or joints leading to dysfunctions further limiting their potential 

clinical use.  

 

Therefore, other polymers have emerged for use in a wide range of medical and 

pharmaceutical applications including fabrication/coating of biomedical devices, therapeutic 

delivery systems and tissue engineering. Of these, nanoparticles/nanocapsules composed 

of biodegradable and biocompatible polymers are good candidates for the design and 

formulation of nanoparticulate carriers hence the considerable interest in their use as 

potential alternative peptide drug delivery systems avoiding the drawbacks of collagen and 

the limitations involved in microparticles/microspheres preparation (frequent need for 

organic in situ polymer precipitation, for example). Moreover, numerous investigations have 

suggested that polymeric nanoparticles can not only improve the stability of therapeutic 

agents against enzymatic degradation, but via different manufacturing methods for 

modulating and customizing polymer physico-chemical characteristics (size, structure, 

morphology, surface and composition), they can also achieve the desired therapeutic levels 

in target tissues and defect sites for the required duration of time optimal for their efficacy. 

In addition, depending on their composition and projected or intended use, nanoparticulate 

drug carriers are capable of being administered orally, parenterally or locally. Injectable 

systems have garnered much attention for a variety of applications including tissue 

engineering, gene therapy and localized drug delivery. Injectability provides several 

desirable advantages such as ease of application, localization at target site, bypass of various 
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physiological barriers and improved patient compliance and comfort. A number of synthetic 

polymer and polyester-based injectable drug delivery systems have been developed. 

Although considered to have good biocompatibility, such biomaterials lead to a foreign body 

response hindering drug release. As well, they result in acidic byproducts that could degrade 

the growth factor. In contrast, natural polysaccharides have the potential to circumvent 

these issues due to their biocompatibility, biodegradability and lack of foreign body 

response. For example, Chitosan has found applications in the drug delivery field due to its 

excellent biocompatibility, low toxicity, immune-stimulatory activities, antibacterial and 

antifungal action, and anticoagulant properties. Furthermore, the degradation products of 

chitosan have been shown to be nontoxic, non-immunogenic and non-carcinogenic. 

However, the application of chitosan alone has been limited due to its poor solubility and the 

acidic compounds normally required to dissolve chitosan, compromise the biocompatibility 

of the system. It has been reported that favorable interactions (i.e. hydrogen and ionic 

bonding) exist in when chitosan is blended with other materials such as alginate and 

phospholipids. 

 

This amplified use of nanosized biomaterials in the past several years has driven the 

investigation of any potential hazards of such unique and promising materials, in vitro 

(cytocompatibility) as well as in vivo (biocompatibility and safety). Animal models are 

widely used and considered indispensable in order to try and predict the clinical 

biocompatibility, safety and outcome of such delivery systems and biomaterial blends in 

humans, although with great caution due to expected variability and discrepancy in results. 

 

The cytocompatibility of the nanoparticles was demonstrated in Chapter 7 and their 

performance in rabbits following administration directly into the distraction gap prepared in 

the tibia had no reported clinical complications or animal body weight changes over the 

treatment period of around 3-5 weeks as will be demonstrated later on in Chapter 9. 

In this first in vivo study, the aim was therefore to further investigate the biocompatibility 

and safety of the nanoparticulate delivery system upon intramuscular (IM) administration in 

a smaller animal (than rabbits) species that is commonly used in such studies via timely 

blood and organ function analysis, monitored over a period of 70 days.   
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This study offers once more an evaluation of the effect of the physico-chemical, localized 

and release-controlled characteristics of the biomaterials and methods used to formulate the 

nanoparticles in maintaining the bioactivity of the encapsulated OP-1 in a different 

environment; muscle tissue. Even so, it is noteworthy that this study when planned and 

executed, it was not aimed to serve as an ectopic bone formation model. The 

immunohistochemical analysis performed at the end was merely exploratory. Yet, 

supplementary information regarding the overall clinical safety of the hybrid delivery system 

was obtained. The analytical findings from evaluating animal body weight and behavioral 

changes, a total of 50 blood markers and hematological levels along with the health status of 

6 of the major organs suggested that the nanoparticles, the released bioactive load as well as 

the resulting effects were restricted to the site of administration with no considerable 

complications or reactions from any degradation by-products. Data from such studies 

provide pharmacokinetic or biokinetic descriptions essential for the possible extrapolation 

from animals to humans. This is of crucial significance in designing novel delivery systems 

especially for BMPs known to be local-acting, dose- and also species-specific.  

 

Findings of this set of experiments were reported in a manuscript just submitted (August 27
th

 

of 2009) to the peer-reviewed Biomaterials. It is reproduced next. 
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8.1. ABSTRACT  

A hybrid, localized and release-controlled bone morphogenetic protein delivery system 

consisting of a liposomal core incorporated into a shell of alternating layer-by-layer self-

assembled natural polyelectrolytes has been formulated. Hydrophilic, monodisperse, 

spherical and stable cationic nanoparticles (≤ 350 nm) with an extended shelf-life allowing 

immediate protein loading prior to clinical administration resulted. Cytocompatibility was 

previously assayed with MC3T3-E1.4 mouse preosteoblasts and cell viability determined by 

colorimetry showing no adverse effects, in vitro. In this study, the potential in vivo toxicity, 

biocompatibility and tissue presence of unloaded and loaded nanoparticles with bone 

morphogenetic porotein-7 (or osteogenic protein-1/OP-1) were investigated. Young male 

normal Wistar rats (N=22) were injected intramuscularly and monitored over a total period 

of 10 weeks for any signs of inflammation and/or adverse reactions. Blood samples (600 

μL/collection) were withdrawn on days 0 (baseline: pre-injection) and post-injections on 

days 1, 7, 14, 28, 56 and 70. Hematological and biochemical analysis followed. Body weight 

changes over the treatment period were noted as well. Finally, upon animal sacrifice, major 

organs were harvested, weighed and examined histologically for any pathological changes. 

The muscular injection site was identified and examined histologically and 

immunohistochemically. Overall, all animals showed no obvious toxic health effects, 

immune responses and/or change in organ functions.  The nanoparticles seem to localize the 

Manuscript submitted for publication to Biomaterials (August 27
th
 of 2009). 



 
135 

 

release and effect of the bioactive OP-1 within the injection site with no significant tissue 

distress. Hence, a safe and promising nanosized polymeric carrier for the administration of 

therapeutic growth factors is presented. 

 

Keywords: Adverse effects; Biocompatibility; BMP; Cytotoxicity; Drug Delivery; Ectopic 

bone formation; Foreign body response; Haemocompatibility; Morphogens; Nanoparticle; 

Self-assembly 
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8.2. Introduction  

Bone morphogenetic proteins (BMPs) are cytokines that are able to induce new bone 

formation in vitro and in vivo (Bessa et al. 2008 a). BMP-7 (also known as osteogenic 

protein-1 or OP-1) has been shown to accelerate the formation of new bone in numerous 

preclinical and clinical studies (Mont et al. 2004). Nonetheless, the clinical efficacy of OP-1 

still depends on the carrier or delivery system used to ensure a sustained, multi-step, and 

prolonged delivery of adequate protein concentrations to the desired site of tissue repair or 

restoration (Termaat et al. 2005; Bessa et al. 2008 b; Haidar et al. 2009 a, b). The foremost 

limitations include the rapid diffusion of OP-1 away from the site of application and loss of 

its bioactivity, resulting in orthotopic/heterotopic bone formation or suboptimal local 

induction and hence failure of bone regeneration. Consequently, supra-physiological, unsafe 

and expensive dosages of OP-1 in the milligram range for satisfactory bone healing continue 

to be required (Luginbuehl et al. 2004). Liposomes are the commonly investigated vehicles 

for delivery of therapeutic compounds, such as enzymes and proteins (Illum and Davis 1991; 

Chaize et al. 2004) because of their biocompatibility and appealing ability to carry 

hydrophobic and hydrophilic drugs. Nonetheless, stability in vivo remains a setback, mainly 

due to their high tendency to degrade or aggregate leading to leakage of the entrapped drug 

during storage or after administration with considerable toxic effects. Additionally, they are 

rapidly cleared from circulation via uptake by the reticulo-endothelial system (Takeuchi et 

al. 2001). To overcome such problems, varying the size of the liposome (Takeuchi et al. 

1998; Takeuchi et al. 2000) or modifying the surface by means of coating it with a single 

layer of hydrophilic polymers have been investigated (Charrois and Allen 2003). 

In an initial in vitro study (Haidar et al. 2008 a), we formulated monodisperse nanosized 

particles constituting a core of cationic liposomes (L) and a shell constructed through the 

layer-by-layer (l-b-l) self-assembly of alternating layers of naturally-available anionic 

alginate and cationic chitosan. The system has a cumulative size of 383±11.5 nm and a Zeta 

(ζ) potential surface charge of 44.61±3.31 mV, suitable for complex formation with anionic 

proteins such as OP-1. The choice of reducing particle size of biomaterials from the 

microscale to the nanoscale is mainly to improve the bioavailability of the encapsulated drug 

once administered in situ and hence allowing for the effective use of much lower and safer 
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dosages (Kim et al. 2006). In a subsequent work (Haidar et al. 2008 b), the 

cytobiocompatibility (effect on MC3T3-E1.4 pre-osteoblast cell viability) and capability of 

the hybrid core-shell nanoparticles to encapsulate a range of concentrations of bioactive OP-

1 for their potential administration via a parental injection was investigated. The system 

exhibited high physical stability in simulated physiological media allowing for immediate 

protein loading prior to administration, thus preventing degradation or loss of the entrapped 

growth factor. A sustained tri-phasic linear release of the water-soluble and readily diffusible 

positively-charged OP-1 was evident for an extended period of 45 days with the bioactivity 

of the protein maintained via promoting preosteoblast differentiation with no evident 

cytotoxic effects (96% cell viability), in vitro. In vivo, the localized and release-controlled 

potential of the delivery system were then demonstrated in rabbits where enhanced de novo 

bone regeneration in terms of quantity and quality resulted following a single injection of the 

NPs loaded with doses as low as 1.0 μg OP-1 (Haidar et al. 2009 c). This established the 

efficiency as well as the potential biocompatibility and safety of the delivery system where 

no adverse effects or behavioral changes were noted in all animals over a period of ~ 21 

days. Besides the known advantages including the size property, longer shelf-life, favorable 

preparation methods and subsequent ability to entrap more bioactive drugs (Gref et al. 1994), 

nanosized delivery systems have the advantage of residing longer in circulation when 

compared to microparticles (Desai et al. 1996), raising safety concerns where acidic by-

products, foreign body responses and heterotopic bone formation in undesirable tissues have 

been reported; especially with injectable nanoparticulate delivery systems (Fabian et al. 

2008; De Souza et al. 2009). This has driven the investigation of their pre-clinical safety to 

compliment the in vitro findings. Hence, animal models are widely used and considered 

indispensable in the fields of tissue engineering and regenerative medicine to investigate the 

potency and biocompatibility of such systems in order to investigate any potential hazards 

and try to predict their clinical outcome in humans, although with great caution due to 

variability in results (Pearce et al. 2007).  

In this study, we further evaluate the biocompatibility and safety of the injectable 

nanoparticulate delivery system in healthy rats so that to investigate any potential hazards 

and/or adverse effects not detected in vitro as well as in the larger-sized rabbits. We 
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considered the commonly-measured blood markers, clinical signs and the major organs (and 

the site of injection in quadriceps muscle) for any pathological changes. 

 

8.3. Materials and Methods  

8.3.1. Formulation of Hybrid NPs & Evaluation of OP-1 Encapsulation 

The formulation and characterization of the hybrid core-shell nanoparticulate protein 

delivery system has been previously described (Haidar et al. 2008 a, b). Briefly, for the 

preparation of liposomes, 1,2-Dipalmitoyl-snglycero-3-phosphocholine was purchased from 

Genzyme Pharmaceuticals, Switzerland; cholesterol and dimethyldioctadecyl-ammonium 

bromide (DDAB) were obtained from Sigma-Aldrich Chemical. The extrusion apparatus 

was purchased from Avanti
®
 Polar Lipids, and the 19 mm polycarbonate filters (200 nm pore 

size) were obtained from GE Osmonics. For the l-b-l coating, alginic acid (AL: sodium salt; 

viscosity of 2% in water) and chitosan (CH: 85% deacetylated with molecular weight of 

91.11 kDa) were obtained from Sigma-Aldrich Chemical. Liposomes were formulated by 

means of thin-film hydration followed with extrusion through double 200 nm polycarbonate 

filters. For the l-b-l build-up, fresh AL and CH solutions (1 mg/mL) were prepared in highly-

pure water. The cationic liposomes were coated with alternating layers of AL and CH until 

the desired number of polyelectrolyte layers was achieved; 6 layers: L(AL-CH)3, herein and 

after denoted as NPs. With the deposition of each polymeric layer, the solution was 

incubated at room temperature for 60 min and centrifuged at 1600g for 15 min for washing. 

Prior to protein loading, aliquots of nanoparticle suspensions were freeze-dried in the 

presence of sucrose as a cryoprotectant at -54
o
C for 48 h (Modulyo D-115, Thermo Savant, 

MA). Lyophilized NPs were rehydrated back to the original volume with different 

concentrations of OP-1 solution (0.0 to 1.0 µg/mL). The recombinant human (rh) osteogenic 

protein-1/rhOP-1 (15.7 kDa molecular weight, lyophilized) was purchased from bio-

WORLD, OH and stored at -20
o
C until use, according to the manufacturer‟s instructions. 

Average size and surface charge changes upon loading were then determined using low-

angle laser light-scattering (DLS-HPPS, Malvern Instruments, UK) and laser Doppler 

anemometry (Zeta-Plus, Brookhaven Instruments, NY), respectively. 
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8.3.2. Animals  

A total of 22 young and healthy (10-15 weeks old, 350-400 g at the start of the 

acclimatization period) male normal Wistar rats (Harlan Sprague Dawley
®
) were included in 

this study. The animals were housed individually in type III Macrolon cages under 

conventional hygienic conditions, at 20-24
o
C and 30-70% relative humidity and with natural 

day/night light rhythm. Rats were fed a pelleted diet, allowed access to tap water ad libitum 

and inspected daily by fit animal health care personnel. The housing, care and experimental 

protocol were approved by the McGill University Animal Care and Ethics Committee.  

 

8.3.3. Experimental Study Design and Analyses 

8.3.3.1. Study Protocol 

The study protocol and timeline is displayed in Figure 8.1. All animals were randomized to 

each receive a single injection (0.3 mL total volume) in the right quadriceps muscle using 

latex-free micro-fine
®
 IM syringes (25G½ 0.36 mm x 13 mm, Becton Dickinson and Co., 

NJ) according to the following groups: A. Control group 1: saline (n=2); B. Control group 2: 

0.5 µg OP-1 (n=2); C. Control group 3: 1.0 µg OP-1 (n=2) ; D. Experimental group 1: 

blank/unloaded NPs in highly-pure water  (n=4); E. Experimental group 2: NPs loaded with 

0.5 µg OP-1 (n=6); and F. Experimental group 3: NPs  loaded with 1.0 µg OP-1 (n=6).  
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No anesthesia was required. Rats were examined daily for signs of infection, inflammation 

and adverse effects by visual observation. Body weight changes were measured over a 

period of 10 weeks. All animals were euthanized by carbon dioxide when they have reached 

their experimental endpoints; d28 (n=11; 50%) and d70 (n=11; 50%). Housing and overall 

care were at the Animal Resources Center (ARC), Faculty of Medicine, McGill University, 

Montréal, QC, Canada. 

 

8.3.3.2. Serum Biochemical and Hematological Analysis 

Blood samples were collected (6 mL/Kg/3 weeks: 600 μL per collection) on day 0 (baseline: 

pre-injections) and post-injections on days, 1, 7, 14, 28, 56 and 70. Using a biochemical 

autoanalyzer (VITALAB, Merck, The Netherlands), serum biochemical analysis was carried 

out to determine the serum level of total protein, albumin, total bilirubin, aspartate 

transaminase (AST), alanine transaminase (ALT), alkaline phosphatase (ALP), glucose, 

cholesterol, triglyceride, bood urea nitrogen (BUN), lactic acid dehydregenase, creatinine, 

sodium, potassium, chloride, calcium, phosphorus and magnesium.  Hematological 

parameters consisting of erythrocytes, leukocytes, neutrophils, lymphocytes, monocytes, 

eosinophils, basophils, hemoglobin, hematocrit and platelets were determined using a 

hematological analyzer (Coulter T540 hematology system, Fullerton., CA).  This set of 

analysis was performed blindly at the pathology laboratories of the Faculty of Medicine, 

McGill University, Montréal, QC, Canada. 

 

8.3.3.3. Histopathalogical Analysis 

The brain, liver, lungs, kidneys, heart, spleen and right quadriceps muscle (site of injection) 

were removed from each animal at time of euthanasia (50% on d28 and the other 50% on 

d70), weighed, sectioned and then immersed-fixed in a buffered (0.4 M phosphate buffer, pH 

7.61) 4% paraformaldehyde solution for at least 24 - 48 hours. Tissue sections (3µm) were 

prepared after dehydration and embedded in paraffin. Of these, random samples were stained 

with hematoxilin and eosin (H&E) and processed for comparative histopathalogical 

examination under a light microscopy by a qualified veterinary pathologist at the Histology 

Core facility of the Faculty of Medicine, McGill University, Montréal, QC, Canada.  
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8.3.3.4. Immunohistochemistry 

Those specimens of the right quadriceps muscle assigned for immunohistochemistry were 

sectioned, fixed in 4% paraformaldehyde overnight, decalcified in 20% ethylenediamine 

tetraacetic acid for 3 weeks, and embedded in methyl methacrylate or MMA. Seven 

micrometer sections of a random selection of blocks from every experimental group were 

then cut. After de-paraffinization and hydration, endogenous peroxidase was blocked with 

3% hydrogen peroxide for 10 min. Nonspecific binding was blocked by incubation in 

phosphate-buffered saline containing 10% normal horse serum and 0.1% Triton for 20 min. 

For immunostaining, commercially available polyclonal goat antibodies (Santa Cruz 

Biotechnology Inc., Santa Cruz, CA) were used for the qualitative verification of the 

presence of genes involved in the BMP signaling pathway during bone formation. Those 

were categorized according to ligands (BMP-2, -3 and -7/), receptors (BMPR-I, BMPR-IIA, 

BMPR-IIB), transcription factors (Smads 1-5 and Sox-9), differentiation marker (Collagen-

II) and antagonists (BMP-3 or osteogenin and Noggin). Sections were incubated with these 

primary antibodies at a dilution of 1:100 in phosphate-buffered saline with 1% normal horse 

serum. Overnight incubation at 4
o
C in a humidified chamber followed. As a secondary 

antibody, a biotinylated horse anti-goat antibody (Vector Labs, Burlingame, CA) at a 

dilution of 1:400 was used. Sections were stained using the avidin-biotin complex method 

along with 3,3‟-diaminobenzidine tetrachloride for 30 min, followed by DAB-peroxidase 

revelation. Finally, the sections were counterstained with Goldner Trichrome, mounted with 

Permount, imaged and semi-quantified as described below under optical microscopy. 

Negative controls were prepared similarly however excluding the primary antibody. This 

was completed at the Shriners Hospital Laboratories, Montréal, QC, Canada. 

 

8.3.3.5. Quantitative Grading of the Immunostained Sections  

A semi-quantitative analytical method to describe immunohistochemistry images was 

previously developed (Hamdy et al. 2003; Haque et al. 2005; Mandu-Hrit et al. 2006; Haque 

et al. 2008). The number of cells expressing the proteins was assessed by stained cell 

counting and graded by a blinded observer as follows: – no staining; ┼/–  staining in less 

than 15% of cells; ┼ staining in 15–25% of cells; ┼┼  staining in 25–50% of cells; ┼┼┼ 
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staining in 50–75% of cells; ┼┼┼┼ staining in more than 75% of cells. Chondrocytes and 

fibroblastic cells were identified morphologically when detected. It is noteworthy that this 

set of immunohistochemical preparation and analysis on samples of the harvested muscle 

was not primarily planned as this study does not aim to evaluate the potential of the 

nanoparticles in inducing ectopic bone formation; especially given the difficulty in 

identifying the site of injections in muscle. 

 

8.3.3.6. Statistical Analysis 

All results are expressed as means ± standard error (SE) of the mean. For comparisons 

among treatment groups, a 2-tail Student‟s t-test was used with differences deemed 

significant at ρ-values less than 0.05. Immunohistochemistry data are represented as an 

average score from blind observations. 
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8.4. Results and Discussion  

Combining the advantages of phospholipid vesicles with those of l-b-l nano-assembled 

systems, we introduced previously in Biomaterials a novel hydrophilic protein delivery 

system consisting of a suspension of core-shell NPs (Haidar et al. 2008 a). Small, stable  
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and monodisperse cationic particles (≤ 350 nm with a polydispersity index < 0.3) were 

obtained by the electrostatic self-assembly of alternating layers of natural polyelectrolytes; 

anionic alginate and cationic chitosan on cationic liposomes.  Figure 8.2 displays a cryo-

TEM (cryo-Transmission Electron Microscopy) image of the NPs demonstrating their 

spherical morphology. We later further investigated the encapsulation efficiency and 

characterized the release kinetics of the injectable core-shell NPs with favorable results 

suggesting their potential for the delivery of bioactive growth factors such as osteogenic 

protein-1 or OP-1 , in vitro (Haidar et al. 2008 b). Using the universal colorimetric method 

(CellQuanti-MTT
TM

 kit followed by spectrophotometry), the viability of MC3T3-E1.4 

preosteoblasts were assessed upon incubation with different concentrations of the NPs. 

Approximately 96% cell viability was observed at concentrations up to 253µg/mL consistent 

with other injectable polymer-based hydrogel formulations that employ, for example 

chitosan with a high degree of deacetylation (Tan et al. 2008).  

 

Table 8.1 summarizes the change in average size and zeta potential surface charge before 

lyophilizing and after rehydration/loading of the NPs with bioactive OP-1. To further 

investigate the biocompatibility of the NPs in a smaller and more frequently employed 

animal species than our rabbits (Haidar et al. 2009 c) in such studies, timely blood and organ 

function analysis over a period of 70 days were performed to provide supplementary 

information on the safety of the NPs. 
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8.4.1.  Clinical Signs and Body Weight Changes 

Throughout the study period, animals showed no apparent signs of dehydration, muscle loss 

or anorexia; symptoms associated with animal toxicity (Stokes 2002). Body weight loss, 

particularly when in excess of 10–20% is also indicative of toxicity. All animals irrespective 

of the injection received did not show any such adverse effects on their growth as evident in 

their normal body weight gain (Figure 8.3) observed over the experimental time span of 10 

weeks with no statistically significant differences (ρ > 0.05) detected among groups 

including control rats.  Further, no abnormal physical signs and/or behaviors in any groups 

were reported by the animal health care technicians supervising the animals.  

 

8.4.2.  Serum Biochemical and Hematological Findings  

Complete blood count and total panel serum biochemical analysis for various cytokines and 

enzymes (a total of 50 parameters) were performed for the collected blood samples 

according to the blood sample withdrawal time line displayed in Figure 8.1 in order to assess 

any potential inflammatory responses and/or organ injury following the intramuscular 
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administration of saline (for the cumulative physiological and psychological/behavioral 

effect of needle insertion), OP-1 solution prepared in ultra-pure water (0.5 and 1.0 µg), 

unloaded and loaded NPs with 0.5 and 1.0 µg OP-1. None of the measured parameters 

showed definitive changes by the experimental time points signifying the absence of 

inflammatory response(s) or organ toxicity and dysfunction post-injections. In addition, 

hematological analysis demonstrated consistency in the results where no alarming variations 

in the normal values of any of the evaluated key assessors of biocompatibility such as ALP 

levels and counts of red blood cells, white blood cells and platelets arose (Figure 8.4). ALT, 

mostly in red blood cells provides information about the  
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status of the heart and liver. A level increase or decrease may indicate hepatitis, ischemic 

cirrhosis or the presence of a liver tumor, for instance. On the other hand, ALP enzymes are 

normally present regularly in the bile ducts, liver and bone; therefore alterations will often 

suggest acute liver damage or bone fracture.  

 

Moreover, an elevation in BUN levels indicates kidney and cardiac damage (Wang et al. 

2009; Aubert et al. 2009). Blood parameters that are known to indicate an immune response 

or reflect changes in organs function were also unchanged in the animals receiving the core-

shell nanoparticles whether unloaded or loaded with OP-1 (ρ > 0.05). Similarly, no trends or 

indications of change in enzymatic activity reflective of inflammatory response or organ 

toxicity and failure were noted over the extended period of 70 days. This can be attributed to 

the localized characteristics of the nanoparticles confining their encapsulant effect to the site 

of injection, hereby in muscle. Growth factors such as BMPs are known to be dosage-

dependent (Wildemann et al. 2004; Bessa et al. 2008 a, b) and large supra-physiological 

concentrations often in the milligram range continue to be required to obtain an effect 

(Luginbuehl et al. 2004), as mentioned earlier.  

 

For example, when „low‟ dosages (2 µg) of BMP-2 were locally delivered to the dorsum of 

rats from biphasic calcium phosphate granules, significant molecular changes were not 

induced while „higher‟ (50 µg) dosages did (Oda et al. 1997); mainly due to the bolus and 

initial burst release, rapid protein dispersal away from intended site and/or loss of the 

bioactivity (given the short half-lives) especially when administered into more fluid 

environments requiring slower release rates (Luginbuehl et al. 2004; Termaat et al. 2005; 

Bessa et al. 2008 a, b). Thus, this can also elucidate why no biochemical or hematological 

changes were detected in our animals receiving pure OP-1, taking into consideration that the 

dosages used here in were very low in comparison; 0.1 µg and 0.5µg only. Besides, although 

host-response to foreign materials was reported to be more intensive in peritoneum-

supported organs than in subcutaneous sites (De Souza et al. 2009) for instance, it appears 

that our core-shell NPs, if reached, were rapidly cleared from the un-targeted tissues and 
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organs such as the liver and kidney. This might be either due to their small size or more 

possibly so because of their naturally-biocompatible composition where the rapid 

degradation of such polymers (and any ensuing by-products are  neutralized within the body) 

was shown to be a contributing factor in numerous in vivo studies (Takeuchi et al. 2001; 

Yang et al. 2008; De Souza et al. 2009).  

 

8.4.3. Organ Weights 

Organs were harvested on d56 and d70. Organ weights were consistent among all rats at both 

endpoints. Table 8.2 summarizes these values (in g) for the organs harvested at day 70.  

 

These results were compared to other works on toxicity of different nanoparticle 

formulations in similar animal strains (Kim et al. 2006; Fabian et al. 2008) where no trends 

or indications of any pathological changes were noted.  

 

8.4.4. Histopathological Findings 

Post-mortem examinations at all time points revealed no visible signs of internal 

inflammation. The systemic distribution and fate of the different formulations were 

evaluated via studying the major organs (brain, heart, liver, kidneys, lungs, spleen as well as 

the injection site in muscle) histologically and histomorphometrically under a light optical 

microscope. Data from such studies would provide pharmacokinetic and biokinetic 

descriptions of our nanoparticulate protein delivery system essential for the possible 
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extrapolation of data from animals to humans for potential applications in bone tissue 

engineering. The performed comparative pathology in this study (Figure 8.5) focused on 

identifying any abnormal tissue changes in the organs harvested such as bone metaplasia. 

Osteoid formation was detected in the lungs of groups 2 through 3 and ranged from rare (5-

10%) to moderate (25%-50%). However, in groups 4 through 6, no such observations were 

evident except in one animal (1/6) from group 5 sacrificed at the 70 days time point and with 

a diminutive mass. Multifocal inflammation and lymphoid hyperplasia was also observed in 

the lungs of most animals including controls and therefore are non-specific to one group or 

another. Similarly, alveolar histiocytosis was observed however seems to be a common 

finding in this strain of rats, according to Sells et al. 2007 (Sells et al. 2007). In the heart, 

cardiomyocyte degeneration with mononuclear inflammatory infiltrate was noted  

 

 

as rare (5-10%) to mild (5-20%) as was tubular degeneration and regeneration in the kidneys 

(no calcifications detected), multifocal mixed inflammatory infiltrate in the liver and 

lymphoid hyperplasia (white pulp) in the spleen. These observations were common in the 

control rats and were also reported to be a classic and distinctive-pathological finding in 

Wistar rats, perhaps environmentally-related (Mohr et al. 1992). In the harvested brains of 

the animals, no changes or lesions in the studied cerebrums, cerebellums or brain stems were 

detected whatsoever. Finally, the hematoxilin and eosin (H&E) stained histopathological 
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analysis performed for the initial collection of random samples of the harvested hind leg 

muscles of the rats revealed the presence of mixed lymphohistiocytic inflammatory 

infiltrates associated with skeletal muscle degeneration and regeneration most likely 

indicating the site of the injections and the associated injury/tear upon needle insertion. This 

is an expected inflammatory response normally occurring within 2–3 weeks triggered by 

injured vascularized connective tissue (Anderson 2001; De Souza et al. 2009). 

 

8.4.5. Immunohistochemical Findings  in Muscle (Site of Injections) 

Since the pioneering work of Marshall R. Urist in 1965 introducing the concept of bone 

formation by auto- or osteoinduction (Urist, 1965; Termaat et al. 2005), several pre-clinical 

and clinical studies have then continued to report caution when using local growth factor 

application in the treatment of bone-related conditions explicitly as a result of ectopic bone 

formation in extra skeletal sites and soft tissues such as muscle (Yamamoto et al. 1998; 

Kurokawa et al. 2000; Okubo et al. 2000; Nakagawa et al. 2001; Kusumoto et al. 2002; 

Wildemann et al. 2004; Wysocki and Cohen 2007; Nanno et al. 2009). This is highly 

undesired because it often leads to dysfunction of the normal tissue and therefore should be 

excluded in safety studies prior to clinical use.  

For the proof of ectopic bone formation with BMPs, rat and mice models are the most 

commonly used (Yamamoto et al. 1998; Nakagawa and Tagawa 2000; Stoeger et al. 2002; 

Nanno et al. 2009). Previous studies in rats have demonstrated that ectopic bone formation, 

induced by BMP-2, occurs through an endochondral series of events (Nakagawa et al. 2001). 

In addition, bone formation has been reported after 21 days in different extra skeletal sites in 

rats (Yoshida et al. 1998; Okubo et al. 2000). Therefore, we thought of investigating 

potential ectopic bone formation especially that the animals survived for a period of 70 days. 

In our preliminary samples of the leg muscle, no bone metaplasia was observed 

histologically and the injection site could not be always clearly identified; therefore further 

recuts of blocs at different depths were done and prepared as described earlier for 

histopathological and immunohistochemical analysis using Goldner Trichrome staining. As 

shown in the top two rows of Figure 8.6, histologically, signs of bone formation were 
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evident in groups 5 and 6 represented by the presence of pools of potential bone-forming 

cells which were absent in any of the other groups and controls. It is known that  
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undifferentiated mesenchymal cells have the potency to differentiate into chondrocytes, 

fibrocytes and osteocytes (Aubin and Triffitt 2002; Wildemann et al. 2004). Furthermore, it 

has been suggested that because the effect of growth factors is dosage-dependent, BMPs 

should be used in dosages high enough to evoke cellular responses, but not ectopic bone 

formation. Several studies have reported that for osteoinduction to occur, a minimum dosage 

of 1µg rhBMP-2 (more for other BMPs) would be required (Uludag et al. 2000; Bessho et al. 

2002; Yamamoto et al. 2003). Yet, studies continue to require much larger and expensive 

dosages in part due to the physico-chemical and release characteristics of the carriers used. 

For example, in one study (Kusumoto et al. 2002) performed in non-human primates, BMP-2 

(50, 250 and 1250 µg) in combination with a type I collagen carrier were implanted into 

pouches prepared in the calf muscle of macaque monkeys. The authors reported 

osteoinduction in only one third of the animals treated with the highest protein concentration 

radiographically, while no bone formation was evident in any of the other two animal groups 

besides slight enlargement of the nuclei of muscle cells that might be indicative of a cellular 

response (Kusumoto et al. 2002).  

In a more recent study (Nanno et al. 2009) using OP-1, synthetic alginate discs were 

prepared and implanted in the back muscle of mice. Four concentrations were investigated 

ranging from 3 to 30 µg OP-1. Results once more demonstrated ectopic bone formation only 

with the use of the highest dosage of OP-1(Nanno et al. 2009). This basically further 

confirms the role of our core-shell NPs in localizing, confining and restricting the effect of 

the release-controlled OP-1 within the site of administration. Moreover, the biocompatibility 

and safety of the delivery system can be recognized where no considerable or irreversible 

damage was detected in situ; suggested by the clear presence of healthy nerve and blood 

vessels in the injected area upon examining the histology slides under higher magnification. 

BMPs have been reported to promote angiogenesis both in vitro and in vivo (Carano and 

Filvaroff 2003; David et al. 2009; Moreno-Miralles et al. 2009). Angiogenesis precedes bone 

healing and formation as vasculature supplies the stem cells, nutrients, mineral elements and 

cytokines vital for osteogenesis. Deckers et al. (Deckers et al. 2002) demonstrated that BMPs 

stimulate angiogenesis through enhancing the production of vascular endothelial growth 

factor A (VEGF-A) by osteoblasts and have suggested that low doses of BMPs may be 

sufficient for initiating angiogenesis but not osteogenesis. This is of crucial significance in 
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designing drug delivery systems especially for BMPs known to be local-acting and dose-

dependant, as described earlier. The capability of the localized and release-controlled hybrid 

NPs in promoting the bioavailability of the encapsulated growth factor and in very low, safe 

and cost-effective dosages (0.5 µg OP-1) is thus further demonstrated in rats in the present 

study as was established formerly in our rabbit tibial distraction osteogenesis model (Haidar 

et al. 2009 c).  

On the other hand, the expression of 15 genes, representing the BMP signaling pathway 

involved in de novo bone formation (Rosen 2006) was evaluated at the protein level using 

immunohistochemistry, as displayed in the bottom two rows of Figure 8.6.  The obtained 

data showed that the investigated genes were expressed at various levels in the six animal 

groups. Cellular localization was more in chondrocytes than in fibroblast-like cells for 

groups 2 through 6 with no response whatsoever in the control animals of group 1. And so, 

because the amount of mineralized bone was inconsistent an insufficient, perhaps varying 

depending on the site and depth of the injections, it was difficult to obtain comparative data 

from all samples and prepared slides.  Generally, most proteins were up-regulated post-

injections especially in groups 5 and 6 suggesting that the localized and release-controlled 

application of exogenous OP-1 most likely did stimulate bone formation processes via 

increasing the rate of expression of several factors involved in the BMP signaling pathways 

including receptors such as BMPR-I and BMPR-II, antagonists such as Noggin and BMP-3 

and transcription factors such as Smads 1-5. This was not as evident in the animals receiving 

pure OP-1 injections. However, data could not confirm the presence of formed bone in the 

muscles of these rats where while group 6 appears to have much more induced activity in the 

expression of BMP-2, OP-1 and their receptors than the other groups, the expression of the 

antagonist Noggin well-known to block osteogenesis was also slightly more up-regulated, 

though with no significant differences detected (ρ ≥ 0.05).  Nonetheless, the observed under-

expression of R-Smads1/5/8 herein has been reported earlier to accompany an over-

expression of Noggin, in vitro (Tsialogiannis et al. 2009). Table 8.3 summarizes our 

findings. Although many in vitro studies have been conducted, it is not fully clear yet in the 

literature how these BMP receptor antagonists regulate in vivo bone formation and therefore 

the specificity of BMP-receptor signaling is an area that remains to be explored (Rosen 

2006). In addition, such analysis has been mainly carried out and limited to fracture healing 
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and de novo bone regeneration models; further restricting a comparison of findings with 

other delivery systems and carriers. Finally, the  

 

 

effect of BMPs varies with species, gender and age to name a few. For example, when the 

effects of BMP-2 were evaluated in rats and primates, inconsistent ectopic bone formation 

resulted in the primate muscle independent on protein dosage whereas this was not the case 

in the rat muscle showing dose-dependency (Aspenberg and Turek 1996; Wildemann et al. 

2004). This discrepancy might be also attributed to differences in the amount of specific 

BMP receptors present in the muscle sites of animal species (Bessho et al. 2002; Yamamoto 

et al. 2003) which as well might be consequential to variations in impact of the trauma to 

tissues and their surroundings from the different modes of application; surgical implantation 

versus a single injection as is in this study, for instance. Finally, the degree of vascularization 

will entail the intensity or moderation of cellular responses (Kempen et al. 2009). 
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8.5. Conclusions 

Injectable delivery systems for growth factors are in high demand due to ease of application, 

localization at defect site and improved patient comfort. Besides the previously reported in 

vitro cytocompatibility, the present study is to the best of our knowledge, the first 

investigation of the in vivo biocompatibility and safety of an injectable hybrid 

nanoparticulate rhOP-1 delivery system consisting of a liposomal core and a shell 

constructed by the layer-by-layer self assembly of two natural polymers; alginate and 

chitosan, based on electrostatic interactions. The analytical findings from evaluating animal 

body weight and behavioral changes, a total of 50 blood markers and hematological levels 

along with the health status of the six major organs suggested that the nanoparticles, the 

released bioactive load as well as the resulting effects were restricted to the site of 

administration with no considerable complications or reactions from any degradation by-

products. We have previously demonstrated the effect of the physico-chemical, localized and 

sustained release-controlled characteristics of the nanoparticles in enhancing de novo bone 

regeneration and consolidation in a long bone distraction osteogenesis model with very low 

doses of rhOP-1. The results from this study further established the possibilities of (a) 

maintaining the bioactivity of proteins with short half-lives over the required therapeutic 

time and consequently (b) alleviating the often need for using precarious and expensive large 

supra-physiological dosages and (c) overcome the need and issues from the invasive surgical 

implantation of current scaffolds and carriers for BMP-induced bone regeneration. 

 

8.6. Limitations and Future Studies 

Losses in the dead volume of the syringe and leakage during injection have been reported 

previously to result in only ~ 50% of the administered solution initially drawn into the 

syringe was actually deposited in situ (Ruhe et al. 2003). This might lead to un-uniformity in 

particle distribution and concentration in the muscle tissue. In addition, the nanoparticles 

were not administered intravascularly and hence might be argued that their systemic 

distribution and circulation fate were not fully evaluated. Ongoing studies need to validate 



 
156 

 

these results in an IV in vivo model where the tissue distribution of the nanoparticles can be 

monitored/followed in real-time possibly via their combination with quantum dots. 

 

 

8.7. Acknowledgements 

The authors would like to thank Mrs. Dominique Lauzier for her assistance in 

immunohistochemistry, Dr. Fereshteh Azari for her assistance in cryo-TEM imaging and Dr. 

Marilene Paquet for her comparative pathology analysis. This work was supported by an 

operating grant from the Shriners of North America, Fonds de la Recherche en Santé du 

Québec, the National Science and Engineering Research Council (NSERC), the Canadian 

Institutes of Health Research (CIHR) - Regenerative Medicine/Nanomedicine and the Center 

for Biorecognition and Biosensors (CBB), McGill University, Montréal, Québec, Canada. 

Dr. Haidar acknowledges scholarships from the Center for Bone and Periodontal Diseases 

Research and the Shriners Hospital, Montréal, Québec, Canada. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
157 

 

CHAPTER 9 

Core-Shell NPs – Evaluation in a Rabbit DO Model 
 

Bone anomalies may be congenital in nature or acquired, resulting from trauma, growth 

disturbances, neoplastic and/or degenerative processes. Examples include Pierre Robin 

Sequence (formerly known as Pierre Robin Syndrome), Crouzon Syndrome and Apert 

Syndrome. In these conditions, severe functional impairments such as upper airway 

obstruction, obstructive sleep apnea, inability to adequately masticate or persistent speech 

dysfunction. Although DO is a surgical technique commonly used for bone lengthening and 

reconstruction of such bone-related defects, it is far from optimum. The foremost limitation 

is the protracted treatment time required for the newly formed bone to consolidate entailing 

prolonged external fixation with considerable morbidity. BMP-7/OP-1 has been shown to act 

on the proliferation and differentiation of osteoprogenitor cells into bone-forming cells and 

also to stimulate the production of other growth factors such as IGFs and FGFs, thus 

accelerating the formation of de novo bone in numerous preclinical and clinical studies. For 

a clinically-beneficial outcome, the application of recombinant human (rh) OP-1 will depend 

on the delivery strategy and system used to provide a sustained and proper release of 

adequately bioactive protein concentrations into the distraction gap/callus and its 

surrounding area. Based on the findings from previous studies aimed at the acceleration of 

bone regeneration and consolidation in a rabbit model of long bone DO where endogenous 

OP-1 expression was shown to significantly decline in osteoblasts in the consolidation phase, 

it was hypothesized that the optimal time for the exogenous administration of OP-1 might be 

early in the distraction period when OP-1 receptors are abundant. Results later agreed where 

a two-fold increase in bone volume was radiographically apparent in animals receiving 75 

µg OP-1 in acetate buffer at 3 weeks post injection when compared to placebos or control 

rabbits receiving only the buffer. The difference between the groups then diminished at 5 

weeks suggesting that exogenous OP-1 results in an increase in the rate and not necessarily 

the quantity of bone formed. On the other hand, a dose as low as 100 ng/mL OP-1 

encapsulated in the core-shell nanoparticulate delivery system was significantly sufficient 

to enhance preosteoblast differentiation, in vitro (Chapter 7) where it was also demonstrated 

how the increase in the shell thickness resulted in a slower rate of protein release. Therefore, 



 
158 

 

in this second in vivo study, the aim was to further investigate the localized and release-

controlled effect of the hybrid core-shell (design) nanoparticles loaded with a much lower 

dosages of OP-1 on long bone DO in comparison to the 75 μg of OP-1/acetate buffer from 

previous studies, similarly administered early in the distraction phase and in the same animal 

model following an identical protocol (with minor changes). It is noteworthy that rabbits, in 

part due to ease of handling and size are the one of the most universally used in 

musculoskeletal research as preclinical models for bone repair (Neyt et al. 1998) although 

are perhaps the least similar in bony structure and properties to humans (please see Appendix 

A.7). 

  

 

The results were reported in a manuscript that has been recently accepted for publication 

(August 15
th

 of 2009) in the peer-reviewed journal of Growth Factors: GGRF-2009-0012. It 

is reproduced with permission © 2009  Informa  Healthcare.   
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9.1. ABSTRACT  

The effect of an early single injection of biodegradable core-shell nanoparticles (NPs) loaded 

with various low doses of recombinant human bone morphogenetic protein–7 (rhBMP–

7/rhOP–1) on new bone regeneration and consolidation in a rabbit model of tibial distraction 

osteogenesis (DO) was investigated. Regenerate bone was examined using soft radiography, 

densitometry, micro-computed tomography and histomorphometry. Compared to control, 

higher bone fill scores and a two-to-three-fold increase in the quantity of mineralized tissue 

were prominent in the 1.0 µg and 5.0 µg OP-1/NPs groups, 3 weeks post-injections (ρ > 

0.05). Histologically, the distraction gap was completely ossified and the osteotomy margins 

poorly demarcated in those groups, one week into the consolidation phase. An up-regulation 

of various growth factors, ligands and receptors was observed using immunohistochemistry. 

This novel hybrid delivery system maintains the bioactivity of the encapsulant; minimizes 

the therapeutic doses of rhOP-1 and accelerates DO via its localized, release-controlled, 

osteogenic and naturally-biocompatible polymeric properties. 

 

Keywords: distraction osteogenesis, osteogenic protein-1, nanoparticles, delivery systems, bone 

densitometry, histomorphometry 
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9.2. Introduction  

Distraction osteogenesis (DO) is a prevailing surgical technique widely used for bone 

lengthening and includes performing an osteotomy followed by gradually distracting the two 

bone segments resulting in de novo bone formation within the distracted gap (Ilizarov 1989 

a, b). However, a main limitation is the long period of time required for the newly formed 

bone to consolidate entailing prolonged external fixation with considerable morbidity (Paley 

1990). For osteoregeneration to yield proper healing, mechanical stability in the defect site, 

osteogenic cells and osteoinductive growth factors in combination with a suitable carrier or 

delivery system, conceptualized as the “Diamond Concept” (Giannoudis et al. 2007) are 

necessary. Bone morphogenetic proteins (BMPs) are potent cytokines able to induce new 

bone formation in vitro and in vivo that have been successfully applied in the reconstruction 

of long bones, spine and the craniofacial skeleton in preclinical (Phillips et al. 2006; 

Seeherman et al. 2006; Chu et al. 2007) and clinical studies (Li and Wozney 2001; Reddi 

2005; Gautschi et al. 2007). BMP-7, also known as osteogenic protein-1 or OP-1 has been 

shown to act on the proliferation and differentiation of osteoprogenitor cells into bone-

forming cells, thus accelerating the formation of new bone in numerous preclinical (Cook 

and Rueger 1996; Ripamonti et al. 2000; Hamdy et al. 2003) and clinical studies (Cook 

1999; Friedlaender et al. 2001; Vaccaro et al. 2008). It was suggested that the clinical 

efficacy of recombinant human (rh) OP-1 will depend on the carrier system used to ensure a 

sustained, multi-step, and prolonged delivery of adequate protein concentrations to the 

desired site of tissue repair (Mont et al. 2004). The foremost limitations include the rapid 

diffusion of rhOP-1 away from the site and loss of its bioactivity, resulting in ectopic bone 

formation or suboptimal local induction and hence failure of bone regeneration (Rose et al. 

2004). Several materials for the delivery of rhBMP-2 and rhOP-1 have been developed in 

recent years however with limited clinical use and the ideal delivery system is still to be 

developed (Mont et al. 2004; Termaat et al. 2005). Thus, supra-physiological and expensive 

dosages of rhOP-1 in the milligram range for satisfactory bone healing continue to be 

required (Luginbuehl et al. 2004). Sailhan et al. applied 28.5 mg rhOP-1 with a Type I 

collagen carrier in a rabbit model of tibial DO, early in the distraction phase. Poor results, in 

comparison to control animals receiving no treatment were explained by the relatively large 
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bulk of the solid carrier used therefore mechanically obstructing osteoregeneration (Sailhan 

et al. 2006). Recently, injectable delivery systems have been gaining interest as a less 

invasive method for the repair of osseous defects, avoiding extensive/secondary surgery 

(Einhorn et al. 2003; Bishop and Einhorn 2007).  

 

In an initial in vitro study (Haidar et al. 2008 a), we successfully formulated monodisperse 

and non-toxic nanocapsules constituting a core of cationic liposomes (L) and a shell 

constructed through the layer-by-layer (L-b-L) self-assembly of alternating layers of anionic 

alginate (AL) and cationic chitosan (CH). The system has a cumulative size of 383 ± 11.5 

nm and a zeta potential surface charge of 44.61 ± 3.31 mV, suitable for complex formation 

with anionic proteins. In a subsequent work (Haidar et al. 2008 b), the capability of the 

nanoparticles to encapsulate a range of concentrations of OP-1 was investigated. The system 

exhibited further high physical stability in simulated physiological media as well as an 

extended shelf-life (up to 12 months) allowing for immediate protein loading prior to 

administration, preventing degradation or loss of the encapsulant. The nanoparticles offer 

copious compartments for protein entrapment including the aqueous core and within the 

customizable polyelectrolyte layers in the shell which can modulate the release kinetics 

according to the clinical site of interest. A sustained tri-phasic linear release of the water-

soluble and readily diffusible positively-charged OP-1 was evident for an extended period of 

45 days with the bioactivity of the protein maintained via enhancing pre-osteoblast 

differentiation, in vitro.  

 

In the present work, we evaluated the effect of a single bolus injection of various low doses 

of rhBMP-7/rh-OP-1, administered early in the distraction phase in combination with the 

hybrid core-shell nanoparticulate delivery system (NPs) on the rate, quantity and quality of 

new bone formation and early consolidation during long bone DO in a rabbit model. 

 

 



 
162 

 

9.3. Materials and Methods  

 

9.3.1. Animals   

A total of 20 skeletally mature male New Zealand White rabbits weighing 3.5–4.5 kg were 

included in this study. The housing, care and experimental protocol were approved by the 

McGill University Animal Care and Ethics Committee. All surgeries were performed at the 

Plastic and Reconstructive Surgery department of the Montréal General Hospital, Montréal, 

QC, Canada. 

 

9.3.2. Operative Protocol  

The operative and distraction protocol followed were similar to our earlier studies (Rauch et 

al. 2000a, b; Hamdy et al. 2003; Haque et al. 2005; Mandu-Hrit et al. 2006) with minor 

changes. Rabbits were anesthetized via the intramuscular administration of ketamine, 

xylazine and acepromazine. Anesthesia was further maintained with isoflurane, oxygen and 

nitric oxide upon intubation. Four half-pins were inserted, two above and two below the 

osteotomy site (mid-right tibia). The site was then exposed subperiosteally, and the 

osteotomy performed using an oscillating saw just below the fusion site between the tibia 

and fibula. An Orthofix uniplanar M-101 external fixator (purchased from Orthofix, Inc., 

Verona, Italy) was applied under sterile conditions. The periosteum was re-approximated and 

the wound closed using resorbable sutures. Unrestricted weight bearing and activity were 

allowed post-operatively. After a delay of 7 days (latency phase), distraction was started at a 

rate of 0.5 mm every 12 hours for a period of 3 weeks (distraction phase). This was followed 

by a no manipulation period of 1 week, during which the external fixator was held in place 

without distraction (consolidation phase) as shown in Figure 9.1.  
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The rabbits were examined daily for signs of infection, weight loss and pain. All rabbits 

were sacrificed by intravenous administration of 1 mL/Kg Euthanyl (MTC Pharmaceuticals, 

Cambridge, ON, Canada) 5 weeks post-osteotomy. 
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9.3.3. Formulation of rhOP-1/Core-Shell Nanoparticles 

The formulation and characterization of the hybrid core-shell nanoparticulate protein 

delivery system has been previously described (Haidar et al. 2008a,b). Briefly, for the 

preparation of liposomes, 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine was purchased from 

Genzyme Pharmaceuticals, Switzerland; cholesterol and dimethyldioctadecyl-ammonium 

bromide (DDAB) were obtained from Sigma-Aldrich Chemical. The extrusion apparatus 

was purchased from Avanti® Polar Lipids, and the 19 mm polycarbonate filters (200 nm 

pore size) were obtained from GE Osmonics. For the L-b-L coating, alginic acid (AL: 

sodium salt; viscosity of 2% in water) and chitosan (CH: 85% deacetylated with molecular 

weight of 91.11 kDa) were obtained from Sigma-Aldrich Chemical. Liposomes were 

formulated via the thin-film hydration technique followed by extrusion through double 200 

nm polycarbonate filters.  

 

For the L-b-L build-up, fresh AL and CH solutions (1 mg/mL) were prepared in highly pure 

water. The cationic liposomes were coated with alternating layers of AL and CH until the 
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desired number of polyelectrolyte layers was achieved; 6 layers: L(AL-CH)3, herein. With 

the deposition of each polymeric layer, the solution was incubated at room temperature for 

60 min and centrifuged at 1600g for 15 min for washing.  

 

9.3.4. Evaluation of rhOP-1 Encapsulation 

Prior to protein loading, aliquots of nanoparticle suspensions were freeze-dried using sucrose 

as a cryoprotectant at -54
o
C for 48 h (Modulyo D-115, Thermo Savant, MA). Lyophilized 

nanoparticles were rehydrated to the original volume with different concentrations of OP-1 

solution (0.0 to 5.0 µg/mL). rhOP-1 (15.7 kDa molecular weight, lyophilized) was purchased 

from bio-WORLD, OH and stored at -20
o
C until use. Cryo-Transmission electron 

microscopy (Cryo-TEM) images of uncoated and coated liposomes are displayed in Figure 

9.2. It is evident how the polymeric shell surrounding the liposomal core helps maintain the 

spherical morphology and stability of the nanoparticles. 

 

9.3.5. Study Protocol 

Rabbits were randomized into 5 groups to receive a single 0.2 mL injection of either: A; 

distraction with saline (n=4), B; distraction with un-loaded or blank NPs (n=4), C; 

distraction with 0.5 μg OP-1/NPs (n=4), D; distraction with 1.0 μg OP-1/NPs (n=4) and E; 

distraction with 5.0 μg OP-1/NPs (n=4). All injections were carried out using latex-free 

micro-fine
®
 IV insulin syringes (28G½ 0.36 mm x 13 mm, Becton Dickinson and Co., NJ, 

USA). A single bolus was injected in and around the centre of the distracted zone, 1 week 

after the beginning of distraction. Two sets of experiments were performed. First, the quality 

and quantity of the regenerate bone tissue 3 weeks after the administration of control and 

experimental injections was analyzed. After sacrificing, the operated tibia of each animal 

was disarticulated and wrapped in moist saline dressings. The specimens then underwent 

radiography, bone densitometry, micro-computed tomography (μCT) and bone 

histomorphometry. In the second set of analyses, molecular changes at 5 weeks post-

osteotomy in the regenerate bone were evaluated using immunohistochemistry. This time 
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point was chosen as we have previously observed maximal bone formation following the 

administration of OP-1 (Mandu-Hrit et al. 2006).  

 

9.3.6. Radiology  

Immediately at time of sacrifice, antero-posterior and/or lateral X-ray views of the operated 

tibiae were taken. Bone fill scores were determined using a semi-quantitative scale as 

previously described by Kirkerhead et al. 1995 and Zimmermann et al. 2004. Bone 

densitometry was performed using a Lunar PixiMUS 1.46 device (GE-Lunar, Madison, WI). 

Areal bone mineral density (BMD) was determined in the lengthened zone of the right tibia. 

Samples for μCT were dissected free of soft tissue, fixed overnight in 70% ethanol, and 

scanned with a SkyScan 1072 microCT instrument (SkyScan, Antwerp, Belgium). A rotation 

step of 0.9 degrees and an exposition time of 2240 ms were used in order to attain sequential 

2D images. The cross-sections along the specimen axis were reconstructed using the 

available Cone-Beam Reconstruction Software (SkyScan, Antwerp, Belgium), with a 

distance between each cross-section set at 27.36 μm. CTanalyser and 3Dcreator software 

(both from SkyScan) were used for image analysis. This set of analysis was carried out at the 

Genome Québec Innovation Center for Bone and Periodontal Diseases, Montréal, QC, 

Canada.  

 

9.3.7. Bone Histomorphometry  

Following radiological analysis, dissected samples assigned for histomorphometry were left 

un-decalcified, embedded in polymethylmethacrylate and sectioned at 4μm thickness. To 

distinguish between mineralized and un-mineralized tissue, the sections were stained with 

toluidine blue and Goldner Trichrome for comparative histology. A Polyvar microscope 

(Reichert-Jung, Heidelberg, Germany) was then used at an 80 fold magnification and 

quantification was performed using a digitizing tablet and the Osteomeasure
®
 software 

(Osteometrics, Atlanta, GA). The defined region of interest (as previously described Figure 

5.4 of Chapter 5) was the entire distraction gap and divided into the „callus‟ region and the 
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„center‟ region containing the fibrous inter-zone (Hamdy et al. 2003; Mandu-Hrit et al. 

2006). The amount of bone, cartilage, fibro-cartilage and fibrous tissue was calculated as a % 

of the total volume with bone marrow representing the remainder. 

 

9.3.8. Immunohistochemistry   

Specimens assigned for immunohistochemistry were prepared as previously described 

(Mandu-Hrit et al. 2006; Mandu-Hrit et al. 2008). Bone samples were fixed in 4% 

paraformaldehyde overnight, decalcified in 20% ethylenediamine tetraacetic acid for 3 

weeks, and then embedded in paraffin. Seven micrometer sections were then cut. After de-

paraffinization and hydration, endogenous peroxidase was blocked with 1% hydrogen 

peroxide for 10 min. Nonspecific binding was blocked by incubation in phosphate-buffered 

saline (PBS) containing 1% blocking (normal horse serum) reagent  and 0.1% Triton 

(Boehringer Manhein, QC, Canada) for 30 min.  

For immunostaining, commercially available polyclonal goat antibodies (Santa Cruz 

Biotechnology Inc., Santa Cruz, CA) were used. We have previously published the results of 

experiments on rabbits using these antibodies, including BMPs, their receptors and Smads 

for immunohistochemical analysis in DO (Rauch et al. 2000a; Campisi et al. 2003; Haque et 

al. 2005; Mandu-Hrit et al. 2006) as well as others (Yazawa et al. 2003). Sections were 

incubated with primary antibodies (25 mg/ml in PBS with 1% blocking reagent and 0.1% 

Triton) overnight at 4
o
C in a humidified chamber. As a secondary antibody, a biotinylated 

anti-goat antibody was used. Sections were stained using the avidin-biotin complex method 

(Vector Labs, Burlingame, CA) and 3,3‟-diaminobenzidine tetrachloride for 30 min. The 

sections were then counterstained with Mayer‟s hematoxyline and mounted. We have 

previously verified that the antibodies used in this study recognized rabbit proteins (Mandu-

Hrit et al. 2006). Bone histomorphometry and immunohistochemistry were done at the 

Shriners Hospital Laboratories, Montréal, QC, Canada. 
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9.3.9. Qualitative & Quantitative Grading of Immunostained Sections 

Based on previously published reports (Tavakoli et al. 1999; Yeung et al. 2001), we have 

developed and used a semiquantitative analysis in order to evaluate immunohistochemistry 

images. This technique had been previously described by us (Rauch et al. 2000a; Hamdy et 

al. 2003; Haque et al. 2005; Mandu-Hrit et al. 2006). The number of cells expressing the 

various proteins was assessed by cell counting. Sections were graded by a blind observer as 

follows: - no staining; + staining in less than 25% of cells; ++ staining in 25–50% of cells; 

+++ staining in 50–75% of cells; ++++ staining in more than 75% of cells. Chondrocytes, 

osteoblastic and fibroblastic cells were identified morphologically. These analyses were 

performed separately for the callus and the center regions. 

 

8.3.10. Statistical Analysis   

In vivo bone densitometry, μCT and histomorphometry data are all expressed as mean value 

± SD. Differences between treatment groups were tested for significance using a 2-tail 

student t-test where ρ-values less than 0.05 were deemed significant throughout. 

Radiological and immunohistochemistry data are represented as an average score from blind 

observations. 

 

 

9.4. Results  

During the study, no abnormal clinical signs, complications and/or behaviors in any groups 

occurred post-operatively and all rabbits were fully weight-bearing immediately after 

surgery. Normal growth over the experimental time span was reported by the animal health 

care technicians supervising the animals. 
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9.4.1. Cellular Changes following the Administration of Injections 

 
9.4.1.1. Radiology  

Radiographs of the harvested tibias were analyzed qualitatively and semi-quantitatively at 3 

weeks post-injections (1 week into the consolidation phase where distraction forces ceased). 

No cortices were identified in the distracted zone and no cyst formation was evident in any 

of the harvested samples in all groups. Qualitatively, there was more mineralized and 

calcified bone in the distracted zones of rabbits that had received 1.0 and 5.0 µg of OP-1/NPs 

than in the negative and positive control groups (saline and blank nanoparticles, respectively) 

and the 0.5 µg OP-1/NPs group, as is displayed in Figure 9.3.  
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Semi-quantitative analysis revealed significant differences in radiographic bone fill score 

(from three independent and blinded raters with radiographic experience) among the groups 

(ρ = 0.003): 2.7±0.5 (A); 3.9±0.7 (B); 4.33±0.5 (C); 4.78±0.7 (D) and 4.88±0.6 (E). 

Interestingly, rabbits injected with blank nanoparticles yielded higher radiographic bone fill 

scores (ρ > 0.05) than what distraction alone showed signifying the osteogenicity of the 

natural polymers incorporated in the formulation of the nanoparticles.  

 

9.4.1.2. Bone Densitometry 

As displayed in Figure 9.4, significantly higher BMD amounts were evident in the 

distraction zone post-injection in groups D and E (ρ < 0.05) than in the other groups. Groups 

D and E do not have significant differences in BMD among them. However it is noteworthy 

that group B or injections of blank nanoparticles in highly-pure water seem to have no 

negative interference with the bone regeneration process (0.35±0.04 g/cm
2
, ρ > 0.05). 
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9.4.1.3. Bone Architecture  

The BMD results above were further confirmed by μCT analysis of the harvested tibias 

providing quantitative and qualitative information on bone growth and structure in long bone 

DO.  
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The use of μCT allowed for the evaluation of additional parameters including trabecular 

thickness (Tb.Th.), structural model index (SMI), relative bone volume (BV) and bone 

surface (BS) to bone volume (BV) ratio as well as bone surface density. The SMI is a 

parameter indicating changes in the bone micro-architecture and ranges from 0 to 3 

depending on whether the structure is plate-like, rod-like or a combination of both (Haque et 

al. 2008). These parameters are summarized in Table 9.1. At 3 weeks post-injections, a two-

to-three fold increase in the quantity of mineralized tissue (including bone and cartilage) was 

noted, more markedly in groups D and E.  

 

 

Bone normalization (bone volume/length) for the control groups A (distraction only) and B 

(distraction and blank nanoparticles injection) was 16.1±6.0 mm
2
 and 19.0±9.3 mm

2
, 

respectively in comparison to 23.3±6.8 mm
2
 for 5.0 µg OP-1//NPs or group E (ρ < 0.05). No 

significant differences were observed in the Tb.Th. between all groups. Figure 9.5 displays 

images of the harvested rabbit tibias at 5 weeks post-operatively. It is clear that a denser 

bone structure is present in groups D and E with the mineralized tissue completely filled and 

consolidated in the distraction gap.     
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9.4.1.4. Histology and Histomorphometry of the Newly Formed Bone 

Goldner Trichrome stained histological sections were prepared. The mineralized and un-

mineralized tissues at the middle of the distraction zone of the harvested rabbit tibiae are 

shown in Figure 9.6. Table 9.2 displays the findings from the histomorphometric analysis 

used to determine the percent of bone, cartilage, fibrocartilage and fibrous tissue present.  

 

Significant amounts of highly vascularized connective tissue, osteoblastic and fibroblastic 

cells, and cartilaginous areas were identified throughout the distracted areas of all harvested 

samples. Elongated fibroblastic cells were noticeable in the direction of the distraction strain.   

One week into the consolidation phase, the distraction gap was essentially ossified and the 

osteotomy margins poorly demarcated in groups D and E. Quantitative analysis revealed 

statistically significant differences with group E for percent of bone, cartilage and 

fibrocartilage present (ρ = 0.01). Group D showed significance in percent bone and 

fibrocartilage only (ρ < 0.05). 
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9.4.2. Molecular Changes following the Administration of Injections 

The mechanical forces applied during distraction stimulate the expression of various genes 

as verified by our immunohistochemistry results. The expression of 15 genes, representing 

various pathways leading to de novo bone formation was evaluated at the protein level using 

immunohistochemistry. Sample images are displayed in Figure 9.7 (supplementary images 

are represented in Figure 9.8 at the end). The obtained data showed that all investigated 

proteins were expressed at various levels (up or down-regulation) in all groups. Cellular 

localization was mostly in chondrocytes and fibroblast-like cells. Their spatial expression 

was diffuse in the distracted zone.  
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Tables 9.3 and 9.4 summarize these findings in the center and the callus of the distraction 

gap, respectively. Generally, all proteins were up-regulated 3 weeks post-injections; 

especially in groups A, B and C. 

 

Results confirm the accelerated bone regeneration and consolidation noted in groups E and D 

especially in the center of the distraction gap for the earlier and in the callus for the latter. 

Group D appears to have much more consolidated bone areas than E, however the difference 

was not significant (ρ ≥ 0.05). 



 
176 

 

The simultaneous increase in these genes verifies that exogenous OP-1 induction most likely 

increases the rate of bone formation in DO via increasing the rate of expression of various 

factors involved in its signaling pathways. Reduction in staining of activin receptors and 

antagonists such as Noggin and Chondrin, from group A through E signifies the ossification 

and consolidation of the distracted gap. 

 

9.5. Discussion   

Our previous in vitro work with rhOP-1 encapsulated in the core-shell nanoparticulate 

delivery system showed that a dose as low as 100 ng/ml was significantly sufficient to 

enhance preosteoblast differentiation noted by an increased alkaline phosphatase activity 

over 7 days. We have demonstrated how the increase in shell thickness slowed the rate of 

protein release where OP-1 release from uncoated liposomes was clearly faster than from 

coated liposomes. OP-1 release from this physically dispersed polymeric system may be 

described by several possible mechanisms: diffusion, polymer degradation, ion 

complexation, and interactions among the protein and the polymers, although it is primarily 

governed by a diffusion-based or affinity-based mechanism
 
(Haidar et al. 2008 a, b).  

In vivo, we have previously shown that using 75 μg of OP-1 in acetate buffer early during 

DO in rabbits accelerated bone formation (Mandu-Hrit et al. 2006). Three weeks following 

OP-1 injections, radiology, densitometry and μCT data revealed an increase in the quantity 

of bone for treated groups in comparison to the placebo (acetate buffer only).  

Therefore, in this study, we aimed to investigate the effect of the core-shell nanoparticles 

loaded with very much lower dosages of OP-1 on long bone DO in comparison to the 75 μg 

of OP-1 in acetate buffer (Mandu-Hrit et al. 2006), similarly administered early in the 

distraction phase.  

Qualitative and quantitative evaluation of the distracted zone suggested that at 3 weeks post-

injection there was more mineralized bone in rabbits that had received OP-1 (0.5, 1.0 and 5.0 

μg loaded in the nanoparticles) than in the control groups (distraction alone and with 

unloaded nanoparticles). Bone densitometry revealed that the treated groups had a higher 
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amount of bone in the distraction gap at 5 weeks post-osteotomy as well. The quantity of 

mineralized bone was almost double for groups that had received only 1.0 μg of OP-1 

treatment in comparison to the control (22.7±4.8 and 13.3±2.4, respectively) and even our 

results from the previous assays with 75 μg OP-1 (11.3±1.8) as confirmed by μCT analysis.  

A denser bone structure was clear in the 3-D images with the distraction gap almost 

completely filled with mineralized tissue.  

This demonstrated accelerated osteogenesis and consolidation via a single injection of the 

core-shell delivery system loaded with a dose of no more than 1.0 μg rhOP-1 in comparison 

to earlier results from a single injection of rhOP-1 (75 μg in acetate buffer) and to others in 

the literature, emphasizes the role of our localized and release-controlled nanocapsules. 

BMPs act locally and therefore, the concentration of BMPs at the site of interest is more 

crucial than the total dose of the protein (Reddi 2005; Termaat et al. 2005).  

Nanoparticulate systems seem therefore to play a major role in the localization and 

confinement of the released encapsulant to the area of interest, hence, we have not seen the 

discrepancy in results observed between the histomorphometry and μCT analysis in our 

previous studies (Mandu-Hrit et al. 2006).  

Favorably, in the control group, the unloaded nanoparticles did not interfere with the 

osteoregenerative process mainly due to their biocompatibility and biodegradability nature. 

The natural polymers used to formulate the nanoparticles, especially chitosan has been 

shown to promote osteogenesis and enhance the bioactivity of the encapsulated protein via 

controlling the release profile (Prabaharan 2008).  

We chose in this study to analyze some of the most prominent genes in the BMP signaling 

pathway which included its receptors, antagonists and transcription factors. Results 

suggested that the whole BMP signaling pathway seems to be up-regulated during the 

distraction phase of the lengthening process perhaps due to the mechanical forces exerted 

(Haque et al. 2005; Haque et al. 2008). Osteogenesis in the BMP pathway (Abe 2006) occurs 

via the activation of either the Smad pathway or the MAPK pathway (Chapter 5.5.3). Even 

though BMPs are members of the TGF-β pathway, we did not analyze TGF-β and its related 
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Smads in this study because we have previously shown that the local application of TGF-β in 

a rabbit model stimulated only fibrogenesis and not osteogenesis (Rauch et al. 2000b). Yet, 

Smads 1-5 induction was up-regulated in the center and callus of all distracted tibias in all 

animals as a direct result of BMP activation. This upstream activation whether by the Smad 

or MAPK pathway is predominantly regulated by BMP receptors and antagonists. It has 

been previously reported that BMP-7 uses ACTRII (or ActR2) as its type II receptor and 

bind to ACTRI (or ActR1) as its type I receptor (Haque et al. 2008) as was also 

demonstrated here in. On the other hand, considerable down-regulation of antagonists such 

as Noggin, BMP-3 (or osteogenin) and Chondrin were noted mostly in the center of the 

distraction gap following the administration of the core-shell nanoparticles loaded with 1.0 

and 5.0 μg rhOP-1. Of those well-documented antagonists in their role in blocking BMP-

BMPR interactions, osteogenin is the most abundant BMP in adult long bone and has been 

reported to be a negative regulator of bone formation and a potent antagonist to osteogenic 

BMPs (Rosen 2006). Therefore, the observed under-regulation might have contributed to the 

improved function of the administered OP-1 in promoting bone growth in DO. 

In conclusion, we have shown that our injectable and non-toxic hybrid core-shell 

nanoparticles loaded with very low doses of rhBMP-7/rhOP-1 accelerates de novo bone 

regeneration and consolidation in a rabbit model of long bone DO. To the best of our 

knowledge, this present study is the first investigation of the combined use of injectable 

hybrid liposome and polymer-based nanoparticles and rhOP-1 in DO. In addition, we have 

not found any published studies with such low doses of rhOP-1.   

 

A limitation in the present study is that the OP-1 distribution into the tissue was not 

evaluated. Inadequate distribution would reduce OP-1 bioactivity and function. Nonetheless, 

our findings demonstrated that this novel hybrid delivery system is able to maintain the 

bioactivity of the encapsulated protein. As a result, in a clinical setting, one could expect it to 

shorten the treatment period of DO and improve the functional outcome in patients via the 

earlier removal of the fixator. Our ongoing studies aim at validating these results in various 

animal models with different bone pathologies associated with poor bone formation for the 
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use of this therapeutic- and cost-effective approach in far reaching clinical applications 

beyond DO.   
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9.7. Supplementary Data   

 

 

General Note: In this pilot (rabbit) study, NPs+1.0µg OP-1 seem to be a more suitable 

combination than NPs+5.0µg OP-1 where pre-mature consolidation often requiring a repeat 

osteotomy should be avoided.  
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CHAPTER 10 

General Discussion of Conclusions and Future Perspectives 

 

10.1. Thesis Conclusions  

This dissertation embarked on with an introduction addressing the ongoing call for an 

increased awareness and research to develop novel alternative solutions for bone tissue 

engineering that would replace the conventional grafting procedures; the ultimate goal being 

to regenerate native bone to completely fill bone defects, not only in terms of quantity but 

quality as well and in an accelerated, safe, user-friendly and cost-effective fashion, if 

possible. And so, the universal inspiration for this project was instigated by the promising 

strategy known as protein- or BMP-therapy; a biomedical methodology which enables 

specific cells to enhance the proliferation and differentiation, resulting in natural promotion 

of tissue regeneration largely based on the innate healing potential of human patients 

themselves. This lead to identifying the current need for developing a new biocompatible, 

proficient, predictable, localized and release-controlled injectable delivery system at the 

nano-scale in order to facilitate and enhance guided tissue regeneration using low and safe 

dosages of the encapsulated morphogen(s), thus preventing the un-desirable rapid dispersal 

of the often required large and supra-physiological protein dosages (mostly due to short half-

lives and stability issues) from currently-available and surgically-implantable carriers into 

sites of regeneration and repair. Although the main aim for designing and developing this 

delivery system was rationalized specifically for cases of long bone distraction osteogenesis, 

applications might extend beyond. 

 

Below is a summary of the accomplishments of this project thus far (presented 

chronologically as carried out). While the requirements and characteristics of the „ideal‟ 

protein delivery system might have not been fulfilled yet, the developed nanoparticulate 

hybrid delivery system has been shown to meet the basic criteria for drug delivery systems, 

at the least. Further evaluation, characterization and development are without doubt possible. 

Likewise for the application and/or model tested here in (long bone distraction osteogenesis 

in rabbits), although findings might have contributed to the current state-of-knowledge 
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regarding the cellular and molecular processes involved, where for example results 

confirmed the role of the mechanical forces of distraction in up-regulating the whole BMP 

signaling pathway which is also detrimental to the functions of endogenous and/or 

exogenous BMPs and the type(s) of bone formed; a complete understanding is still an area of 

constant hypothesis, predictions  and  interest of  many researchers.  

 

Therefore, following the summary of accomplishments and contributions from the works 

offered in this thesis, an outline of the future perspectives for the field is presented. Finally, a 

look into some of our ongoing studies is provided to end this dissertation with a proposed 

direction for the further advancement  of  the project. 

 

10.2. Summary of Accomplishments  (as related to Objectives in Chapter 2.4)  

OObbjjeeccttiivvee  11:: Prepare cationic, stable and monodisperse submicron liposomes with 

reproducibility. 

The method known as the thin-film hydration for the preparation of large multi-lamellar 

phospholipid vesicles followed by another technique referred to as extrusion for the filtration 

of these vesicles resulting in monodisperse and stable large uni-lamellar vesicles were used 

and optimized to reproducibly, reliably and efficiently prepare cationic liposomes at the 

nano-scale in solution. These liposomes had an average size of ~180 nm suitable to decrease 

their likelihood of uptake by the reticulo-endothelial system and adsorption by the 

mononuclear phagocystic system, a surface charge of +35 mV beneficial for the entrapment 

of fragile negatively-charged biomolecules and were prepared in ultra-pure water under mild 

conditions in order to decrease their potential cytotoxicity from any by-products of the 

„evaporated‟ chloroform:methanol solvent used. Cholesterol was added to enhance the 

phospholipid bi-layer, proper for their further incorporation in a polymeric shell and the 

subsequent freeze-drying for rehydration and loading of drugs or proteins. 
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OObbjjeeccttiivvee  22:: Develop discrete and well-defined cationic core-shell hybrid particles at the 

nano-scale.  

The layer-by-layer self-assembly technique was used to electrostatically coat/deposit 

alternating layers of alginate and chitosan on liposomes. The polymers were prepared in 

ultra-pure water and their pH and concentrations determined. The step-wise build-up was 

characterized with the application of each layer to ensure full coverage while maintaining the 

desired average size, surface charge, dispersion uniformity and stability in solution. 

Incubation times and washing were optimized. Hybrid nanoparticles/nanocapsules resulted 

with an average size of ~345 nm and a surface charge of +37 mV for liposomal cores coated 

with six polyelectrolyte layers; ~383 nm and 45 mV for those with ten layers. The technique 

yielded well-defined, uniform and stable suspension of nanoparticles with a shelf-life of a 

minimum period of 1 year. Freeze-drying was attained whilst preserving their spherical 

morphology (AFM and cryo-TEM) and physico-chemical characteristics after determining 

the proper cryoprotectant concentration (presented in Appendix B).  

 

OObbjjeeccttiivvee  33:: Evaluate the drug delivery potential of the nanoparticles for initial proof of 

concept. 

Using bovine serum albumin (BSA) as a model protein, lyophilized nanoparticles were re-

hydrated and loaded with a range of concentrations of BSA (66 kDa MW) solution (0.0 to 

2.0 mg/mL). The loading capacity, encapsulation efficiency and BSA release profile(s) of the 

nanoparticles were quantified using spectrophotometry. For these assays, 3-bilayered and 5-

bilayered nanocapsules were used, for comparison and biokinetic characterization. Testing 

established the advantage of the core-shell design in accomplishing a high loading capacity 

that can be altered by the number of compartments determined by the number polyelectrolyte 

layers; with an encapsulation efficiency of 70-80% of BSA, more than two-fold of un-coated 

liposomes. A sustained release of BSA was also demonstrated over 30 days with a controlled 

initial burst effect and a diminished lag phase. Also, the release rate from the nanoparticles 

can be modulated (slower/faster) via modifying the number of layers present in the 

polymeric shell. Finally, the nanoparticles revealed the possibility of drug loading via simple 
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rehydration immediately preceding use, thus preventing degradation or loss of the load 

deemed necessary for the administration of therapeutic proteins. Therefore, verifying  the  

potential  of  the  hybrid  nanoparticulate  delivery  system, in vitro. 

 

OObbjjeeccttiivvee  44:: Evaluate the cytocompatibility, stability in serum and bioactivity of 

released rhOP-1.   

The physical stability and uniformity of the hybrid nanoparticles (protective effect of the 

shell) were demonstrated in simulated physiological media in comparison to the un-coated 

liposomes displaying clear aggregation. Likewise, the potential cytocompatibility and safety 

of the system were established, in vitro. The ability of the spherical core-shell nanoparticles 

to entrap and release a range of rhOP-1 (15.7 kDa MW) concentrations (0.0 to 5000 ng/mL) 

over an extended period of 45 days was also evaluated. Following freeze-drying and 

rehydration with the anionic protein solution(s); the loaded particles had an average size of 

~386 nm and a surface charge of +39 mV indicating the incorporation of the rhOP-1 within 

the compartments of the core and shell system. The loading capacity, encapsulation 

efficiency and rhOP-1 release profile(s) were quantified using an enzyme-linked 

immunosorbent assay as it was not feasible using the micro-BCA technique used previously 

with BSA. The system showed a high capacity for loading elevated concentrations of growth 

factors with an ability to efficiently encapsulate more than 80% of the initial load. 

Controlled, linear, and sustained tri-phasic release of rhOP-1 was observed with up to 85% 

of the load released over a period of 4 weeks. A control of the burst effect was also 

demonstrated in comparison to un-coated liposomes revealing the possibility of tailoring 

low- or high-level sustained and prolonged protein delivery with smaller or larger initial 

protein bursts feasible with the alteration in the number of polyelectrolyte layers. This 

feature is essential for optimum growth factor performance when applied in different 

anatomical sites or defect sizes with varying vascularity and number of resident responding 

cells. Finally, the delivery system revealed its potential in maintaining and enhancing the 

biological activity of the encapsulated growth factor via promoting alkaline phosphatase 

activity and preosteoblast differentiation with a very low dose; no more than 100 ng/mL 

rhOP-1, in vitro. Because large, critical and expensive supra-physiologic dosages of growth 
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factors continue to be required for osteoinduction, this release-controlled hybrid 

nanoparticulate system suitable for administration parenterally could be a clinically-effective 

alternative for a range of orthopaedic and craniofacial skeletal applications if not as well for 

other bioactive molecules and indications beyond bone. Nonetheless for this project, the 

system was aimed to be evaluated in a long bone distraction osteogenesis model; a pilot in 

vivo study in white NZW ♂ rabbits. 

 

OObbjjeeccttiivvee  55:: Evaluate the rhOP-1 hybrid delivery system in a rabbit tibial distraction 

osteogenesis model. 

The effect of a single bolus injection of 3-bilayered nanoparticles loaded with low doses of 

rhOP-1 (0.0 to 5000 ng/mL) administered early in the distraction phase on the rate, quantity 

and quality of de novo bone formation during long bone distraction osteogenesis was 

evaluated in a rabbit model. Given that BMPs are known to act locally, the concentration of 

BMPs at the site of interest is consequently more crucial than the total dose of the loaded 

protein. The aim was therefore to evaluate the in vivo potential of the localized and release-

controlled characteristics of the hybrid core-shell design in (a) enhancing the bioavailability 

of the encapsulant and (b) possibly decreasing the required dosage of bioactive growth 

factors while maintaining a favorable therapeutic effect or outcome. Furthermore, 

accelerating the distraction osteogenesis procedure and having the fixator perhaps removed 

at an earlier time via a single, safe, efficient and cost-effective injection would be 

convenient, attractive and highly-desired by surgeons and patients alike. In this pilot study, 

qualitative and quantitative evaluation of the regenerate in the distracted tibias suggested that 

when a dose of no more than 1.0 μg rhOP-1 is delivered via the nanoparticles, it was 

sufficient to accelerate osteogenesis and consolidation while maintaining a denser and more 

mineralized (almost two-fold) bony structure than controls (distraction only) or even when 

compared to 75 μg rhOP-1 delivered in an acetate buffer from previous studies in the same 

animal model. These findings further establish the favorable (necessary and achievable) role 

of localized and release-controlled kinetic delivery of bioactive morphogens from injectable 

nano-sized biomaterials (that was proposed previously in the literature reviews presented in 

Chapters 3, 4 and 5 of Section II). Finally, the choice of materials constructing this drug 
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delivery system was proven to be safe and proper where the injected un-loaded 

nanoparticulate formulations did not interfere negatively with the osteoregenerative process 

mainly due to their well-known biocompatibility and biodegradability nature. Nonetheless, 

another in vivo study was designed and executed for further verification. 

 

OObbjjeeccttiivvee  66:: Evaluate the biocompatibility and safety of the rhOP-1 hybrid delivery 

system in vivo. 

Even though the cytocompatibility of the nanoparticles was demonstrated in vitro and their 

safety and performance in rabbits following administration directly into the distraction gap 

prepared in the tibia with no complications, body responses or side effects over the treatment 

period of around 3-5 weeks, the biocompatibility and safety of the delivery system upon 

intramuscular administration in a smaller animal species commonly used in such studies was 

further demonstrated via timely blood and organ function analysis, monitored over a total 

period of 70 days in young and healthy rats. All animals showed no obvious toxic health 

effects, immune responses and/or change in organ functions, further confirming that the 

nanoparticles do confine any effects there are of their material composition as well as of the 

released bioactive load within the site of administration with no acidic by-products or 

significant tissue distress. Given access and existence of the harvested tissues and prepared 

specimens for histopathalogical examination under light microscopy, a separate endeavor not 

initially planned in this study, was attempted concurrently. In the preliminary samples of the 

leg muscle, no bone metaplasia was observed histologically and the injection site could not 

be always clearly identified; therefore further recuts of blocs at different depths were 

prepared with the hope of identifying ectopic bone formation. Indeed, analysis suggested the 

presence of pools of potential bone-forming cells and signs of promoted angiogenesis in the 

rats that have been injected with nanoparticles loaded with 0.1 and 0.5 µg rhOP-1 (note: 

even much lower dosages than those investigated in rabbits). These observations were absent 

in any of the other animal groups and controls including those receiving pure rhOP-1 

injections in water; perhaps confirming the role of the hybrid delivery system once more as 

well as its biocompatibility and safety where BMPs have been previously reported to 

promote  angiogenesis  prior  to initiating  bone repair  and  regeneration, in  vivo.  
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10.3. Future Perspectives  

Over 2000 years elapsed since Hippocrates first considered the enormous healing potential 

of the human skeleton and formulated the possibility of responsible endogenous substances; 

bone morphogenetic proteins. Since then, over a ton of bone was needed to be able to figure 

out the amino acid sequence which led to the cloning of recombinant human BMP-2 and -3 

(Wozney et al. 1988; Reddi 1998) and subsequently the possibility to produce BMPs by 

recombinant DNA techniques using Chinese hamster ovary cell lines (Wang et al. 1990).  

The past decade witnessed series of in vitro, in vivo and clinical trials demonstrating the 

enormous therapeutic potential of these morphogens. Results from these studies clearly show 

that different BMPs play different roles in skeletal development, patterning, and repair. 

Certain BMPs may be essential to specific biological processes while others may be 

supportive. Today, bone regeneration and repair with rhBMPs are ushering in a new era in 

orthopaedic, cranio-maxillofacial as well as dental and periodontal surgery. This should 

bring a better understanding of the variables that, despite extensive pre-clinical research they 

lead thus far to the approval of „restricted‟ use of BMPs in human indications. Of these 

variables requiring further investigation are refining the optimal BMP dose, time-course, 

route of application/administration, release dynamics, interaction mechanism of BMP and 

Wnt signaling pathways, the role of BMP agonists and inhibitors (Rosen 2006, Abe 2006), 

potential immunogenicity of BMPs (Hwang et al. 2009) and antibody formation. In addition, 

while no one species fulfills the requirements of an ideal animal model, an understanding of 

the differences in bone macroscopic, microscopic and remodeling attributes will likely 

improve the choice of animal species (and understand any underlying gender differences) 

and subsequent interpretation of results. Alongside, researchers might finally figure out why 

the impressive results of animal models are difficult to replicate in humans. On the other 

hand, advancements in surgical and imaging techniques, biomaterials and nanotechnology 

with the development of new tissue-engineering delivery systems will possibly uncover a 

wide range of clinical applications using rhBMPs. For example, combining a localized and 

release-controlled nanoparticulate delivery system that increases the efficiency of the 

encapsulant with bioactive rhBMPs (in much lower dosages) in addition to a BMP 

antagonist blocker (to manipulate the endogenous BMP pathway, up-regulate BMP 
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expression and enhance osteogenesis) using RNA interference/silencing (Pushparaj et al. 

2008) might be of huge benefit in cases of protracted distraction osteogenesis. Also, 

angiogenic factors which prompt the recruitment and distribution of blood vessel precursor 

cells vital for the formation of mature bone might be incorporated in guided tissue-

engineering delivery systems. Other novel strategies will possibly involve the specific 

targeting of rhBMPs and stimulus-responsive injectable systems, both of which allow 

restricted and site-specific (via attaching targeting ligands to the surface of particles, for 

instance) BMP delivery in addition to BMP-mediated ex-vivo gene therapy (Engel et al. 

2008; Bessa et al. 2008 b). Surely though, before any of these can be applied in humans, it 

will be necessary to carry out comprehensive studies to ensure their safety. Nonetheless, 

decades to come will see a growing in options for the biomedical incorporation of rhBMPs 

in the next generation of „smart‟ or „intelligent‟ delivery systems and use in clinical 

regenerative medicine (for virtually every type of tissue and organ within the human body) 

and particularly in bone applications, offering novel and superior  therapeutics; and in view 

of that, a brighter future to millions of patients.  

 

10.4. Ongoing Studies 

Considering the understanding gained from previous studies and the outcome of the two in 

vivo investigations presented earlier in Chapters 8 and 9 of Section IV, additional studies 

were designed and executed. Two of these are included briefly herein to shed light on some 

of the ongoing studies and future directions of the project; given that the finalized results and 

manuscripts were not ready by the time of writing this dissertation. The general aim goes in 

parallel: to develop a method (or combinations thereof) that may enhance and accelerate the 

consolidation of newly-formed bone in long bone DO and hence improve the functional 

outcome of this technique via removing the fixator at an earlier time. And so, those studies 

intend to obtain a better understanding of the role and effect of  (a)  exogenous  rhOP-1  and  

(b)  the nanoparticulate  rhOP-1 delivery system.  

 

For these studies, a tibial bone lengthening protocol was designed, approved and performed 

in adult wild type mice using the custom-made external ring fixator shown below in Figure 
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10.1 which would offer more stability to the osteotomized bone segments than the Orthofix 

uniplanar M-101 external fixator used earlier in the rabbits. The move from rabbits to a 

smaller animal species is mainly attributed to (i) the aspects of the DO regenerate to be 

examined such as biomechanical testing, (ii) feasibility in terms of the available animal 

housing and care facility, ease of the surgical procedure, post-operative care and possibility 

of including a larger sample size and (iii) cost and time. More importantly, the limited 

knowledge of the biological and molecular events that regulate tissue response to gradual 

lengthening restricts optimizing current treatment protocols and so was taken into account. 

Additionally, animal species, gender and handling post-operatively will influence the 

outcome of in vivo studies and contribute more to the discrepancies observed in other animal 

species and humans. This will have implications for the translation of data from pre-clinical 

studies to clinically-effective applications, as highlighted earlier. Rabbits were found to be 

the least similar in bone macro- and microstructure, composition and remodeling properties 

to humans and while no one species fulfills the requirements of an ideal animal model, mice 

were recommended for studies involving BMP bone-engineering products. Perhaps this was 

due to the high degree of homology between mouse and man (99% of genes encoding 

protein in mouse have a sequence match in humans) and therefore, the obtained data should 

be directly be applicable to human distraction osteogenesis biology (Tay et al. 1998). 

Furthermore, the small size of the mouse facilitates histological, biochemical, and molecular 

analyses (Tay et al. 1998; Fang et al. 2004). The developed mouse long bone DO protocol 

carried out in this continuing group of investigations as well as some of the preliminary 

findings to date are summarized next. 
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10.4.1. Wild-Type Mouse Model of Long Bone DO – Protocol 

For both studies, the DO procedure was applied to the right tibia of a total of 160 adult male 

wild type mice (strain C57BL/6, aged 2-3 months and weighing around 25 grams) as 

summarized in Figure 10.2. The surgery involved percutaneously transfixing four 0.25mm 

pins, 90° apart in the distal and proximal end of the tibia using a hand-held variable-speed 

drill. Two 22 mm metal rings (Figure 10.1A) were fixed to the pins using screws and the 

distractor device assembled (Figure 10.1B). A transverse osteotomy followed, at the centre 

of the tibia using a scalpel. The bony margins were then aligned prior to suturing the 

incision. The mice were kept under anesthesia using isoflurane throughout the entire 

duration of the surgery. They were permitted to weight-bear immediately and were 

monitored three times daily during the first 3 days post-operatively, then once daily until the 
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experimental end point(s) and tibia harvest. Following a 5 day latency period, distraction 

started at a rate of 0.2 mm/12 h. When mice reached their assigned experimental end-points, 

they were sedated then euthanized by CO2 asphyxiation, the fixator carefully disassembled 

and the right tibia dissected and processed for analysis.  
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10.4.2. Developing a  Dose-Response Curve for BMP-7/OP-1 during DO 

By: A Izadpanah*, ZS Haidar*, L Al-Salmi, L Lessard, M Tabrizian and RC Hamdy [*Equal 

Contribution] 

Given that BMPs act locally and are known to be dose-dependant, this study was designed to 

evaluate the effect of different concentrations of exogenous rhBMP-7/rhOP-1 administered 

early during the distraction period in order to develop an OP-1 dose-response curve as this 

was never done before especially in a long bone DO in vivo model. The aim is to further 

characterize and understand the expression patterns involved during distraction, especially 

with dosages much lower than the commonly used in the microgram range. In addition, 

findings from this investigation would serve as a basis for future studies in terms of the 

minimum rhOP-1 dosage required to induce osteogenesis. The DO procedure was applied to 

the right tibia of 80 adult male wild type mice as summarized in the earlier paragraph and 

Figure 10.2. Following the latency period, distraction (0.2 mm/12 h) continued for 2 weeks. 

On the first day of distraction, animals received a single 0.15 mL injection of rhBMP-

7/rhOP-1 prepared from lyophilized powder in ultra-pure water according to the 

manufacturer‟s recommendations. Three rhOP-1 dosages were investigated; 0.05 µg (n=20), 

0.10 µg (n=20) and 0.50 µg (n=20). A control group (n=20) received single 0.15 mL 

injections of sterile saline administered into the distraction gap to compensate for any needle 

insertion-associated effects, as previously done with the rabbits in Chapter 9. Mice were 

euthanized at day 34 (mid-consolidation; 10 mice per group) and day 51 (end-consolidation; 

10 mice per group) and the tibia dissected and processed for analysis. Thus far, all animals 

have reached their experimental endpoints and their tibias were harvested. Specimens are 

currently undergoing examination using Faxitron radiology, µCT, biomechanical testing, 

histomorphometry and immunohistochemistry. Briefly, the harvested lengthened tibias 

assigned for antero-posterior and lateral Faxitron X-rays and µCT were fixed overnight in 

4% paraformaldehyde. For biomechanical testing, the samples were wrapped in Kimwipes, 

soaked in PBS and stored at -20°C fridge before undergoing evaluation by a three-point 

bending test (at a rate of 50 µm/s until fracture). For histomorphometry and comparative 

histological analysis, samples were embedded in 4.5% methylmethacrylate and then 6 μm 
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sections were de-plastified and stained by Trichrome Goldner for examination under light 

microscopy.  

Preliminary data from the mice sacrificed on day 34 (mid-consolidation) are presented in 

Figure 10.3. Faxitron and µCT views are shown on the top portion. Selective quantitative 

histomorphometric data from µCT analysis are displayed in A and B of the lower portion. C 

shows one of the parameters evaluated biomechanically; regenerate stiffness. Thus far, a 

significant increase in the ratio of bone volume to tissue volume (BV/TV) between the 

control group and 2µg/kg at mid-consolidation is noted (A).  

 

 

This decreases significantly as the dosage of exogenous rhOP-1 increases to 4µg/kg and 

20µg/kg. Looking at only the new bone volume formed in the distraction gap, interestingly, 

this pattern seems reproducible at the lowest dose of the protein. Regenerate bone formation 

is accelerated by 78.1% at mid-consolidation post-injection of only 0.05 µg rhOP-1. 
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Biomechanical evaluation also reveals that a single injection of rhOP-1 significantly 

enhances bone formation when compared with control (saline). Higher doses seem to have 

an inhibitory effect on bone formation during distraction osteogenesis in this model.  

The analyzed tibias to date had a 0.7 - 1.4 cm length with a distraction length of ~ 0.48 cm. 

All analysis and results are expected to be finalized, a manuscript submitted for publication 

consideration very shortly. 

 

10.4.3. Evaluating the Nanoparticulate rhOP-1 Delivery System during DO 

By:  Ziyad  Haidar,  Loai  Al-Salmi,  Maryam Tabrizian & Reggie Hamdy 

In this study, the same procedure was performed on an additional group of mice (N=80). The 

aim herein is to evaluate the effect of the core-shell nanoparticulate delivery system loaded 

with the same three concentrations of exogenous rhBMP-7/rhOP-1 and similarly 

administered early during the distraction period. To date, the DO procedure was applied to 

the right tibia of all mice. Distractions began after a latency period of 5 days at a rate of 0.2 

mm/12 h/2 weeks. On the first day of distraction, animals received a single 0.15 mL 

injection of rhBMP-7/rhOP-1 loaded in nanoparticles prepared in the three dosages 

examined above; 2 µg/kg, 4 µg/kg and 20 µg/kg. The control group received a single 0.15 

mL injection of blank nanoparticles in ultra pure water. Mice will be sacrificed at day 34 

(mid-consolidation) and day 51 (end-consolidation) and their tibias harvested, as well. 

Specimens will be then prepared to be examined using Faxitron radiology, µCT, 

biomechanical testing, histomorphometry and immunohistochemistry. 
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10.4.4. Future Directions for this part of the Overall Project 

In this last investigation similarly to the earlier studies in rats (Chapter 8) and rabbits 

(Chapter 9), 3 bi-layered nanoparticles were used. It would be of great interest to evaluate 

the effect of the previously demonstrated slower in vitro release from the 5 bi-layered 

nanoparticles (Chapters 6 and 7) in another in vivo study. Perhaps prior to that, the release 

kinetics from the system can be characterized in a different more physiologically-relevant 

media than ultra-pure water, PBS or even in a further cell culture media; ALP and/or 

osteocalcin activity (osteoblastic phenotype markers) assay(s) over longer periods of time 

than the presented 7 days, for example. Furthermore, evaluating the degradation of the 

nanoparticles in vitro and in vivo as well as their systemic fate would provide crucial 

information regarding the biocompatibility and safety of the delivery system. Exploring the 

potential of the nanoparticles to encapsulate and deliver (simultaneous or sequential) other 

BMPs, a cocktail of different BMPs or a combination of the angiogenic vascular endothelial 

growth factor (VEGF) and osteogenic proteins such as rhOP-1 or rhBMP-2 for instance 

might be beneficial for the enhancement of bone regeneration and repair. Moreover, this 

should be accompanied by a look into the distribution, residence time(s) and 

pharmacokinetics of the locally released morphogen(s) within the application site, perhaps 

via 
125

I-radio-labeling the encapsulant(s) followed by liquid scintillation counting to analyze 

radioactivity in the blood and excreta in addition to assessing the radioactivity of injection 

site as well as the full animal body using quantitative whole-body autoradioluminography.  

Finally, a future direction for this project would be to investigate the effect of the injectable, 

localized and release-controlled delivery of low bioactive dosages of rhOP-1 and/or rhBMP-

2 on models of intra-membranous ossification possibly through in vivo cases of mandibular 

and alveolar distraction osteogenesis as well as on the regeneration of surgically-created 

periodontal defects and fenestrations.   
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APPENDIX A 

Conventions in Nanoparticle Characterization and  Evaluation 

 

A.1. Average Size Measurement (DLS)  

The measurement of particle sizes and size distribution is considered fundamental to the 

characterization and optimization of drug delivery systems. Nanoparticle formation and 

particle size will depend on the concentration of the surfactants and stabilizers used. They 

determine the in vivo distribution, biological fate, toxicity and the targeting ability of 

nanoparticle systems. Also, they can influence the drug loading, drug release and stability of 

nanoparticles. For example, smaller particles have a larger surface area and so most of the 

drug would be at or near the particle surface resulting in drug release faster than from larger 

particles which often have large cores allowing for more drug encapsulation that slowly 

diffuses out. Smaller particles have a greater risk of aggregation during storage.  

 

Currently, the most common method used for measurement of particles is dynamic light 

scattering (DLS). Analysis by DLS, alternatively known as photon correlation spectroscopy 

(PCS) or quasi-elastic light scattering (QELS) is based on the principle of Brownian motion. 

In solution, all particles demonstrate random motion as a result of collisions with solvent 

molecules. A laser light is directed at the sample and scattered by the particles to a photon 

detector. As the particles move, the intensity of the scattered light fluctuates due to 

alternating constructive and destructive interference in the scattered light. The Stokes-

Einstein equation defines an inversely-proportional relationship between the random motion 

of a particle and its size and so smaller particles move faster than larger ones. Such 

fluctuations in the intensity of the scattered light are used to calculate size of particles. In 

turn, the measurement occurs over a period of time during which a correlation function is 

generated, which plots the relative change in signal intensity over time. It is from the 

correlation function that particle size and particle size distributions are then calculated.  

One disadvantage of DLS is that larger particles are often over-represented in size 

distributions of disperse populations, owing to their ability to scatter more light than smaller 

particles. For relatively monodisperse systems, this is therefore not an issue. A further 
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consideration in the interpretation of DLS measurements is that the method measures the 

average hydrodynamic diameter of the particle which includes the associated solvent layer 

and for this reason an experimental error of ± 4% is usually considered with DLS 

measurements. Most particle size instruments also generate values for the polydispersity 

index (PI). PI is a measure of the distribution of particle sizes within the population. This 

value ranges from 0 to 1, with values above 0.7 indicative of a population with a wide range 

of sizes and lower values being indicative of monodisperse samples; this value should not 

generally fall below 0.05. 

  

A.2. Surface Charge Measurement (Zeta Potential)  

Nearly all particles reveal a surface charge when in solution, through ionization of surface 

groups or adsorption of ions. The charge that develops at the surface of the particles is called 

the zeta potential. The surface hydrophobicity of nanoparticles would determine the amount 

of adsorbed blood components, mainly proteins (opsonins) once introduced into the blood 

stream. This in turn influences the in vivo fate of nanoparticles. Hence, to increase the 

likelihood nanoparticle success, it is necessary to minimize the opsonization (binding of 

opsonins onto the surface of nanoparticles and acting as a bridge between nanoparticles and 

phagocytes) and to prolong the circulation of nanoparticles in vivo. This can be achieved via 

coating the surface with hydrophilic polymers/surfactants. Zeta (ζ) potential is determined by 

measuring the movement of particles subjected to an electric field where charged particles 

move through the solution and this movement is then detected as a Doppler shift in the 

frequency of laser light scattered by the particles. The direction of motion provides the 

nature of their charge (cationic or anionic), while the velocity allows the value of their 

charge to be calculated. It is important to realize that changes in solution conditions, 

including pH, ionic strength and the presence of additional molecules or reagents can affect 

the surface charge of the particles and alter the measured ζ potential value. Furthermore, ζ 

potential is an important index for the stability of nanoparticulate suspensions where values 

above +/-30 mV are generally considered to be an indication of enhanced uniformity via the 

presence of strong repulsion forces among particles preventing aggregation, as reported in 

Section III. 
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A.3. MTT Assay  

For evaluating in vitro cytotoxicity, quantifying cellular responses to biomaterials is one 

aspect of biocompatibility and a more appropriate term „cytocompatibility‟ was introduced 

(Richards et al. 2001). The most commonly- used method for evaluating cytocompatibility of 

materials is a colorimetric assay referred to as MTT. It provides a relative measurement of 

the viability of treated versus untreated cells. Following exposure to the conditions or 

materials being assessed, MTT or 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide), a yellow solution is added to cells. The cells are incubated in this solution for ~ 4 

hours during which mitochondrial enzymes reduce the chemical to insoluble purple 

formazan crystals. Since cell viability is directly related to the activity of mitochondria, this 

assay requiring the action of mitochondrial reductase enzymes to function, offers a direct 

measurement of viable cells. Following the initial incubation, cells are lysed and the 

formazan crystals are solubilized prior to spectrophotometry at 570 nm wavelength. Viability 

is generally reported relative to untreated control cells. Different materials will present 

varying degrees of cytocompatibility and safety, in vitro. 

 

A.4. Human BMP-7/OP-1 Specific ELISA Construction KIT 

Enzyme-linked Immunosorbent Assay (ELISA) is a biochemical technique used mainly for 

the detection of the presence of certain antibodies or antigens in a given sample. It has been 

commonly used as a diagnostic tool in medicine as well as for quality control monitoring in 

various industries. A human BMP-7/OP-1 specific ELISA construction kit was used in this 

thesis (Chapter 6). The kit provides antigen affinity purified polycolonial capture (coating) 

and tracer (biotin-labeled) antibodies in addition to the required antigen standard necessary 

for the development of a 96-well microplate assay. It allows for the quantitative 

determination of human BMP-7/OP-1 concentrations in supernatants of solutions, in vitro. 

The assay employs the quantitative sandwich enzyme immunoassay technique. A 

monoclonal antibody specific for BMP-7/OP-1 is pre-coated by the manufacturer onto the 

microplate. Standards and samples of the formulated nanoparticles are pipette into the wells 

where any BMP-7/OP-1 present in the assay is then bound by the immobilized antibody. 



 
224 

 

After washing away any unbound substances, an enzyme-linked monoclonal antibody 

specific for BMP-7/OP-1 is added to the wells. Following a wash step to remove any 

unbound antibody-enzyme reagent, a substrate solution is added to the wells and color 

develops in proportion to the amount of BMP-7/OP-1 bound in the initial step. The color 

development stops and its intensity is then measured. A microplate reader capable of 

measuring absorbance at 450 nm with the correction wavelength set at 540 nm is used. This 

technique requires around 5 hours to be completed and is highly sensitive where and any 

variation in standard diluents, pipetting, washing, incubation time, storage temperature, 

exposure to light during bench-top incubation or cross-contamination might cause variations 

in binding. Hence, the possibility of interference by soluble receptors, binding proteins and 

any other variables present in biological systems cannot be excluded when analyzing the 

reported findings.     

  

A.5. Higuchi Model:  a mathematical method for the quantitative deviation from the ideal H 

The drug loading and entrapment efficiency of nanoparticulate delivery systems very much 

depend on the solubility of the encapsulant which in turn is related to several factors of 

which molecular weight and the strength of the ionic interaction between the drug and the 

biomaterials are involved. Ideally, controlled drug delivery systems should deliver the drug 

at a controlled rate over a desired duration. The rate of drug release generally depends on 

also the solubility of the drug; desorption of the surface bound/adsorbed drug; drug diffusion 

through the core and shell of the nanoparticles; nanoparticle erosion/degradation (usually 

occurring at later stages) and a combination of erosion/diffusion process. Release rate is 

affected by the ionic interaction between the drug and the addition of auxiliary ingredients as 

well as the release media and its pH. A typical tri-phasic release curve often seen with 

microparticles is displayed below in Figure A.1. Diffusion includes the rapid „initial burst‟ 

release phase followed by the slow „lag‟ release phase as was described earlier in Chapter 7. 

The rapid release occurs within 24 hours and can range from 10 to 80% of the total drug 

content. Microspheres tend to have a very slow (close to zero and can last from days to 

weeks) release period following the initial burst phase. The initial burst phase is believed to 

be the result of rapid release of drug from the particle surface and so once depleted, the lag  
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period starts and lasts until extensive degradation of the polymer occurs. Generally, large 

particles with a large surface area will show a high initial burst. However, drug release 

remains a complicated process, involving physical and chemical interactions of polymer and 

drug substances. Efforts to modify the morphology, polymer properties and drug distribution 

continue in to achieve the desired release profiles; specific for potential clinical indication(s).  

 

The use of mathematical models has been reported to be often helpful in elucidating release 

kinetics and mechanisms as well as the influence of formulation factors which in turn can be 

of benefit in controlling and optimizing drug release. Also they can represent several release 

data with one or two physically meaningful parameters employed for comparative purposes 

with perhaps important properties such as bioavailability. To the best of knowledge, a kinetic 

representation of protein release from hybrid nanoparticles or a specific model has not been 

reported. The percentage of drug released versus time data for controlled-release 

preparations found in the literature often show a linear apparent first-order rate (depending 

on the concentration of only one reactant; i.e. a uni-molecular reaction). Other reactants can 

be present but each will have a zero-order reaction. In 1961, Higuchi tried to relate the drug 

release rate to the physical constants based on the simple laws of diffusion (Higuchi 1961). 

And so, he published the probably most renowned and most frequently used mathematical 

equation to describe the diffusion-controlled release rate of drugs from delivery systems as 

the square root of a time-dependant process based on Fickian diffusion (F=kt
1/2

; where F is 

the fraction of drug released at any time t and k is the release rate constant), as described 

previously in Chapters 6. In that work, a BSA release profile was obtained from the multi-

layered nanocapsules and similarly in Chapter 7 for the release of rhOP-1. The data was 

compared to the ideal (H) model by means of applying the curve-fitting technique which is 

based on calculation of the area under the curve (AUC) method using the trapezoidal rule. 

This simplified mathematical approach was developed by Gohel et al. almost 40 years after 

Higuchi first derived his equation (Gohel et al. 2000). It was aimed to express or in better 

words “predict” the deviation in zero-order release profiles of a diffused drug from spherical 

particles (and from the H ideal which considers complete or 100% drug release on the last 

assayed day, in vitro). And therefore, the precision of this prediction would directly depend 

on the number of data points. As a result, the analysis provided is a rough idea of the 
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underlying release mechanism (swelling, polymer dissolution and degradation, encapsulant 

diffusion, presence of drug on the surface of the nanoparticles and/or combinations of these). 

Furthermore, in the literature first studied (limited to release from tablets), an ideal Higuchi 

release profile was over a 12-hour period while in Chapters 6 and 7 the mathematics were 

applied over a prolonged period of time (although it was accounted for by generating an 

ideal release profile accordingly; 100/√720 for 30 days and 100/√1080 for 45 days). Finally, 

a very recent report was published comparing the accuracy of 13 release kinetic models via 

applying the release data of 32 drugs from 106 nanoparticle formulations collected from 

literature by the authors (Barzegar-Jalali et al. 2008). According to their criteria, Higuchi 

ranked as the 4
th 

most accurate model with an overall mean percent error much lower than 

zero-order, first-order, Hixson-Crowell, square root of mass and linear probability models. 

All other studied literature stating the linear or non-linear fitting of the in vitro release data 

performed using the Higuchi square root of time equation have simply mentioned that drug 

release from nanoparticles followed the Higuchi model (For example, see Ciproflaxacin 

release from four different nanoparticulate formulation; Jain and Banerjee 2008). Even so, 

the kinetics information and the generated release equations we reported in Section III 

should be viewed with caution and treated merely as a theoretical model applicable for drug 

release via a diffusion and/or diffusion/degradation mechanism(s). 

 

A.6. Microscopic Imaging: AFM and TEM 

In this thesis, 2 main microscopy techniques were employed, atomic force microscopy 

(AFM) and transmission electron microscopy (TEM). Scanning electron microscopy was 

used as well however unsuccessfully due to the common associated limitations such as 

vacuum compatibility, artifacts introduction during sample preparation (dehydration/sputter-

coating  with Au as conductive material).   

 

AFM is a high-resolution type of scanning probe microscopy with demonstrated resolution 

of fractions of a nanometer, more than a 1000 times better than the optical diffraction limit. 

Information is gathered by „feeling‟ the surface via a mechanical probe (composed typically 
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of silicone or silicon nitride) that utilizes piezoelectric elements to facilitate its tiny, accurate 

and precise movements resulting in very precise scans (topographical surface information) of 

biological samples. The AFM can be operated in a number of modes and conditions. 

Generally, samples can be scanned either in dry or wet conditions and imaging modes can be 

either static (contact mode) or dynamic (non-contact mode). In the contact mode, the force 

between the tip of the probe and the surface is kept constant during scanning by maintaining 

a constant deflection. On the other hand, the cantilever is externally oscillated at or close to 

its resonance frequency in the dynamic mode. A dynamic contact (tapping) mode is also 

feasible when a liquid meniscus layer develops causing the tip to stick to the surface. Thus, 

the separation distance between the cantilever tip and the sample surface is modulated to 

prevent damaging soft samples especially when imaged in air. In our work, liposomes were 

dried in a fume hood and scanned in ambient air under the tapping mode while for the coated 

nanoparticles, a liquid cell was necessary and scanning was done under the contact mode (to 

accommodate for the different surface topography and roughness from uncoated liposomes). 

While AFM provides a true 3-D surface profile, it can only image a maximum height and 

scanning area on the order of few mm. An incorrect choice of probe or tip and mode can lead 

to scraping by lateral (shear) forces and image artifacts. The length of scan time required can 

also lead to a thermal drift or damage to the image.  

 

The TEM projects a beam of high voltage electrons (emitted from an electron gun fitted with 

a tungsten filament cathode) through a very thin slice of a sample to produce a 2-D image in 

a phosphorescent screen. Hence, the brightness of a particular area of the image is 

proportional to the number of electrons that are transmitted through the sample or specimen. 

In preparing specimens, every step of the procedure affects the quality of the final electron 

micrographs. For our samples, ultra-rapid freezing or plunge-freezing (in ethane then stored 

in liquid nitrogen) was done to prevent the development of ice crystals. Freeze-

fracture/etching followed using a diamond ultra-microtome knife to produce thin slices of 

the samples, semitransparent to electrons. The etched surface was then shadowed with 

evaporated platinum at a preset angle of 45
o
 while under high vacuum evaporation. A second 

coat of carbon was applied before being able to obtain the extremely-fragile replica of the 

fractured surface, carefully placing it on a special copper grid prior to viewing, under 
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vacuum. Apparently, extensive and time-consuming specimen preparation is involved. Also, 

the microscope itself requires a well- experienced operator. Hence, our attempts to image 

several formulations of the nanoparticles failed, perhaps due to conformational changes 

mainly because of water arranging into a crystalline lettuce of lower density upon freezing. 

Finally, using a cryo-TEM that allows for studying the samples at cryogenic temperatures 

with no staining, fixation or etching helped us to obtain the images displayed in Chapters 8 

and 9. It is worth mentioning that although this method requires less sample preparation, the 

measured particle size is still affected. In contrast to TEM measurements, DLS provides a 

significantly larger size of particles due to the different nature in the working function of the 

two instruments. DLS measures the hydrodynamic particle diameter in the dispersion 

medium, as mentioned earlier in A.1. TEM images, on the other hand, show the core particle 

size without the contribution from the dispersion medium as it evaporates prior to imaging. 

Hence, the difference in diameter measurements obtained by DLS and those obtained by 

TEM equals approximately the size of the surrounding layer. Furthermore, the nature of 

imaging techniques in general makes  it  difficult  to  ascertain  the  particle  distribution  of  

a  given population. 

 

A.7. In vivo Models in Bone Tissue Engineering 

Numerous animal studies have validated the safety and efficacy of BMP-2 and BMP-7 

especially in promoting orthopedic repair. However, the results from human trials were not 

as impressive. This variability and slower response in humans may be attributed to a smaller 

population of multipotent cells, which are also less responsive than those in smaller animals 

(cell size is not directly linked to the size of species). It has been proposed that therapeutic 

outcomes may be enhanced by carriers capable of (i) delivering BMPs at a rate that matches 

the responsiveness of the cells or (ii) delivering a suitable cocktail of growth factors to 

stimulate the cells. Variations in release kinetics are commonly observed due to inherent 

differences in the affinity of the materials for BMPs and in the carrier/delivery system 

characteristics and properties. Furthermore, adjustment of BMP release kinetics in order to 

attain the optimal profile is difficult and has not been accomplished yet as it would vary with 

animal species, age of host, anatomic site size and vascularity, defect history and other 
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presence of other complicating factors such as infection, contamination. For example, slower 

release rates may be required in more fluid environments where BMP clearance may be 

faster, and in more compromised sites where the healing response is diminished. In DO, 

many variables are in play and will definitely contribute to discrepancy in generated results. 

It uses mechanical force to induce and direct bone formation as well as soft-tissue expansion. 

Yet, unlike the expansion of soft tissues by tissue expanders, the osseous tissue produced 

does not contract over time after the removal of the distractor device. This is mainly because 

bone responds to the mechanical demands placed on it although being rigid. It has been 

reported that bone is the only living tissue that can effectively withstand both tensile and 

compressive loads (12,000 psi to 15,000 psi). So, these forces and loads will definitely affect 

the response of bone and the regenerate formation in DO (Yu et al. 2004). Technically, 

performing a clean osteotomy, mounting the distractor properly, applying the proper 

distraction rate and rhythm, the type of bone involved (long vs. flat) all play roles in the 

outcome. Likewise, animal species, age, gender and handling post-operatively would also 

influence the results of in vivo studies. In a recent review (Pearce et al. 2007) discussing 

some of the more commonly available and frequently used animal models in medical 

research such as the dog, sheep and rabbit models, the authors concluded that while non-

human primates are often considered the most appropriate model for human bone, there are 

clear ethical implications for their use as well as cost, disease risk and handling difficulties. 

Of the species mentioned, the dog was described as perhaps having the most similar bone 

structure to humans; however, ethical implications of using companion animals subdue also. 

Species such as sheep and pig are not as ethically emotive however might pose housing, 

handling and availability issues which are not as critical with rabbits. Yet, rabbits were found 

to be the least similar in bone structure and properties to humans and while no species fulfills 

the requirements of an ideal animal model, rabbits remain the most commonly used animals 

for bone research; ~35% of musculoskeletal research studies. Finally, for testing the 

biocompatibility and safety of BMP bone-engineering products, rat and mice models were 

found to be the most commonly used although not much is known about species differences 

with rabbits and humans (Section IV) and hence will have implications for the translation of 

data from pre-clinical  studies  in  animals  to  clinically-effective  applications  in  human 

cases.  
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APPENDIX B 

Supplementary in vitro Experiments 

 

Below, is a presentation of some of the characterization and optimization experiments 

carried out prior and during the development of the formulated nanoparticles presented in 

this dissertation. These data were not included in the published manuscripts of Section III. 

Further development of the nanoparticulate delivery  system  might  want  to  take  a few of  

these  aspects  into consideration. 

 

B.1. Sucrose as a cryoprotectant for freeze-drying (lyophilization) 

Incorporating sucrose, aliquots of particulate suspensions were lyophilized (freeze-dried) at -

54
o
C for 48 hours resulting in a powder that was then rehydrated with either ultra-pure water 

(UPW) or different concentrations of bovine serum albumin (BSA) and osteogenic protein-1 

(OP-1) to achieve encapsulation and loading within the core and shell of the nanoparticulate 

formulations, as presented in Chapters 6 and 7. Sucrose has been commonly used as a 

cryoprotectant or a spacer between particles preventing their fusion and/or aggregation. Also, 

it has been shown to enhance particle stability as demonstrated in the reported results where 

no significant differences were found in average particle size or the zeta potential surface 

charge before and after lyophilization.  
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Hence, determining the optimum sucrose concentration was necessary as is displayed in 

Figure B.1 (values as mean ± standard error of the mean). It was  not  included  in the  papers  

for space limitations. This set of experiments was repeated three times. Given no significant 

differences detected using 10% (w/w) sucrose, it was determined to be the optimum 

concentration and therefore was incorporated in all of the nanoparticle formulations.  

 

B.2. Effect of incubation time on NP size and surface charge 

To determine the optimum period of time required for the layer-by-layer self-assembly of the 

polymers and liposomes, an experiment was conducted following the deposition of each 

polymeric layer and over a time range from 1 to 24 hours. The aim was to be able to produce 

stable and monodisperse nanoparticles efficiently and in a time-effective manner. Hence, as 

displayed below in Figure B.2, 60 minutes were deemed sufficient as further or prolonged 

incubation did not yield any statistically significant differences. 
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B.3. Effect of polymer concentration on surface charge 

We also wanted to determine the optimum concentration of the polymer used, alginate and 

chitosan. As displayed below in Figure B.3, alginate was prepared in concentrations ranging 

from 0.005 to 2.0 mg/ml. The evaluation of the effect on the average zeta potential surface 

charge followed. Based on these results and others, alginate and chitosan were prepared in 1 

mg/ml concentration prior to coating the liposomes. 
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B.4. Effect of PBS on particle size and surface charge 

All of the formulations reported in this thesis have been prepared in ultra-pure water (UPW). 

However, we did investigate formulating the nanoparticles in phosphate-buffered serum 

(PBS, pH 7.4), as is displayed below in Figure B.4. Overall, larger and un-stable particles 

resulted. Therefore, we continued all preparations in UPW. Further development should 

address the effect of pH, as proposed in Chapter 10. 
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B.5. Effect of centrifugation/washing and MW on size 

In a pilot study, the effect of centrifugation/washing after the deposition of polymeric layers 

was evaluated. Figure B.5 displays the results for the first CH layer (comparing three 

molecular weights as well) deposited on AL-coated liposomes. Evidently, washing is 

necessary to remove excess polymer and provide the desirable average particle size. Further 

development of the system would consider continuing these experiments especially that the 

molecular weight of CH has been shown to influence the stability of DNA/CH or peptide/CH 

complexes, transfection efficiency as well as immune-responses. Also, it has been reported 

that coating thickness of nanoparticles is greatly dependent on both the molecular weight and 

concentration of CH; dependent on the chain length of  CH. 

 

 

 

 

B.6. Effect of extrusion on liposomal average size and PI 

Finally, for the preparation of all of the large uni-lamellar vesicles (liposomes) reported 

throughout this thesis, a filtration step was done using a mini-extruder maintained at 60
o
C. 

The multi-lameller vesicles resulting upon rehydration of the thin film following rotary 

evaporation were passed through double 200 nm 19 mm polycarbonate membranes. 

Solutions were loaded into 1mL glass syringes and pushed 21 times (e*21) back and forth 

yielding more homogenously distributed vesicles (in size) according to the PI (polydispersity 
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index). Out initial attempts were done with a single membrane and 15 extrusions (e*15). As 

shown below in Figure B.6 e*21 with the doubled filters resulted in almost superior 

liposomes (no significant differences detected, perhaps owing to sample size where only 5 

preparations were evaluated). Further experiments might also want to investigate the effect 

on ζ- potential surface charge and stability. 
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Article Reprints 
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