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Abstract 

This thesis was intended to develop two tissue engineering approaches for cleft 

palate reconstruction. One approach focused on developing a cell-based therapy in 

vitro, using osteogenically induced mesenchymal stem cells (MSCs). The other 

approach focused on the delivery of bone morphogenetic protein-2 (BMP-2) in a 

scaffold designed to provide sustained release after in vivo implantation.  

To develop a cell-based therapy, MSCs were cultured with combinations of 

dexamethasone, vitamin-D3, basic fibroblast growth factor (b-FGF), and BMP-2. 

A comparison between osteogenesis and adipogenesis was pursued to investigate 

the best combination.  An optimal condition was obtained at dexamethasone (10 

nM) and BMP-2 (500 ng/mL) for mineralization without increasing adipogenesis-

related markers. BMP-2 and dexamethasone were found to be essential for 

mineralization of MSCs. The b-FGF mitigated osteogenesis and enhanced 

adipogenesis. Vitamin-D3 appeared essential for calcification only in the presence 

of b-FGF. 

Rodent models of both surgically induced and spontaneous cleft palate are 

available, but are subject to several limitations. Hence, we modified the 

dimension of the two published rodent models of cleft palate (mid palate cleft 

“MPC”, and alveolar cleft  “AC”) and assessed bone healing by micro-computed 

tomography (μCT) and histology. Virtual planning was performed to determine 

the accurate design of MPC and AC defects based on preoperative μCT images. 

Planned dimensions were similar to dimensions reproduced surgically. There was 

no significant difference in percent bone filling between MPC group and AC 



 

 

group at weeks 4 and 8.  The presented modifications for AC and MPC cleft 

models made them more reliable and clinically relevant. However, the MPC 

defect had less anatomical challenges and larger residual defect volume as 

compared to AC defect, therefore this model was used for subsequent studies. 

A nanofiber (NF) based scaffold with collagen (ACS) backbone impregnated 

with BMP-2 was prepared and implanted in the MPC defect. Five treatments were 

evaluated: no scaffold, ACS alone, ACS+BMP-2, NF+ACS, and NF+ACS+BMP-

2. Constructs containing BMP-2 demonstrated enhanced bone healing as 

compared to other groups. Based on histologic evaluations, both H&E and 

trichrome staining, together with cross-sectional and 3D reconstructed μCT 

images, NF+ACS+BMP-2 treatment resulted in better and more consistent bone 

healing when compared to ACS+BMP-2 group.  

In conclusion, osteogenically induced MSCs and BMP-2 loaded in a NF based 

scaffold are promising bone tissue engineering therapies for cleft palate 

reconstruction. 
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Chapter 1  
 

General Introduction 
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1.1 STATEMENT OF THE PROBLEM 

Clefts of lip and palate are common birth defects that have a worldwide 

frequency of 1·7 per 1000 live born babies with interesting racial predilections. 

North Americans are affected with incidence of 1 per 700 births, Mongolians, 

0.55–2.50 per 1000 births, Negroids, 0.18–0.82 per 1000 births, and Caucasians, 

0.69– 2.35 per 1000 births.
1
  

Clefts can involve the lip with or without the palate or can involve the palate 

alone. Based on anatomy, the palate can be divided into primary and secondary 

palates. Primary palate comprises structures located anterior to the incisive 

foramen (lip and alveolus) while, secondary palate involves structure posterior to 

the incisive foramen (hard and soft palates). Thus clefts could involve the primary 

palate, secondary palate, or both. A cleft of the primary palate can be further 

divided into unilateral or bilateral.
2
 Clefts of the primary palate occur due to 

incomplete fusion between medial nasal and maxillary processes. While, clefting 

of the secondary palate results from incomplete fusion of the palatine shelves.
3
 

Clefts can be further classified into isolated and syndromic clefts. Isolated 

clefts occur in approximately 50-70% of cleft cases while, 15% of the cases have 

been identified as a feature in more than 300 syndromes. Individuals with isolated 

clefts have no other related health problems. But in syndromic clefts, the 

individual has a set of physical, developmental, and sometimes behavioural 

features that occur together.
4
 

In general, children with cleft defects need multidisciplinary health care from 

birth till adulthood including surgery, speech therapy, dental care and 

psychological support.
5
 Hence, the expected average lifetime treatment cost is 

~100,000 US per oral cleft patient in North America which imposes a large 

psychosocial and economic burden on affected families and society.
6, 7

 Cleft 

patients are associated with several health problems and complications leading to 

reduced quality of life. This population has higher morbidity rate as compared to 

unaffected individuals.
8
 

Surgical management of patients with cleft palates involves a well-established 
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protocol. Primary soft tissue closure is performed at 3-5 months of age to correct 

the associated feeding and speech problems without interfering with maxillary 

growth.
9
 The principal factors in defining the time of secondary grafting of bony 

cleft defect, which is performed at 5-6 years of age, are maxillary growth and 

dental age of the patient.  Generally, bone grafting is more successful if it is 

performed before permanent canine eruption.
10

 The objectives of alveolar bone 

grafting include maxillary arch stabilization, closure of the oronasal fistula, 

facilitating tooth eruption, supporting the alar base and improving nasal 

symmetry.
11

 It also provides adequate alveolar bone for prosthodontic 

rehabilitation of the edentulous segment.
12

  

In selecting the ideal bone grafting material to achieve a successful clinical 

outcome, three specific properties are desired: osteogenesis (new bone formation 

by living bony cells in the graft), osteoinduction (stimulation and recruitment of in 

situ osteoprogenitor cells to graft site), and osteoconduction (inward migration of 

osteoprogenitor cells and vascular tissue into scaffold).
13

 Autograft is the only 

graft that contains all these properties and hence it is the current gold standard 

therapy for cleft palate reconstruction.
14

  Autogenous bone grafts can be acquired 

from the iliac crest, mandibular symphysis, rib, tibia or calvarium, with each 

donor site having its benefits and drawbacks.
10

 Irrespective of the donor site, 

several complications were associated with the procedure such as postoperative 

pain, infection and scarring at the donor site that hamper the desired therapeutic 

outcomes.
15

 Therefore, several studies evaluated the efficacy of different artificial 

bone grafting materials including demineralized bone matrix, hydroxyapatite, 

cadaveric bone grafts and methylmethacrylate. These biomaterials have the 

osteoconductive property and provide adequate structural support, but they do not 

provide the bioactivity needed to stimulate tissue regeneration and are more 

susceptible to infection.
16

 To overcome these limitations, bone tissue engineering 

has been proposed as a viable alternative.
5
 In this approach, appropriate cells 

(osteogenic) and/or osteoinductive molecule are combined with osteoconductive 

biomaterial scaffolds until a suitable bone graft is achieved. 
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The ideal cell source should have no immune rejection, no tumorigenicity, no 

graft versus host disease, controlled cellular proliferation, reliable osteogenic 

potential, and controlled integration into the adjacent tissues.
17

 Embryonic stem 

(ES) cells are potential cell source for cell-based therapies for repairing 

craniofacial defects. ES cells have the capability to differentiate into any cell 

type.
18

 However, ethical issues, dysregulation of ES cell differentiation, and 

immune rejection may limit their applicability in the near future.
19

 Therefore, 

mesenchymal stem cells (MSCs) from autologous bone marrow (i.e., bone 

marrow stromal cells) are considered an ideal source of cells for bone tissue 

engineering constructs, as they are readily available from the host, can be easily 

expanded in standard culture conditions, high proliferative potential, and have 

predictable osteogenic potential without possibility of immune rejection or 

tumorigenicity.
17

 Successful use of MSCs for augmentation of bone mass and 

repair requires these cells to be stimulated down the osteogenic pathway in vitro 

before in vivo transplantation. Among several molecules used for inducing the 

osteogenic commitment of MSCs are bone morphogenetic proteins (BMPs), basic 

fibroblast growth factor (b-FGF), vitamin D3 (Vit-D3), and dexamethasone 

(Dex).  

BMPs are arguably the most studied growth factors in bone regeneration. 

BMPs are part of the transforming growth factor beta (TGF-β) protein family. 

Among the BMPs, BMP-2 is best known for its osteoinductive capacity and it is 

clinically used for bone regeneration. It acts as a chemotactic agent (attracting 

stem cells to implantation site)
20

 and as a morphogen (causing osteogenic 

differentiation of stem cells) if placed in the appropriate environment.
21

  

The delivery of MSCs and/or BMPs to cleft palate defects requires the 

utilization of a carrier to maximize therapeutic outcomes. The osteoconductive 

scaffold should mimic the extracellular matrix (ECM), and control bone formation 

in the desired contour and position. Collagen is a clinically inspired biomaterial as 

it forms the backbone of native bone tissue (~ 90% of extracellular matrix is 

composed of collagen type I).
22

 Absorbable collagen scaffold (ACS) has low 
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antigenicity, low toxicity and is biodegradable.
23

 It also contains RGD (Arginine-

Glycine-Aspartic Acid) and non RGD domains that facilitate cell migration, 

attachment, proliferation, and differentiation.
24, 25

 Therefore, the Food and Drug 

Administration (FDA) has approved BMP-2 loaded Absorbable Collagen Sponge 

(ACS) for specific surgical indications in humans.
26

 Despite successful bone 

formation through simple adsorption of BMP-2 on collagen scaffold, burst release 

of growth factors with fast reduction of biological activity and the lack of 

controlled release limits its utility.
27

 As bone growth is temporal, the appropriate 

cells may not be attracted to the defect area until after considerable diffusion of 

BMP-2 from the site.
28

 Therefore, an effective delivery system is still needed to 

localize and maintain the proper dose of BMP-2 at the defect site for longer time.  

Self-assembling peptide nanofiber (NF) based hydrogel RADA16-I (Arginine-

Alanine-Aspartic Acid- Alanine) is a hydrated 3D insoluble network that has been 

used for protein delivery. It provides timed release for growth factors and good 

diffusion properties along with its biocompatibility and low toxicity.
29

 It is made 

from natural amino acids, which can be metabolized naturally and safely by the 

body.
30

 Studies reported that NF based scaffolds supported proliferation and 

osteogenic differentiation of osteoprogenitor cells, suggesting possible application 

for bone tissue engineering.
31, 32

  

Towards this end, this thesis focused on the development of two tissue 

engineering approaches for cleft palate repair. In the first approach, osteogenically 

induced MSCs were utilized to develop a cell-based therapy. While, the second 

approach focused on the development of NF based collagen scaffold for sustained 

BMP-2 delivery. The efficacy of this scaffold was then evaluated in vitro and in 

vivo in a rodent model of cleft palate. The applicable clinical and social benefits 

of these innovative therapies include reduction in donor site morbidity, hospital 

stay duration and overall procedure cost, when compared to autologous bone 

grafts. 
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1.2 SPECIFIC AIMS 

Aim 1: To elucidate the mechanism(s) of action of different osteogenic 

supplements on the in vitro differentiation of MSCs.  

Our long-term aim is to determine the appropriate combination(s) of osteogenic 

supplements needed for developing a cell-based therapy for bone regeneration in 

cleft defects. 

Aim 2: Developing an appropriate scaffold for in vivo delivery of BMP-2 for 

effective bone formation in a cleft palate model.  

This was achieved through the following outline: 

 Specific Aim 2.1: To develop a reliable cleft defect rodent model 

suitable for cleft palate research. 

 Specific Aim 2.2: To design a novel carrier for sustained BMP-2 

release and to evaluate its effectiveness for in vivo bone formation in 

the developed cleft palate model. 

 

1.3 THESIS HYPOTHESIS 

Hypothesis 1: Combining the optimal dose of BMP-2 and b-FGF, along with 

Vit-D3 and Dex, will result in synergistic effects that may further augment 

osteogenic differentiation of MSCs. 

Hypothesis 2: Bio-absorbable scaffolds that retard the burst release kinetics of 

doped BMP-2 will enhance in vivo local delivery of BMP-2 and produce more 

effective bone formation in a cleft palate defect.  

 Hypothesis 2.1: A reliable and clinically relevant surgical critical size 

cleft defect will be developed in rodents based on careful assessment 

with micro-computed tomography (μCT). 

 Hypothesis 2.2: The designed NF scaffold will offer a sustained release 

of BMP-2 over extended period of time and will enhance de novo bone 

formation after in vivo implantation into the developed model of cleft 

palate. 
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1.4 SCOPE OF DISSERTATION 

The introduction of this thesis consists of three chapters (a general 

introduction, a literature review, and an evidence-based review). Subsequently, 

three chapters were structured to address all the objectives and to test the research 

hypotheses with final chapter for general discussion and conclusion. 

Chapter 1 (the present chapter) summarized epidemiology, etiology, current 

treatments, and alternative therapies for cleft palate patients. Bone tissue engineering 

was emphasized with special attention to the characteristics of appropriate 

scaffolds, cell source, and signalling molecules. Then, thesis objective and 

hypothesis were discussed. Finally, the scope of the thesis was presented. 

An overview of cell-based and protein-based tissue engineering modalities for 

cleft palate reconstruction is detailed in Chapter 2. Critical observations from 

both in vitro and in vivo studies utilizing MSCs and BMP-2 for cleft palate 

reconstruction were emphasized. Moreover, molecular basis of osteogenic 

differentiation of MSCs as well as mechanism of bone healing following bone 

grafting were summarized. Finally, major concerns regarding the application of 

tissue engineering in children and challenging cleft defects were discussed. 

In Chapter 3, an evidence-based review was conducted to specifically address 

the effectiveness of BMP-2+ACS for cleft palate reconstruction. Comprehensive 

searches of 5 databases were conducted to identify all articles using BMP-2+ACS 

for cleft palate reconstruction in humans. Selected articles were classified based 

on different levels of evidence published by Oxford Centre for Evidence-based 

Medicine. Characteristics of the reviewed studies were summarized. The clinical 

outcomes as well as adverse events following BMP-2+ACS grafting were 

compared to the standard autologous bone grafting therapy to provide complete 

picture on the effectiveness of the therapy. Contraindications for BMP-2+ACS 

graft were also reviewed. Finally, future considerations were discussed to help 

improving the quality of future research in this area. 

Developing cell-based therapy for bone regeneration was elaborated in 
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Chapter 4. The studies were conducted using human MSCs with a main focus on 

optimal approach for in vitro modification of the cells in order to assess their 

potential for developing cell-based therapy but no in vivo transplantations were 

done (to maintain project focus). A step-by-step approach was taken to clarify the 

role of specific osteogenic supplements, namely dexamethasone (Dex), vitamin 

D3 (Vit-D3), basic fibroblast growth factor (b-FGF), and BMP-2 on MSC 

differentiation. Osteogenic and adipogenic differentiation were evaluated 

concurrently in MSCs cultures exposed to range of concentrations and 

combinations of those osteogenic supplements. Osteogenesis was assessed by 

alkaline phosphatase (ALP) activity, mineralization, and gene-expression of ALP, 

Runx2, bone sialoprotein (BSP), and osteonectin (ON). Adipogenesis was 

characterized by Oil Red O staining, gene-expression of peroxisome proliferator-

activated receptor (PPARγ2) and adipocyte protein-2 (aP2).   

An appropriate animal model of cleft palate is necessary to test the efficacy of 

new biomaterials for secondary bone grafting. Therefore, Chapter 5 is focused on 

developing a reliable rodent model of cleft palate. Two main rodent models of 

gingivoperiosteoplasty are published namely mid palate cleft (MPC) model
33

  

(9×5×3 mm
3
) and alveolar cleft (AC) model

34
 (7×4×3 mm

3
).  But both models 

had limitations: one was not a critically sized defect
33

 and the other failed when 

utilized for testing bone grafting therapies based on BMP-2.
34, 35

 Therefore, this 

chapter critically assessed and compared the current rodent models of cleft palate 

to identify the most reliable model. This was achieved through a series of 

successive experiments. In the pilot study we attempted to reproduce the 7×4×3 

mm
3
 AC model in 8 weeks old Sprague Dawley rats but this resulted in 

significant injury of the surrounding structures. The same dimensions were then 

reproduced in 16 weeks old Sprague Dawley rats and damage to adjacent 

structures was observed again. Then, we compared the anteroposterior and 

transverse dimensions of the maxilla in non operated 16 weeks old Sprague 

Dawley vs. Wistar rats. Subsequently, virtual planning for the appropriate design 

of MPC and AC defects was performed in 16 weeks old Wistar rats. Finally, we 
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conducted a comparative study to assess bone healing of the modified MPC and 

AC defects in 16 weeks old Wistar rats over 8 weeks. Modified defects were 

designed to be at least 1 mm away from roots of the incisors to avoid damage to 

PDL, 1 mm away from the palatine foramen and 1 mm away from the zygomatic 

arch. Bone healing in the two models was assessed by “in vivo” μCT (weeks 0, 4, 

and 8) and histology (week 8) to confirm the critical size nature of the modified 

defects. 

The second bone tissue engineering approach based on the delivery of BMP-2 

in a properly designed scaffold was elaborated in Chapter 6.  NF based scaffold 

with ACS backbone was prepared to provide the necessary sustained release of 

BMP-2 after in vivo implantation. The choice of the appropriate NF density is an 

important factor that determines the release profile and the overall success of the 

delivery system in vivo. Therefore, the release profile of BMP-2 from scaffolds 

with different NF densities was characterized in vitro. Subsequently, the designed 

scaffold with the appropriate NF density was implanted into the modified MPC 

model (7×2.5×1 mm
3
)

 
previously described in Chapter 5 and bone formation was 

assessed using “in vivo” µCT and histology. This study was aimed to provide the 

necessary “proof-of-principle” for developing and transferring this technology to 

the clinical setting, with the objective of improving the quality of life of patients 

with cleft palate. 

Collectively, the work presented in this thesis was explored based on the 

hypothesis that combining appropriate scaffold with osteogenically induced 

MSCs, which is characterized by its high regenerative potential, or osteoinductive 

protein, such as BMP-2, will provide viable therapies for cleft palate 

reconstruction. In Chapters 4-6, two tissue engineering approaches for cleft 

palate repair were developed and detailed: cell-based therapy and BMP-2 based 

therapy. Chapter 7 was dedicated to general discussion, conclusions and future 

directions, where additional studies were recommended to further enhance the 

clinical outcomes of tissue engineering therapies for cleft palate reconstruction. 
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Chapter 2  

 

Tissue engineering Therapies for cleft palate 

reconstruction 
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2.1 BACKGROUND 

Cleft palate is a common congenital abnormality, which could be isolated 

clefts or a part of syndromes.
36, 37

 Etiology is incompletely understood, but both 

genetic and environmental factors are thought to play role during embryological 

development. Cleft defect could involve either primary or secondary palate or 

both. Clefts of the primary palate are due to failure of the fusion between medial 

nasal and maxillary processes. While, clefts of the secondary palate are due to 

failure of the palatine shelves to fuse because of inability of the tongue to descend 

into the oral cavity.
5
 Current therapy for cleft palate patients involves rotation of 

adjacent soft tissues into the defect site and secondary bone grafting into the cleft 

defect. Autogenic bone is considered an ideal bone graft as it provides osteogenic, 

osteoconductive, and osteoinductive environment needed to support bone 

regeneration in the cleft defect.
38

 Reconstruction of palate defect facilitates the 

eruption of the permanent incisor or canine naturally or with the assistance of 

orthodontics. It will also provide appropriate alveolar contour for prosthetic 

rehabilitation of the edentulous spaces. However, donor site (tibia, mandible, 

ilium, cranium, rib) morbidity remains to be the main limitation in the cleft palate 

reconstruction when considering autografts.
5
 Clearly, tissue engineering 

application could provide sufficient bone formation similar to autologous bone 

grafting but with reduced donor site morbidity. 

Engineering bone tissue requires appropriate cell source, osteoinductive 

biomolecule and biodegradable scaffold as the basic elements. Mesenchymal stem 

cells (MSCs) are considered a promising source of cells for regenerating alveolar 

bone, due to their reliable osteogenic differentiation potential. They are readily 

available, can be easily expanded in standard culture, with no risk of immune 

rejection or tumorigenicity.
17

 Osteogenesis in pluripotent cells can be achieved 

using osteoinductive factors, such as bone morphogenetic proteins (BMPs). But, 

the delivery of MSCs and/or BMPs to the cleft defect necessitates the utilization 

of the appropriate carrier/scaffold to maximize the induced osteogenic effect. 

This review discussed two main bone tissue engineering therapies that could 
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considerably impact alveolar bone regeneration following cleft palate 

reconstruction namely cell-based therapy and protein-based therapy. A critical 

evaluation of MSC’s and BMP’s potential and limitations for cleft palate 

reconstruction were elaborated. Moreover, molecular basis of osteogenic 

differentiation of MSCs as well as mechanism of bone healing following bone 

grafting were summarized. Finally, major concerns regarding the application of 

tissue engineering in children and challenging cleft defects were discussed. 

 

2.2 MSCs 

MSCs are considered potential candidates for cell-based therapies for cleft 

palate reconstruction. Utilizing those cells necessitate harvesting bone marrow 

aspirate from the patient’s sternum or iliac crest and expanding the plastic-

adherent cell population.
39

 Colony-forming unit-fibroblasts (CFU-f) assay is 

considered to be one of the gold standards and is utilized to isolate adherent cells 

from bone marrow aspirates. Isolated cells are known to have multipotent 

potential, i.e. can differentiate into osteoblasts, adipocytes, and chondrocytes.
40

 

However, successful use of MSCs for alveolar bone grafting would require those 

cells to be osteogenically differentiated before transplantation. Osteogenesis in 

pluripotent cells can be achieved using several agents including BMPs.  

 

2.3 BMPs 

BMPs are part of transforming growth factor β (TGF-β) superfamily. Although 

more than 20 BMPs have been discovered, only BMP-2, -4, -6, -7, and -9 were 

proven to induce osteogenic differentiation of multipotent cells in culture.
41

  

BMP-2 is best known for its osteoinductive potential and is the most studied 

growth factor for bone regeneration.
5
 In vitro, BMP-2 alone induced poor 

osteogenic commitment of h-MSCs, but it improved dexamethasone-induced 

osteogenesis of MSCs.
42, 43

 However, high dexamethasone concentrations were 

reported to stimulate adipogenesis in MSC cultures. We recently reported an 
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optimal condition (10 nM Dexamethasone and 500 ng/mL BMP-2) for osteogenic 

differentiation of MSCs without increasing adipogenesis.
44

  

In vivo, BMP-2 alone can induce de novo bone formation when implanted into 

bony defects. Both preclinical and clinical reports have demonstrated the 

effectiveness of BMP-2 for de novo bone formation.
45

 Therefore, Food and Drug 

Administration (FDA) approved BMP-2 loaded absorbable collagen sponge 

(ACS) for given human surgical indications.
26

 BMP-2 acts as a chemotactic agent 

(attracting cells host cells in situ) and as a morphogen (causing stem cells to 

differentiate to an osteogenic lineage).
20

 It also mediates mesenchymal 

condensations and stimulates bone growth by a mechanism recapitulating the 

intramembranous and endochondral ossification that happens in utero.
46

 Extensive 

research was done to better clarify the molecular basis of BMP-2 mediated 

osteogenesis, which is highlighted below. 

 

2.4 INSIGHTS INTO MOLECULAR OSTEOGENIC EFFECTS OF 

BMPS ON MSCS 

Runt-related transcription factor-2 (Runx-2), osterix (Osx) and canonical Wnt 

signaling promotes osteogenic differentiation of MSCs into bone forming cells 

(Figure  2-1). BMP activates Smads, which interact with Runx-2 to induce 

expression of osteogenic genes.
47

 Runx-2 maintains osteoblasts in immature stage 

and negatively controls osteoblast terminal differentiation.
48

 While, Osx is the 

downstream gene of Runx-2, which promotes the differentiation of pre-

osteoblasts to immature osteoblasts.
49

 Osx forms a complex with the nuclear 

factor of activated T cells (NFAT). Then NFAT activates the Wnt signaling 

pathway, which controls osteoblastogenesis and bone mass (Figure  2-2).
50

  

During osteogenic differentiation of MSCs, alternative differentiation 

pathways are also blocked. Runx-2 inhibits adipogenic differentiation of MSCs 

through blocking Ccaat-enhancer-binding proteins (C/EBP) family and 

peroxisome proliferator-activated receptor gamma2 (PPAR-γ2). Runx-2 and 

canonical Wnt signalling inhibit the chondrogenic differentiation of MSCs by 
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inhibiting Sox5, Sox6, and Sox9.
47

 Moreover, Wnt signalling stimulates 

differentiating osteoblasts to secret osteoprotegerin, an osteoclast differentiation 

inhibitor.
51

 

 

 

Figure  2-1: Role of transcription factors in the osteogenic differentiation of 

MSCs. Bone formation starts with the differentiation of MSCs into mature 

osteoblast, and ends with osteoblast apoptosis. 
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Figure  2-2: BMP-2 signalling during MSCs osteogenesis. 

 

2.5 MECHANISM OF BONE HEALING FOLLOWING CLEFT 

PALATE RECONSTRUCTION 

Bone healing is a complex process that is coordinated by different mechanisms 

based on the biophysical environment. It starts with the migration of 

inflammatory cells to the repair site and hematoma formation. When platelets are 

activated, they secrete growth factors to recruit inflammatory cells to the injury 

site. Cells involved in repair include fibroblasts, MSCs and osteoprogenitor cells. 

Growth factors produced during bone regeneration include platelet derived growth 

factor (PDGF), tumour necrosis factor (TNF), insulin-like growth factors (IGFs), 

fibroblast growth factor-2 (FGF-2) and BMPs.
52

  

Based on histological features, bone repair can be classified into four 

categories: endochondral, primary, direct, and distraction osteogenesis. 

Mesenchymal and/or surface osteoblasts are responsible for bone formation in 

various types of repair.   Endochondral bone repair takes place in an environment 

of interfragmentary space and mobility, where cartilage initially forms the soft 

callus followed by formation of woven and lamellar bone. While, primary bone 

repair (direct contact repair) occurs in an environment of no interfragmentary 

space with rigid fixation where bone repair is facilitated without soft callus 

formation. Osteoclast cells resorb necrotic bone at the edges of the fracture or 

osteotomy and osteoblast cells forms lamellar bone along the long axis of bone; 

therefore no bone remodelling is required. On the other hand, direct bone repair 

(gap repair) occurs when the interfragmentary space is larger than 0.1 mm with 

rigid fixation. It is also mediated without formation of a soft callus where woven 

and lamellar bone is formed perpendicular to the long axis of the bone and then 

remodelled to be parallel to the long axis. Finally, distraction osteogenesis 

(callotasis) occurs in slow widening gap where woven and then lamellar bone is 

synthesized parallel to the long axis of the bone.
53

 Bone healing in cleft defect is 

expected to follow direct bone repair (gap repair) model. Placement of bone 



 

 

16 

grafts mediates bone healing in the defects through providing framework that 

enhances cell migration, attachment and proliferation (osteoconduction). 

2.6 MSCS BASED THERAPIES FOR CLEFT PALATE 

RECONSTRUCTION  

MSCs are potential candidates for bony reconstruction of cleft defects with less 

donor site morbidity as compared with autologous bone. Autologous MSCs are 

considered a safe therapeutic option with no reported immunological reaction or 

tumour development over ~ 11 years of follow up after transplantation.
54

 

In animals, there are no data on utilizing MSCs in cleft palate reconstruction, 

but there is adequate evidence in other craniofacial critical-sized defects.
55, 56

 

Addition of growth factors to MSCs/biomaterial construct was reported to further 

enhance bone formation in vivo.
57

  

In human patients, Gimbel et al.
58

 conducted a randomized controlled trial 

(RCT), where cleft defects were reconstructed with marrow aspirates seeded  on 

ACS (n=21), traditional iliac autograft (n=25), or minimally invasive iliac 

autografts. This study only assessed postoperative pain and did not provide any 

quantitative assessment of bone healing at defects sites. In contrast, Behnia et al.
59

 

implanted MSCs with demineralized bone mineral/calcium sulphate scaffold in 2 

patients (case series) and reported  25-35% bone fill after 4 months. It is important 

to note that both studies employed MSC with no osteogenic conditioning. Hence, 

the reported bone filling percentages in these studies were likely suboptimal and 

might require second grafting surgery. On the other hand, osteogenic conditioning 

of the implanted MSCs prior to in vivo transplantation was reported to 

significantly enhance the outcome of cell-based therapies for bone regeneration.
60

 

This is consistent with Hibi et al. study,
61

 which employed osteogenically induced 

autologous MSCs for alveolar cleft repair in a 9 year old patient (case report), and 

reported  ~79% bone fill after 9 month post-operatively with successful eruption 

of lateral incisor and canine. Additionally, Behnia et al.
62

 implanted autologous 

MSCs seeded on hydroxyapatite–tricalcium phosphate (HA-TCP) and mixed with 

PDGF in four alveolar defects. Mean bone filling was ~51.3% at 3 months 
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postoperative. It is important to note that osteogenic conditioning in this study
62

 

was done using patients’ plasma, whose osteogenic effects are difficult to dissect 

due to its various constituents. Employing purified growth factors might be a 

superior approach as it can further control the potency and reproducibility of 

cellular differentiation. These approaches could potentially provide alternative 

therapies for autologous bone grafting. 

 

2.7 BMP-2 BASED THERAPIES FOR CLEFT PALATE BONE 

RECONSTRUCTION  

Several studies demonstrated efficacy of BMP-2 for reconstruction of cranial 

defect,
63-66

 mandibular defects,
67, 68

 and sinus augmentation.
69-72

 However, its 

efficacy for cleft reconstruction remains understudied. To our best knowledge, 

there are four articles in total on BMP-2 in cleft palate reconstruction in animals. 

One study was done in monkeys,
73

 one study in dogs,
74

 one study in rabbits,
75

 and 

one study in rodents.
35

 Summary of these studies is presented in Table  2-1. Boyne 

et al.
73

 reconstructed alveolar cleft defects created in Macaca mulatta monkeys 

and reported significant bone healing following BMP-2+ACS and autologous 

bone grafting, while ACS group demonstrated minimal bone formation. Another 

study in dogs
74

 compared the effectiveness of BMP-2 plus PLGA (poly(lactic-co-

glycolic acid)), PLGA+autologous blood, and autograft for alveolar cleft 

reconstruction. Autograft treated group had more bone healing as compared to 

other treatments at 2 months, however by 4 months there was no significant 

difference between treatments except PLGA+autologous blood treated group 

demonstrated the least amount of bone. While, Sawada et al.
75

 created maxillary 

osseous defects of 6×6 mm
2
  and implanted gelatin hydrogel containing BMP-2, 

gelatin hydrogel, or BMP-2 solution while control group was left untreated. 

Utilization of controlled release system (gelatin hydrogel) for BMP-2 delivery 

resulted in significant bone regeneration after four week post-implantation as 

compared to other groups. Finally, Nguyen et al.
35

 created surgical alveolar 

defects of 7×4×3 mm
3
 were in Sprague Dawley rats and reconstructed them with 
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one of the following treatments: ACS, BMP-2+ACS, HA-TCP, BMP-2+HA-TCP, 

and empty defect (control). ACS and HA-TCP induced more bone formation than 

untreated controls. The addition of BMP-2 to ACS failed to demonstrate 

significant effect on bone formation over 12 weeks postoperative while addition 

of BMP-2 to HA-TCP added a small but significant osteogenic advantage to HA-

TCP scaffold. Authors explained this due to burst release kinetics of BMP-2 from 

ACS as well as incompletely sealed oral tissue post-operatively.  

Unfortunately, the available animal models have several limitations. Although, 

primate studies have the highest relevance to human beings because of the 

primates’ size as well as anatomical and physiological similarity to humans,
46

 it is 

not essential to use subhuman primates for critical-sized defect studies.
76

 Now it is 

also difficult to obtain institutional ethical approval for using primates in research 

since the scientists must provide a strong justification for the need of the primate 

models rather than other animals. High husbandry and operational expenses limit 

the use of large animal models (primates, dogs, and rabbits). Although rodent 

models are the most commonly used animals in biomedical research for testing 

the efficacy of new therapies, there was only one study done in rats.
35

 Another 

drawback of the existing animal models is the presence of clear communication 

between the created cleft defects and surrounding anatomical structures such as 

nasal cavity, incisive foramen, and/or palatine foramen that could result in 

substantial loss of BMP-2 with subsequent suboptimal BMP-2 concentration at 

the recipient site.
35, 73, 74

 One model also deemed to be a non critical size defect.
74

 

Presently, there is no reliable, reproducible and cost-effective animal model 

suitable for testing new bone grafting alternatives, which could explain the delays 

for developing alternative therapies for secondary bone grafting. 

In humans, only seven studies were found on BMP-2+ACS grafting in cleft 

palate patients. Three studies were RCTs,
77-79

 one retrospective cohort study,
80

 

one case series study,
81

 one case report,
82

 and one expert opinion.
83

 

Characteristics of the reviewed studies are discussed in the previous chapter in 

details. Current evidence lacks high quality RCTs and current studies are limited 
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by inappropriate study designs and diverse outcome measurements. The main 

benefit of BMP-2+ACS is to provide bone formation similar to autologous bone 

grafting, but with greatly reduced donor site morbidity, hospital stay, and 

procedure cost. However to obtain therapeutic outcomes when ACS is utilized, 

milligram doses of BMP-2 are required. Such high protein concentration (1-1.5 

mg/ml) was optimized in spine research however; the appropriate concentration 

for maxillofacial applications could be different.
45

 A recent study utilized a 

chemically cross-linked hydrogel and reported moderate bone quantity at a much 

lower BMP-2 concentration (250 μg/ml).
84

 However, severe gingival swelling and 

initial exposure of BMP-2+hydrogel was evident in the two cleft patients involved 

in the study and the study was prematurely terminated. This study also did not 

have BMP-2+ACS comparison group. Decreasing the effective BMP-2 dose 

needed for bone formation is appealing, as it will reduce toxicity and cost of the 

therapy. But, appropriate carrier is also necessary to maximize the clinical 

outcomes and to reduce morbidity. An appropriate delivery system is expected to 

recapitulate the role of BMP-2 in directing condensation of precursor MSCs and 

modulating intramembranous bone formation. Therefore, reducing the amount of 

BMP-2 needed for optimal therapeutic effect. The potential of new delivery 

systems needs to be optimized in appropriate animal models before efficacy 

testing in clinical trials in human subject. 
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Table  2-1: Analysis of animal studies employing BMP-2 for cleft palate reconstruction  

 Primate Model73 Dog Model74 Rabbit model75 Rat Model35 

Sample Macaca Mulatta Monkeys 

1.5 years old  (n=4 defects/group) 

 

Bilateral defects 

Skeletally mature Foxhound dogs  

55-60 Ib (n= 6 defects/group at each 

time point)  

Bilateral defects 

New Zealand white rabbits  

20 weeks old (n=3 defects/group) 

 

Bilateral defects 

Sprague Dawley rats 

8 weeks old (n= 4 rats/group at each 

time point). 

Unilateral defect 

Defect size 8 mm wide defect extending from nasal 

aperture over lateral side of maxillae, 

through the alveolar ridge and 

narrowing in width (6 mm) toward 

incisive foramen 

1 cm wide defect extending from nasal 

floor to palatine foramen 

6×6 mm2 osseous defect created on the 

lateral side of the maxilla and 5 mm 

distal to incisor teeth 

7×4×3 mm3 alveolar defects were 

created on the lateral side of the maxilla 

BMP-2 dose 430 μg 200 μg 17 μg 4.2 μg 

Carrier ACS PLGA Gelatin hydrogel ACS or HA-TCP  

Treatment groups - BMP-2+ACS  

- ACS control 

- Autologous particulate marrow 

cancellous bone (PMCB)  

- BMP-2+PLGA plus autologous blood 

- PLGA plus autologous blood 

- Autograft 

- Empty defect (control) 

- Gelatin hydrogel with BMP-2 

- Gelatin hydrogel with PBS (phosphate 

buffered saline)  

- BMP-2 solution  

- Untreated control 

- ACS 

- BMP-2+ACS 

- HA-TCP 

- BMP-2+HA-TCP 

Assessment method  - Macroscopic exam 

- 2D Radiographs 

- Histology 

- 2D Radiographs 

- Histology 

 

- 3D microCT 

- Histology 

 

- 3D microCT 

- Histology 

 

Follow up 3 months  2 and 4 months 4 weeks 4, 8, and 12 weeks 

Outcomes No significant difference in bone 

formation between BMP-2 and PMCB 

treatments.  

ACS group had minimal bone 

formation 

Autograft promoted more bone healing 

than other treatments at 2 months. After 

4 months, PLGA group had the least 

quantity of bone with no differences 

between the rest of treatments 

Gelatin hydrogels plus BMP-2 resulted 

in significant bone healing as compared 

with other groups 

ACS and HA-TCP scaffolds enhanced 

bone healing as compared to untreated 

controls. But, the addition of BMP-2 

failed to demonstrate significant effect 

on bone formation over 12 weeks 

postoperative  

Limitations - Cleft defects were designed to 

communicate with the incisive 

foramen, which could potentially 

damage the nerve 

- In the mid portion of the palate, BMP-

2+ACS and PMCB were in close 

proximity that could result in potential 

leakage of BMP-2 into the contiguous 

autograft side 

- Spontaneous bone healing of the 

defect (i.e. not critical size defect) 

- Suboptimal effect of BMP-2 could be 

due to inability of PLGA scaffold to 

retain BMP-2 at the recipient bed or 

communication with palatine foramen 

leading to early loss of BMP-2 

- Small sample size 

- Although utilized microCT scans for 

outcome assessment, they did not report 

quantitative measurement 

Suboptimal effect of BMP-2 could be 

due to difficulty maintaining BMP-2 

within surgical defect due to:  

- Communication with palatine foramen 

and nasal cavity 

- Incompletely sealed oral mucosa 

- Burst release of BMP-2 from ACS 

and HA-TCP scaffolds leading to 

substantial early loss of BMP-2 
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2.8 APPROPRIATE CARRIER 

Biomaterial scaffold plays a vital role in the success of bone grafting 

approaches. The ideal tissue-engineered construct will need to be designed to 

accommodate bone growth overtime together with minimum scarring and local 

adverse events. The primary scaffold properties of concern are: 1) 

Biocompatibility; 2) Biodegradability; and 3) Cell adhesiveness and 

interconnectivity. ACS carrier fulfill these three criteria.
23

 But, it relies on simple 

adsorption of the protein to scaffold through soak loading.  This results in burst 

release of the protein with fast reduction of biological activity and the lack of 

controlled release limits its utility.
27

 As bone growth is temporal, the appropriate 

cells may not be attracted to the defect area until after considerable diffusion of 

BMP-2 from the site.
28

 Therefore, an effective delivery system is essential to 

localize and maintain the proper dose of BMP-2 at the defect site for longer time.   

Several biomaterials have been developed for BMP-2 delivery such as 

poly(lactic acid)  (PLA), polyglycolide (PLG) and their copolymers, and poly ε-

caprolactone (PCL), and other biomaterials including alginate, agarose, collagen 

gels, etc.
85

 These biomaterials have significantly enhanced our understanding of 

cell-material interactions and promoted a new field of tissue engineering. 

However, these scaffolds are made of microfibers with diameters of ~10-100 

microns which are variable in size, porosity, surface interaction, and concentration 

relative to the native ECM (extracellular matrix) and cells interacting with it. 

Therefore, they did not mimic the nanoscale dimension and chemical features of 

ECM. In order to reproduce 3-D microenvironment, the fibers should be 

significantly smaller than cells so that cells are surrounded by a scaffold, similar 

to native extracellular environment.
86

 

Self-assembling peptide nanofiber (NF) based hydrogel RADA16-I (Arginine-

Alanine-Aspartic Acid- Alanine)4 is a novel class of self-assembling peptide 

biomaterials has been discovered and established in the context of cell culture, 

stem cell biology and tissue engineering.
31, 32, 86, 87

 It is made from natural amino 

acids, which can be metabolized naturally and harmlessly by the body. It does not 

require chemical cross-linkers to initiate gel formation and spontaneously form 
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stable β-sheet structure in water.
88

 NF scaffold is similar to the natural ECM with 

fiber diameter of ~10 nm and pore size between 5–200 nm so it creates 3-D 

microenvironment similar to native extracellular matrix.
30

 It provides timed 

release for growth factors and good diffusion properties along with its 

biocompatibility and low toxicity.
29

 Moreover, the release profiles of proteins 

within NF hydrogel can be adjusted by altering peptide concentrations. Thus, 

lower peptide concentrations form lower density NF with larger pores, while, 

higher peptide concentrations form higher density NF with smaller pores.
88

 

Several studies utilized PuraMatrix (commercially available system based on 

RADA16-I) for osteogenesis in vitro and in vivo. In vitro, PuraMatrix (PM) did 

not only promote the differentiation capacity of mouse embryonic stem cells 

(mESCs) and mouse embryonic fibroblasts (MEFs) but also stimulated the 

generation of a stem cell–like niche in mESCs grown in 3D cultures.
89

 

In vivo, PM was compared with Matrigel (Basement Membrane Matrix) on 

bone regeneration in calvarial mouse defects (3 mm). PM increased quantity and 

strength of the newly formed bone as compared with Matrigel treated defects.
90

 

Moreover, PM supported the osseointegration of dental implants in mandibular 

defects created in dogs.
87

 In this study, addition of autologous MSCs to PM 

further improved bone to implant contact after 4 weeks post-operatively. 

However, the main concern related to the clinical use of PM/RADA16-I is it is 

strength. It was reported that PM in combination with ACS scaffold (PM+ACS) 

was more convenient to handle and displayed enhanced mechanical and 

hemostatic properties compared to PM alone.
91

 Another study developed cage 

from polyetheretherketone to support PM for bone regeneration in rat femur 

defects (load bearing bone) and demonstrated significant bone healing after 28 

days.
92

 Hence, the establishment of the appropriate microenvironment would be 

adequate to induce bony defects to regenerate. To our best knowledge no study 

employed NF with/without BMP-2 for bony reconstruction of cleft defects. 

Therefore, the potential of NF+BMP-2 based scaffold need to be further evaluated 

in animal models of cleft palate prior to efficacy testing in clinical trials for cleft 

palate reconstruction.  
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2.9 CHALLENGES OF TISSUE ENGINEERING THERAPIES IN 

PAEDIATRIC POPULATION 

Cleft palate is a birth defect and is ideally treated early in life; hence most cleft 

palate patients are children. However, there are numerous aspects that should be 

considered before utilizing bone tissue engineering therapies in children. BMP-2 

demonstrates a great potential for cleft palate reconstruction, but safety concerns 

limits its widespread clinical application. Despite of the reported short half-life of 

BMP-2 in vivo,
93

 it is necessary to monitor the potential long-term effects of 

BMPs on local and distant tissues/organs before expanding it clinical use in cleft 

palate population. Additionally, the manufacturer of BMP-2+ACS construct 

(INFUSE Bone Graft) cautioned the use of the product in children or skeletally 

immature patients because of the potential of premature fusion of the epiphyseal 

plates in response to transient exposure to BMP-2. It is not also recommended for 

pregnant patients because of the reported risk of the production of anti BMP-2 

antibodies.
46

 Therefore, its use should be limited to skeletally mature patients. 

Consequently, autologous bone grafting is considered the best option for 

skeletally immature patients. Autologous bone grafting is mostly successful in 

children of 6-10 years of age.
77, 94

 This is based on the fact that children have 

superior bone healing potential as compared to adults which could be due to the 

increased proliferative capacity of younger cells.
95

 However, sometimes the 

amount of autologous bone available for grafting is limited. Therefore, MSC 

based therapies could be considered for those children. Since children have higher 

number of MSCs in their bone marrow which decrease as a function of donor 

age.
96

 Transplantation of Autologous MSCs is considered safe therapy with no 

reported immunological reaction or tumour development over ~ 11 years of 

follow up.
54

 Moreover, number of MSCs is 1 out of every 10,000 bone marrow 

cells in neonates, then it drops to 1:100,000 in teenagers, 1:400,000 in 50-year-

olds, and 1:200,000 in 80-year-olds.
96

 But, utilizing MSCs for cleft palate 

reconstruction necessitate ex-vivo amplification and osteogenic induction before 

implantation in bony defects. Therefore, concerns related to tissue engineering in 
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children must be addressed and strategies optimized in vitro and in vivo before 

efficacy testing in clinical setting.  

2.10 EFFECT OF CLEFT SIZE AND SURGICAL TIMING ON THE 

OUTCOMES OF BONE GRAFTING  

The fate of the bone grafting therapies depends on many factors including 

patient age and cleft size, which may directly or indirectly influence graft failure. 

Increased age during secondary grafting is associated with having deficient or 

failed grafts.
97

 Although, older patients could benefit from autologous bone 

grafting; but it is associated with several complications such as reduced healing, 

graft exposure, recurrent fistula, and failure of tooth eruption.
77

 Cleft width is 

another factor that could influence the fate of the bone grafting. Long et al.
98

 

reported that presurgical width has little or no effect on the success of bone 

grafting. Conversely, another study
99

 reported weak but significant relation (P = 

0.04) between cleft width and the success of the bone graft, meaning that wider 

clefts are more prone to failure. There are numerous reasons for this conclusion. 

Revascularization of the central portion of the graft in wider clefts is more likely 

to fail. Furthermore, the amount of autologous bone may be insufficient. Collapse 

of the soft tissue flaps with subsequent graft exposure and loss of stability may 

also occur more frequently in wider clefts.
99

 Therefore, addition of MSCs to 

BMP-2 delivered in appropriate carrier could improve treatment outcomes for 

those patients. Inclusion of angiogenic factors to the construct could further 

promote robust bone formation. However, additional investigations are required to 

explain what works for whom, in all circumstances and conditions, rather than 

failed ways of responding to problems in a ‘one-size-fits-all’ manner. Clinical 

studies optimizing dose, delivery systems, and conditions for stimulation of bone 

growth will bring about a new era; the ability to predictably enhance bone 

regeneration using BMP-2 and/or MSCs technologies is becoming a reality and 

will strongly influence the dental practice. 
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Chapter 3  

 

Efficacy Of Bone Morphogenetic Proteins In Alveolar 

Clefts Reconstruction: Current Evidence 
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3.1 BACKGROUND 

Cleft palate is a relatively common congenital anomaly.
1
 It imposes a large 

economic burden on affected families and society.
100

 Estimated average lifetime 

healthcare cost per oral cleft patient in North America is ~100,000 US.
6, 7

 Grafting 

autologous bone is currently the preferred method for cleft palate reconstruction. 

Autogenous bone could be obtained from: iliac crest, calvarium, mandibular 

symphysis, and tibia.
15

 Bone grafting is needed to support permanent teeth 

eruption and to provide adequate bone for prosthodontic rehabilitation of the 

edentulous segment.
12

 However, autologous bone grafting is limited by donor site 

morbidity, pain, wound infection, paresthesia, and poor mobility. To overcome 

these limitations, INFUSE® Bone Graft have been utilized for cleft palate 

reconstruction. It consists of osteoconductive collagen scaffold (to promote bone 

growth and integration) and bone morphogenetic protein-2 (BMP-2) which is a 

well-known osteoinductive agent (i.e. it influence mesenchymal cells to 

differentiate into pre-osteoblasts).  

BMP-2 stimulates de novo bone formation if placed in the appropriate 

environment. It attracts host stem cells at the implantation site and induces their 

differentiation into bone forming cells.
83

 Both preclinical and clinical reports have 

demonstrated the effectiveness of BMP-2. Therefore, BMP-2 loaded Absorbable 

Collagen Sponge (ACS) is approved by Food and Drug Administration (FDA) for 

selected human surgical indications.
26

 However, further research is required to 

expand its clinical use in cleft palate patients. Detailed literature reviews on the 

subject remain sparse, and are needed in order to summarize current evidence to 

facilitate knowledge translation.  

Two systematic reviews recently evaluated artificial bone grafting therapies for 

cleft palate reconstruction, including BMP-2+ACS.
101, 102

 No definitive 

conclusions could be drawn regarding the most effective grafting technique, due 

to poor quality of reviewed studies. Both reviews included a total of three studies 

(two clinical trials and one retrospective study). Systematic reviews usually rely 

on the hierarchy of evidence for article selection, which ranks different study 

designs according to their scientific validity. In this model, randomized clinical 
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trial (RCT) is considered the best evidence since it is the only design that 

adequately controls for confounding variables and biases. Therefore, systematic 

reviews mostly include RCTs.
103

 However it is important to note that there are 

two drawbacks of supporting this rigid hierarchy of evidence: the first drawback 

relates to the lack of high quality RCTs on the efficacy of BMP-2+ACS for 

alveolar cleft reconstruction. The second drawback is related to the downgrading 

of other study designs, such as cohort or case series studies, which might be 

helpful to evaluate therapeutic effectiveness. It is important to understand that 

there are different levels of evidence, i.e. that not all forms of evidence can be 

considered of equal value. Therefore, Slavin
104

 proposed the best evidence 

synthesis as an alternative to both systematic and traditional reviews. The main 

idea behind this approach is to add to the traditional literature review the 

application of rational, systematic search and selection of the included studies. 

There are different grading systems to evaluate the levels of evidence such as 

Oxford Centre for Evidence-based Medicine system, GRADE system, and US 

Preventive Services Task Force (USPSTF) system. In this review we utilized 

Oxford Centre for Evidence-based Medicine for evidence-based classification 

because of its simplicity and logical judgments of quality of evidence. 

Therefore, this evidence-based review is aimed to characterize the current 

evidence and evaluate the effectiveness of BMP-2+ACS for bone grafting in cleft 

patients to help improving the quality of future research in this area. 

 

3.2 METHODS 

Literature searches examined five electronic databases (Medline (1948-

present), Embase (OVID), Scopus, Web of Science, and Biomed central). Specific 

search terms were truncated and combined according to the database being 

searched with the help of a senior librarian specialized in database searches for 

health sciences. Search terms used for the condition included “cleft palate”, “cleft 

alveolus”, “alveolar process”, or “alveolar clefts” and for the therapy: “bone 

morphogenetic protein 2” or “BMP 2”. Similar search terms were used in 

different databases when possible. The last database search was conducted April 
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10, 2013. Two authors reviewed all of the titles and abstracts independently for 

article inclusion. Discrepancies were resolved through discussion and consensus. 

All English language papers on bone grafting for alveolar clefts using BMP-

2+ACS in humans including clinical trials, cohort studies, case reports, and case 

series were considered. Full articles of all potentially adequate abstracts were 

retrieved for further methodological evaluation. Reference lists of all selected 

articles were then searched for any article that might have been missed in the 

database searches. Following full article screening, reviewed studies were 

categorized based on different levels of evidence published by Oxford Centre for 

Evidence-based Medicine (Table  3-1).
105

A flow diagram of the literature search 

and selection process is summarized in Figure  3-1.  

 

Table  3-1: Oxford Centre for Evidence-based Medicine - Levels of Evidence 

Level Therapy/Prevention/Etiology/Harm: 

1a Systematic reviews (with homogeneity) of randomized controlled 

trials 

1b Individual randomized controlled trials (with narrow confidence 

interval) 

1c All or none randomized controlled trials 

2a Systematic reviews (with homogeneity) of cohort studies 

2b Individual cohort study or low quality randomized controlled trials 

(e.g. <80% follow up) 

2c "Outcomes" Research; ecological studies 

3a Systematic review (with homogeneity) of case-control studies 

3b Individual case-control study 

4 Case series (and poor quality cohort and case-control studies) 

5 Expert opinion without explicit critical appraisal, or based on 

physiology, bench research or "first principles" 
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Figure  3-1: Flowchart demonstrating the articles selection process 
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3.3 RESULTS  

3.3.1 Search results 

Using the search terms as outlined above, a total of 240 articles were identified 

(84 in Medline, 45 in Embase, 81 Scopus, 30 in Web of Science and 0 in Biomed 

Central). Based on titles and abstracts, we found 9 articles investigating BMP-

2+ACS grafting for alveolar clefts in humans. Following methodological 

evaluation of the full articles, two articles were excluded
106, 107

 as they constituted 

expert opinions or discussion articles. Further searching of the reference lists of 

the selected articles did not reveal any further relevant studies. Characteristics of 

the selected studies are presented in Table  3-2. 
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Table  3-2: Finally selected studies’ key methodological information 

 Dickinson 77 Alonso 78 Canan79 Herford 80 Fallucco 81 Chin 83 Herford82 

Design  RCT RCT RCT Retrospective 

cohort 

Retrospective 

case series 

Case series  Case report 

Sample size  BMP-2+ACS: 9 

Control: 12 

BMP-2+ACS: 8 

Control: 8 

BMP-2+ACS: 6 

Control:6 

Periosteoplasty: 6 (this group was 

discontinued due to low bone 

formation) 

BMP-2+ACS: 10 

Control: 2 

BMP-2+ACS: 17 

clefts (number of 

participants was 

not reported) 

Control: N/A 

BMP-2+ACS: 50 clefts in 

43 patients 

Control: N/A 

BMP-2+ACS: 1 

Control: N/A 

Cleft type Unilateral Unilateral Unilateral 

 

Unilateral 

 

Not clear 30 unilateral,  

7 bilateral,  

4 midline and  

2 lateral facial 

Unilateral 

Patient age  15-18 years 8-12 years 8-15 years 7-11 years Not reported 6-14 years 6 years 

Exclusion 

criteria 

Skeletally immature, previous 

surgery, had contraindication to 

BMP-2 therapy (i.e., history of 

neoplasm), or had incomplete 

records. 

Previous surgery, 

canine eruption, 

presence of 

comorbidities, or 

incomplete records 

Not reported Not reported Not reported Not reported Not reported 

Follow up 12 months 6 and 12 months 3, 6, and 12 months 4 months 6 months Inconsistent  Not reported 

Method of 

evaluation 

CT, panorex, periapical films CT CT CT CT Inconsistent (periapical, 

panoramic, occlusal ,CT). 

CT, periapical 

films 

Outcome 

assessors 

- 3 blinded assessors 

- Inter-rater reliability: Done 

- Intra-rater reliability: Not 

reported  

 

- Single blinded 

assessor 

- Intra-rater 

reliability: Done  

- Inter-rater 

reliability: N/A 

- Single assessor 

- Intra-rater reliability and 

blinding: Not reported  

- Single 

blinded assessor 

- Intra/inter-

rater reliability: 

Not reported 

- 2 blinded 

assessors 

- Intra/inter-

rater reliability: 

Not reported 

- No clear information 

regarding number and 

blinded assessors 

- Intra/inter-rater 

reliability: Not reported 

- No clear data 

regarding number and 

blinded assessors 

- Intra/inter-rater 

reliability: Not 

reported 

Radiographic 

assessment 

 

 

Bone filling %: 

6 month: BMP-2+ACS (95%), 

control (63%) 

 

 

Bone height (vs. cleft tooth 

roots): 

12 month: BMP-2+ACS (85%), 

control (70%) 

Bone filling %: 

6 month: BMP-

2+ACS (59.6%), 

control (75.4%) 

12 month: BMP-

2+ACS (74.4%), 

control (80.2%) 

Bone height: 

6 month: BMP-

2+ACS  (53.3%), 

control (83.8%) 

12 month: BMP-

2+ACS (65.0%), 

control (86.6%) 

Bone filling %: 3 month: BMP-

2+ACS (72.6%), control (75.6%). 

6 month: BMP-2+ACS (73.7%), 

control (76%). 12 month: BMP-

2+ACS (75.1%), control (78%) 

Bone height: 3 month: BMP-

2+ACS (55.4%), control (61.4%).  

6 month: BMP-2+ACS (58.9%), 

control (64%). 12 month: BMP-

2+ACS (58%), control (64%) 

Bone density: No differences 

between BMP-2+ACS and control 

at any time point 

 

 

 

 

Bone filling %: 

4 month: BMP-

2+ACS (71.7%), 

control (78.1%) 

 

Bone density: 

-Trabecular bone 

was defined as 

HUs > 226  

-16 of the 17 

clefts showed 

bone formation 

both vertically 

and transversely  

- Bone height and 

defect volume 

were not reported  

 

Subjective assessment 

based on the clinical 

judgment only without any 

quantitative measurement 

for bone formation. 

Subjective 

assessment based on 

the clinical judgment 

only without any 

quantitative 

measurement for bone 

formation 

 

 

 

 

 

 

 
Postoperative 

complications 

and adverse 

events 

BMP-2+ACS: prolonged pain (1 

patient), no ectopic bone 

formation 

Control: significant pain at day1 

(12 patients), partial graft loss (5 

patients), complete graft loss (1 

patient), oral fistula (3 patients) 

BMP-2+ACS: 

- 37.5% postoperative 

swelling 

Control:  
- 87.5% donor site 

morbidity 

 

Not reported BMP-2+ACS: 

- Postoperative 

swelling,  

- 2 patients with 

>25% bone fill of 

the cleft defect 

Not reported - No systemic adverse 

effects 

- No ectopic bone 

formation beyond normal 

contours 

- No adverse effect on 

teeth adjacent to cleft 

Not reported 
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3.3.2 Evidence-based classification for selected articles 

Following methodological analysis, articles were classified based on the levels 

of evidence. Studies were classified as follows: three RCTs
77, 78

  (level-2b), one 

retrospective cohort study
80

 (level-4), one case series study
81

  (level-4), one case 

report,
82

 and one expert opinion
83

 (level-5).   

RCTs conducted by Dickinson et al.,
77

 Alonso et al.,
78

 and Canan et al.,
79

 were 

well designed studies with subjective and objective analysis of bone healing and 

postoperative complications. However, they contained several methodological 

defects and therefore they were classified as level-2b. Firstly, although the groups 

were randomly allocated, the sequence generation was not explained. Secondly, 

both studies did not discuss the allocation concealment method. Thirdly, both 

studies did not report prior sample size calculations.  

Herford et al. study
80

 is a retrospective cohort and therefore, the level of 

evidence is lower than RCTs. Although they provided detailed description of 

baseline characteristics and blinded assessment, there was short follow up (4 

months); and the study did not report intra-rater reliability. Due to those 

limitations, it was considered as level-4 evidence. 

Fallucco et al.
81

 study is a retrospective case series (level-4). Selective data 

reporting was evident in that study; they did not provide information for the 

finally included participants, such as age and cleft type (unilateral or bilateral). 

Additionally, they did not fully report data outlined in the methods section, such 

as bone density preoperative and 6 months postoperative. 

Chin et al.
83

 study was reported as a case series of 50 clefts repaired in 43 

patients that was divided into three groups based on the cleft severity. 

Surprisingly, the authors presented treatment outcomes of only one case in each 

group. The study presented excellent clinical and radiographic images, but 

outcome assessment was subjective and follow up time was not clear/consistent. 

Blinding and independent assessment for outcome were not reported (high bias 

risk). Therefore, it was considered as expert opinion and classified as level-5. 

Herford et al.
82

 is a case report (level-5). Although, this study evaluated bone 

formation with computed tomography, but outcome assessment was subjective 
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and follow up time was not clear. Blinding and independent assessment for 

outcome were not reported. 

3.3.3 Full article analysis 

All studies used the same BMP-2 kit (Infuse® Bone Graft) for clefts 

reconstruction in the experimental group. Four studies included autologous graft 

from iliac crest as the control group.
77-80

 The remaining studies did not have 

control group.
81-83

 

Timing for alveolar reconstruction varied between the studies. Alveolar clefts 

were reconstructed in children and early adolescents in all studies except 

Dickinson et al.,
77

 who performed cleft reconstruction in skeletally mature 

patients, whilst Fallucco et al.
81

 did not report the age of participants. 

Exclusion criteria were reported in just two studies.
77, 78

 Dickinson et al.
77

 

excluded patients who were skeletally immature, had previous surgery, had 

contraindication to BMP-2 (i.e., history of neoplasm), or had incomplete records. 

Alonso et al.
78

 excluded patients with previous surgery, canine eruption, presence 

of comorbidities, or incomplete records.  

Mean size of the preoperative alveolar cleft was 1.052 cm
3
 in the control group 

vs. 0.975 cm
3
 in the BMP-2+ACS group in Alonso et al.,

78
 5.1 cm

3
 vs. 5.6 cm

3
 in 

Dickinson et al.,
77

 0.657 cm
3
 vs. 0.472 cm

3
 in Canan et al.,

79
 and 17.86 cm

3
 vs. 

10.55 cm
3
 in Herford et al.

80
 Although Chin et al.,

83
 Fallucco et al.,

81
 and Herford 

et al.
82

 utilized CT scans for outcome assessment, they did not report cleft size. 

3.3.4 Assessment of outcomes 

Blinded assessors evaluated the outcomes of bone grafting in all the studies 

except Chin et al.,
83

 Canan et al.,
79

 and Herford et al.
82

 studies. Inter-/intra- rater 

reliability was only reported in Dickinson et al.
77

 and Alonso et al.
78

 studies. 

Length of the follow up differed between the six studies. Dickinson et al.,
77

 

Alonso et al.,
78

 and Canan et al.
79

 reported one-year follow up, Fallucco et al.
81

 

reported 6 month follow up, and Herford et al.
80

 reported 4 months follow up; 

whereas, Chin et al.
83

 and Herford et al.
82

 did not clearly indicate the length of the 

follow up. 
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3.3.4.1 Radiographic assessment of postoperative bone formation  

3.3.4.1.1 Quantity of bone formation 

Four studies performed volumetric analysis for the defect site.
77-80

 Dickinson et 

al.
77

 reported significant increase in the percentage of bone fill in the BMP-

2+ACS group (95%) as compared to the control group (63%) at the 6 month 

follow up. Conversely, Alonso et al.
78

 reported significantly higher percentage of 

bone fill in the control group (75.4%) as compared to BMP-2+ACS group 

(59.6%) after 6 months, but at 12 months this difference (80.2 % for control vs. 

74.4% for BMP-2+ACS group) was no longer significant. While, Canan et al.
79

 

reported no differences in bone healing between BMP-2+ACS and control group 

at 3, 6 and 12 months difference (75-78% for control vs. 72.6-75.1% for BMP-

2+ACS group). Similarly, Herford et al.
80

 did not detect any significant difference 

in bone formation after 4 months in BMP-2+ACS group (71.1%) as compared to 

the control group (78.1%).  

Fallucco et al.
81

 defined trabecular bone formation in the cleft defect as 

Hounsfield units (HUs) of more than 226. They reported radiographic evidence of 

dental arch fusion in 16 out of 17 alveolar clefts and only 1 case failed to meet the 

assigned radiographic criteria. However, Chin et al.
83

 and Herford et al.
82

 did not 

provide any quantitative measures for postoperative bone healing.  

Three studies assessed bone height.
77-79

 Dickinson et al.
77

 assessed bone bridge 

formation between cleft tooth roots by a four-point grading system (0-4), where 0 

represented absence of bony bridge and 4 represented complete bone healing. The 

mean scores on this scale were converted to percentage to facilitate easy 

comparison with the other studies. Alonso et al.
78

 provided percentage of bone 

height (postoperative height/preoperative height) and Canan et al.
79

 provided 

percentage of height on the cleft side/normal maxilla height. Dickinson et al.
77

 

reported higher bone height vs. tooth roots of the cleft in BMP-2+ACS group 

(85%) as compared to control group (70%). While, Alonso et al.
78

 reported 

significantly shorter bone in the BMP-2+ACS group vs. the control group (6 

months: 53.3% vs. 83.8% and 12 months: 65.0% vs. 86.6% vs. preoperative bone 

height). Canan et al.
79

 revealed no significant differences between BMP-2+ACS 
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group vs. the control group (55.4-58% vs. 61.4-64.2%) 

3.3.4.1.2 Quality of bone formation 

Dickinson et al.
77

 reported successful osseointegration around dental implants 

placed in 1 of 12 patients in the control group and 2 of 9 patients in the BMP-

2+ACS group. Alonso et al.
78

 reported successful tooth eruption through the 

reconstructed clefts in both groups. No information was provided on orthodontic 

tooth movement into the cleft area or periodontal conditions in any study. 

3.3.4.2 Assessment of postoperative complications and adverse events 

Dickinson et al.
77

 reported substantial donor site pain, increased healing 

problems, longer hospital stay, and greater surgery cost in the control group. 

Alonso et al.
78

 reported donor site pain in the control group (87.5%) and local 

swelling in the BMP-2+ACS group (37.5%). Moreover, Chin et al.
83

 reported no 

systemic adverse effects, no ectopic bone formation beyond normal contour, and 

no adverse effect on the teeth adjacent to the cleft following BMP-2+ACS 

therapy. However, the rest of the studies
79-82

 did not report complications. 

 

3.4 DISCUSSION 

The evidence-based classification is intended to assist the surgeons to 

recognize the limitations of reviewed articles and to identify the gaps where 

further studies could be performed. There were only six studies on BMP-2+ACS 

grafting in cleft palate patients. Three studies were RCTs
77-79

  (level-2b), one 

retrospective cohort study
80

 (level-4), one case series study
81

  (level-4), and one 

case report
82

 and one expert opinion
83

 (level-5).  Additionally, two systematic 

reviews recently evaluated different bone grafting procedures for cleft palate 

repair, including BMP-2+ACS.
101, 102

 Both reviews correctly concluded based on 

their methodological approach that further well designed RCTs are needed for 

providing definitive treatment recommendations for cleft palate patients. 

However, they did not discuss the safety of using BMP-2 in cleft palate 

population and especially children. 
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It is important to mention that BMP-2+ACS is FDA approved for limited 

human applications in adults including lumbar spinal fusion, tibial long bone 

fracture, sinus elevation, and alveolar defects associated with extraction sockets.
26

 

Therefore, the utilization of BMP-2+ACS graft in cleft population in the papers 

reviewed was done at the discretion of some surgeons in an "off-label" capacity.  

BMP-2+ACS graft is contraindicated in patients with hypersensitivity to BMP-

2, collagen Type I (bovine) or to other components of the formulation. It is also 

contraindicated for patients who are skeletally immature, pregnant, patients with 

an active malignancy or patients undergoing treatment for a malignancy, or in 

patients with an active infection or tumour at the operative site.
108

 Surprisingly, all 

reviewed studies except Dickinson et al.
77

 did not consider those contraindications 

in the participants selection. Alveolar clefts were reconstructed in children and 

early adolescents in all reviewed studies. Only Dickinson et al.,
77

 utilized 

skeletally mature patients, whilst Fallucco et al.
81

 did not report the age of 

participants.  

The current evidence is limited by the lack of high quality RCTs and 

inadequate study designs. Selective reporting was also evident; most of the studies 

did not fully report the data outlined in the method sections. Prior sample size 

calculation was not done in all the review papers and the sample sizes were 

considered inadequate, which may result in a high risk of bias. Moreover, there 

was a huge discrepancy in the size of the cleft between the studies. Herford's
80

 

patients had much greater preoperative volume of maxillary defects. This could be 

due to the preoperative orthodontic expansion of the maxillary segments done in 

Dickinson et al.
77

 and Alonso et al.
78

 studies. While, the difference in the cleft 

volume between Dickinson et al.
77

 and Alonso et al.
78

 could be due to the age 

difference between the participants at the surgery time. The mean defect size in 

Canan et al.
79

 study was much smaller. This could be due to variation in the 

measurement method, different anatomical landmarks and inter-operator variation 

between the different studies. 

Treatment outcomes should be assessed using reliable and valid scales. Three 

scales (Bergland, Kindelan, and Chelsea scales) for radiographic assessment of 
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successful secondary alveolar bone grafting have been developed and validated 

for two-dimensional “2D” radiography.
109-111

 Nightingale et al.
112

 compared the 

validity and reproducibility of these scales and showed that the three scales were 

equally valid and reproducible. Therefore, it is recommended to utilize those 

scales for radiographic assessment of bone grafting.  

Recently, cone-beam computed tomography (CBCT) partially replaced 2D 

radiography. 2D radiographs are limited by: superimposition of structures, 

magnification, and distortion. CBCT has overcome all these disadvantages.
113

 As 

compared to conventional CT, CBCT provides images of high diagnostic quality 

and lower radiation dosages at lower costs.
114

 The effective dose of CBCT is 10-

75 uSv (one jaw scan) compared with 250-560 uSv for CT (one jaw scan), 60 uSv 

for full mouth periapical view, and 30 uSv for a panoramic film. 
115, 116

 

Assessment of postoperative complications is another essential aspect for 

evaluating BMP-2+ACS efficacy as it helps to clarify benefits for patients and 

clinicians. Local complications following BMP-2+ACS grafting were reported in 

three studies,
77, 78, 107

 but, the rest of the studies
79-82

 did not report complications. 

None of the studies addressed systemic complications reported in the spine 

applications such as cancer risk, systemic toxicity, reproductive toxicity, 

immunogenicity, and effects on distal organs.
117

  

 

3.5 EFFECTIVENESS OF THE THERAPY 

The main benefit of BMP-2+ACS is to provide sufficient bone formation 

similar to autologous bone, but with greatly reduced postoperative complications. 

Despite successful formation of mineralized bone with this approach, conclusive 

knowledge regarding appropriate BMP-2 dosage, time course and release profile 

remains to be clarified and presents opportunities for improvement for widespread 

clinical use.  

Following injury, local BMP-2 produced in tissues has relatively low 

concentrations (ng-µg) and is maintained over prolonged time period, resulting in 

physiological bone healing and minimal side effects. While, INFUSE® Bone 

Graft relies on direct administration of high BMP-2 concentration (mg) on ACS 
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carrier to maintain therapeutic level over time even with initial burst release and 

fast clearance of the protein. Such high BMP-2 concentrations may be detrimental 

for bone formation and may increase side effects including postoperative 

swelling, ectopic bone formation, and cancer risk.
118

 It is also reported that ACS 

lacks structural stability leading to soft tissue collapse in the grafted area.
78

 

Therefore, new scaffolds offering longer BMP-2 release and greater structural 

stability in the grafted area could address some of the shortfalls of ACS delivery 

system. Kinetics of prolonged/sustained BMP-2 release may better mimic natural 

protein production during bone healing,where relatively constant amount of  

growth factor is released overtime. Thus allowing investigators to test decreased 

BMP-2 concentrations needed to induce robust bone formation with minimal side 

effects. Furthermore, longer follow up is essential for evaluating local and 

systemic adverse events associated with BMP-2 therapies. 

 

3.6 CONCLUSION 

Using BMP-2+ACS in place of traditional bone grafting could be a promising 

therapy for cleft reconstruction. However, the important question is whether 

BMP-2+ACS can be safely used in humans and particularly in children. The FDA 

considered BMP-2+ACS to be contraindicated in children, since its safety has not 

been demonstrated. Therefore, its use should be limited to skeletally mature 

patients. Current evidence is inconclusive and additional data is needed to clarify 

associated benefits and complications when utilizing BMP-2+ACS for cleft palate 

population. The presented outcomes propose possibility for future research but not 

clinical practice. 
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Chapter 4  

 

Osteogenic Differentiation of Human Mesenchymal 

Stem Cells Cultured with Dexamethasone, Vitamin D3, 

basic Fibroblast Growth Factor and Bone 

Morphogenetic Protein-2 1 
 

 

 

 

 

 

 

 

 

                                                 

1 
A version of this chapter has been previously published in: N. Mostafa, R. 

Fitzsimmons, P. Major, A. Adesida, N. Jomha, H. Jiang, H. Uludag˘. Osteogenic 

Differentiation of Human Mesenchymal Stem Cells Cultured with 

Dexamethasone, Vitamin D3, Basic Fibroblast Growth Factor, and Bone 

Morphogenetic Protein-2. Connective Tissue Research, 2012, 53(2): 117–131. 
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4.1 INTRODUCTION 

Bone deficiencies and defects due to congenital anomalies such as cleft palate 

are quite common in the clinic setting.
119

 Despite significant variations in the 

nature of defects, autologous bone grafting is currently the front-line treatment for 

bone augmentation in a wide range of defects. However, there are numerous 

shortcomings to autologous bone grafting. In addition to donor site morbidity, 

other complications such as pain, wound infection, paresthesia, local tissue injury 

and poor mobility, hamper the desired therapeutic outcomes.
5
 To overcome the 

limitations related to bone harvesting and grafting, bone tissue engineering has 

been proposed as an alternative solution to prepare clinically useful bone grafts. In 

this approach, appropriate cells are cultivated in culture with biomaterials 

scaffolds and/or osteogenic supplements until a suitable bone graft is achieved. 

The tissue engineering approach, however, is often hampered by the need for 

large quantities of tissue-specific cells.
120

 Human mesenchymal stem cells (h-

MSCs) from autologous bone marrow (i.e., bone marrow stromal cells) are the 

leading candidate for the source of cells in tissue engineering constructs, as they 

are readily available from the host, can be easily expanded in standard culture 

conditions, and have reliable osteogenic potential with no risk of immune 

rejection or tumorigenicity.
17

 Successful use of h-MSCs for augmentation of bone 

mass and repair requires these cells to be stimulated down the osteogenic pathway 

in vitro before transplantation. Among numerous agents used for inducing the 

osteogenic commitment of MSCs are bone morphogenetic proteins (BMPs), 

dexamethasone (Dex), basic fibroblast growth factor (b-FGF), and vitamin D3 

(Vit-D3). 

The BMPs are multifunctional growth factors that are part of the transforming 

growth factor beta (TGF-β) protein family. Among the BMPs, BMP-2 and BMP-7 

are best known for their osteoinductive potential and they are clinically used for 

bone repair and augmentation along with biomaterial implants. BMP-2 was 

proposed to require Dex to effectively induce osteogenic differentiation of rat 

MSCs.
42

 Similarly, BMPs alone induced poor osteogenic commitment of h-

MSCs, but they improved Dex-induced osteogenesis of h-MSCs, as measured by 
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the alkaline phosphatase (ALP) induction and calcification in vitro.
43, 121

 Other 

studies also demonstrated that Dex in combination with ascorbic acid (AA) and ß-

glycerophosphate (GP), induced osteogenic differentiation of h-MSCs based on 

enhanced ALP activity, expression of osteocalcin (OC) as well as in vitro 

calcification.
122

 The growth factor b-FGF is another protein that has been shown 

to augment the osteoinductive potential of BMP-2. b-FGF is a prototypical 

mitogen which supports angiogenesis in vivo. Combinations of BMP-2 and b-FGF 

demonstrated synergistic effects in osteogenic differentiation of MSCs in vitro 

and enhanced bone formation in vivo.
123, 124

 Subcutaneous implants supplemented 

with b-FGF demonstrated enhanced ALP activity and calcification, since the 

presence of b-FGF induced faster and stronger invasion of capillaries into 

implanted scaffolds, presumably resulting in an influx of osteoprogenitor cells 

from the enhanced vascular network.
125

 It was also reported that b-FGF and BMP-

2 has a biphasic effect on osteoinduction; the stimulatory effect of b-FGF was 

obtained at low b-FGF doses, while b-FGF exerts an inhibitory role in 

osteoinduction at high doses.
126

 

In addition to the protein growth factors, the active form of Vit-D3 has been 

shown to play an important role in skeletal homeostasis, as it displays anabolic 

effects on osteoblasts, resulting in increased bone formation.
127

 In vitro studies 

demonstrated that treatment of h-MSCs with Vit-D3 induced expression of both 

early as well as late stage osteogenic markers including ALP, bone sialoprotein 

(BSP), osteopontin (OPN), and OC.
43, 128

 Moreover, Vit-D3 improved Dex-

induced osteogenic differentiation of human pre-osteoblasts and MSCs, resulting 

in increased ALP activity and matrix mineralization.
43, 128, 129

 

Taken together, we hypothesized that combining the optimal dose of BMP-2 

and b-FGF, along with Vit-D3 and Dex, will result in synergistic effects that may 

further augment osteogenic differentiation of h-MSCs. To test this hypothesis, h-

MSCs were cultured with different concentrations of these osteoinductive 

reagents to explore the optimal combination(s) that will lead to robust 

osteogenesis in vitro. Our long-term aim was to determine the appropriate 

combination(s) of osteogenic supplements needed for developing a cell-based 
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tissue engineering therapy for regeneration in bone defects. Towards this goal, 

this study took the first step by delineating the culture conditions that provided 

robust osteogenesis with minimal adipogenesis. 

 

4.2 MATERIALS AND METHODS 

4.2.1 Materials  

Dulbecco’s Modified Eagle Medium (DMEM; high glucose with L-glutamine), 

Hank’s Balanced Salt Solution (HBSS) and penicillin-streptomycin (10,000 

U/mL-10,000 μg/mL solutions) were from Invitrogen (Grand Island, NY). Master 

mix (2X) used for quantitative polymerase chain reaction (q-PCR) was developed 

by the Molecular Biology Service Unit (MBSU) in the Department of Biological 

Science at the University of Alberta (AB, Canada). The master mix contained Tris 

(pH 8.3), KCl, MgCl2, Glycerol, Tween 20, DMSO, dNTPs, ROX, SYBR Green, 

and the antibody inhibited Taq polymerase-Platinum Taq. Fetal bovine serum 

(FBS) was obtained from Atlanta Biologics (Lawrenceville, GA). RNeasy kit was 

obtained from Qiagen (Valencia, CA) and Agilent RNA 6000 Nano LabChip kit 

from Agilent Technologies (Santa Clara, CA). Oligo(dT)18 primer was obtained 

from Fermentas (Burlington, ON, Canada). Primers were purchased from 

Integrated DNA Technologies (Coralville, IA). CyQUANT cell proliferation kit 

and SYBR Green were from Molecular Probes (Portland, OR). ALP substrate p-

nitrophenol phosphate (p-NPP), 8-hydroxyquinoline, o-cresolphthalein, 2-amino-

2-methyl-propan-1-ol (AMP), Dex, GP, AA, and Oil Red O were obtained from 

Sigma (St. Louis, MO). Recombinant human b-FGF was obtained from the 

Biological Resource Branch of NCI-Frederickton (Bethesda, MD). Recombinant 

human BMP-2 was obtained from an E-coli expression system, and its activity has 

been extensively reported in the literature.
130, 131

 The BMP-2 stock solution was 

reconstituted in ddH2O.                  

4.2.2 Isolation and Culture of h-MSCs       

The bone marrow aspirates were isolated from three (15-48 year old) patients 

undergoing routine orthopeadic surgical procedures under a protocol approved by 
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the institutional Health Research Ethics Board. The cells were cultured in a 

growth medium containing DMEM, 10% FBS, 100 U/mL penicillin, and 100 

μg/mL of streptomycin supplemented with 5 ng/mL b-FGF for a total of 2 

passages according to a published procedure.
132

 Upon confluence, the cells were 

split 1:3 using 0.05% trypsin/0.04% EDTA. One day before the addition of 

osteogenic supplements, h-MSCs at passages 3 to 6 were seeded in 24-well plates 

in a basic medium (BM: DMEM with 10% FBS, 50 mg/L AA, 100 U/mL 

penicillin and 100 g/L of streptomycin). The cultures were incubated at 37 
o
C 

with 5% CO2. 

4.2.3 Osteogenic Treatment  

Two series of experiments were conducted in this study. We first investigated 

the effect of different osteogenic supplements by exposing h-MSCs to the BM 

containing combinations of one concentration of the following supplements: 10 

mM GP, 10 nM Dex, 10 ng/mL b-FGF and 1 µg/mL BMP-2. The control group 

was treated with BM only without any supplements. The h-MSCs were then 

analyzed for cell proliferation (DNA assay) and differentiation (specific ALP 

activity) at days 7 and 11. In a second experiment, the dose- and time-dependent 

changes in osteogenesis of h-MSCs were investigated with the addition of 

different concentrations of Dex, b-FGF, BMP-2 and Vit-D3. The effects of 36 

possible treatments were investigated with all possible combination of Dex (10 

and 100 nM), BMP-2 (0, 200 and 500 ng/mL), Vit-D3 (0, 10 and 50 nM) and b-

FGF (0 and 10 ng/mL), all in the presence of 10 mM GP. The control group was 

treated with BM alone without any supplements. After 15 and 25 days, the h-

MSCs were analyzed for total DNA content and specific ALP activity. 

Calcification (total Ca
++

 content) and adipogenesis (Oil Red O stain) were also 

assessed after 25 days of treatment. After 15 days, q-PCR was performed with a 

select group of treated h-MSCs. 

4.2.4 Specific ALP Assay 

The effects of the osteogenic supplements on ALP activity of h-MSCs were 

measured as this enzyme is a critical predictor for mineralization.
133

 Cultured h-

MSCs were washed with HBSS and lysed with an ALP buffer (0.5 M 2-amino-2-
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methylpropan-1-ol and 0.1% (v/v) Triton-X100; pH=10.5). After two hours, 100 

µL of cell lysates were added into 96-well plates, and an equal volume of 2 

mg/mL ALP substrate p-NPP solution was added to each well. The absorbance 

was periodically measured (once every 90 seconds) at 405 nm for 10 minutes. The 

ALP activity was normalized with the DNA content in each lysate to obtain the 

specific ALP activity (ALP/DNA).
134

  

4.2.5 DNA Assay 

To quantify the total DNA content in the wells, the remaining cell lysates from 

the ALP assay were frozen at -20 ºC and measured at the end of the experiment to 

minimize differences. DNA content of h-MSCs was analyzed using the 

CyQUANT DNA kit according to the manufacturer’s instructions and measured 

with a fluorescent plate reader (λexcitation at 480 nm and λemission at 527 nm). A 

DNA standard supplied with the kit was used to calculate the DNA concentrations 

in the cell lysates.
134

 

4.2.6 Calcium Assay (Total Ca++ content) 

The wells containing h-MSCs lysate from the DNA assay were rinsed (x2) by 

HBSS and 0.5 mL of 0.5 M HCl was then added to dissolve the mineralized 

matrix overnight. On the following day, 20 µL of aliquots from each well were 

added to 50 μL of a solution containing 0.028 M 8-hydroxyquinoline and 0.5% 

(v/v) sulfuric acid, plus 0.5 mL of solution containing 3.7× 10
–4

 M o-

cresolphthalein and 1.5% (v/v) AMP. The absorbance was quantified at 570 nm. 

A standard curve was developed using Ca
++

 standards obtained from Sigma and 

used to convert the obtained absorbance values into Ca
++

 concentrations (in 

mg/dL).
134

 

4.2.7   Oil Red O Staining 

After 25 days of treatment with the indicated supplements, h-MSCs were fixed 

in 10% formalin for 1 hour, washed with 60% isopropanol and left to dry 

completely. Cultured h-MSCs were then stained with 0.21% (w/v) Oil Red O 

solution for 10 min, washed 4 times with dH2O and examined by microscopy.  
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4.2.8 Comparison of Osteogenic and Adipogenic Potential of h-MSCs 

The extent of calcification was classified based on the obtained Ca
++

 content in 

cultures: (a) - : no calcification where 0<[Ca
++

]<3 mg/dL, (b) -/+ :  poor 

calcification where 3<[Ca
++

]<8 mg/dL, (c) + : moderate calcification where 

8<[Ca
++

]<13 mg/dL, and (d) ++ : significant calcification where [Ca
++

]>13 

mg/dL. Adipogenesis was also classified with a similar semi-quantitative scale, 

based on the amount of positively stained lipid vacuoles for Oil Red O in the 

treated cultures: (a) - : no staining, (b) -/+ : poor staining with only a few areas 

(<10%) of stain, (c) + : moderate areas (10-40%) of staining, and (d) ++ : 

significant (>50%) areas of staining.  

4.2.9 q-PCR 

The q-PCR was performed on h-MSCs from 3 donors that were cultured for 15 

days in BM and the three media formulations that gave the most osteogenesis (i.e. 

groups which resulted in the highest calcification in previous studies). The study 

groups were: 1. BM (control), 2. Dex (10 nM) + BMP-2 (500 ng/mL), 3. Dex 

(100 nM) + Vit-D3 (10 nM) + BMP-2 (500 ng/mL), and 4. Dex (100 nM) + Vit-

D3 (50 nM) + BMP-2 (500 ng/mL). After washing the monolayers with HBSS, 

RNA was extracted and purified with an RNeasy kit using QIAshredders and an 

RNase-free DNase set for on-column digestion of genomic DNA. RNA 

concentration was determined by a GE NanoVue spectrophotometer, and 

sufficient RNA quality was confirmed by an Agilent 2100 Bioanalyzer using an 

Agilent RNA 6000 Nano LabChip kit. All samples were deemed acceptable (RIN 

≥ 6.9) with the exception of group 4 of one of the three donors and was excluded 

from this study. 

Each cDNA synthesis reaction was performed in 20 μL volume with 300 ng 

total RNA using M-MLV reverse transcriptase, as per the manufacturer’s 

instructions. Moreover, a combination of 0.5 μL random primers and 0.5 μL 

oligos (dT18) were also used to synthesize cDNA template.  

The q-PCR was performed as SYBR Green assays using an Applied 

Biosystems 7500 Fast Real-time PCR System. Cycle conditions were set to 2 min 

of 95 
o
C, followed by 40 cycles of 20 sec at 95 

o
C, 1 min at 60 

o
C and ending in a 
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default dissociation step. Primers for the experiment were designed using Primer 

Express 3.0 (Applied Biosystems). All 10 μL q-PCR reactions consisted of 2.5 μL 

of cDNA template, 2.5 μL of 3.2 μM primers (combined concentration), and 5 μL 

of a proprietary 2X master mix (Tris, KCl, MgCl2, Glycerol, Tween 20, DMSO, 

dNTPs, ROX, SYBR Green, and the antibody inhibited Taq polymerase-Platinum 

Taq; pH = 8.3). 

Prior to the q-PCR experiment, stable expression of glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) was confirmed for each group. All primer 

sets (Table  4-1) were validated with a four-sample 1/5 to 1/625 dilution series of 

a mixed cDNA sample composed of cDNA from each treatment; primer 

efficiency (∆Ct / log(dilution)) was found to be stable for each primer set for 

cDNA dilutions 1/25-1/625.  

Each sample from the 3 donors was analyzed in triplicate for each target gene 

using a cDNA dilution of 1/60. Data were analyzed by the ∆∆Ct method using 

group1 (BM) of one of the donors as a calibrator and normalizing to GAPDH. 

Hence data is reported as fold change compared to group1: BM (Figure  4-7).  
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Table  4-1: Sequence of the forward and reverse primers used for the q-PCR 

Target Gene (NCBI Ref. #) Forward Primer (5' to 3') Reverse Primer (5' to 3') 

GAPDH  

NM_002046.3 

ACCAGGTGGTCTCCTCTGACTTC GTGGTCGTTGAGGGCAATG 

PPARγ 

 NM_015869.4 

AGACATTCAAGACAACCTGCTACAA GGAGCAGCTTGGCAAACAG 

BSP 

NM_004967.3 

AAGCTCCAGCCTGGGATGA TATTGCACCTTCCTGAGTTGAACT 

aP2 

NM_001442.2 

CATAAAGAGAAAACGAGAGGATGATAAA CCCTTGGCTTATGCTCTCTCA 

ON 

NM_003118.2 

TCCGTACGGCAGCCACTAC GCATGGCTCTCAAGCACTTG 

Runx2 

NM_004348.3 

TCAGCCCAGAACTGAGAAACTC TTATCACAGATGGTCCCTAATGGT 

ALP 

NM_000478.4 

AGAACCCCAAAGGCTTCTTC CTTGGCTTTTCCTTCATGGT 
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4.2.10 Statistical Analysis 

All assays were performed in triplicate for each donor, for a total of 3 cell 

donors. The results were expressed as mean and standard deviation (SD). Data 

were analyzed by one-way analysis of variance (ANOVA) using SPSS version 

18.0 software package (SPSS, Chicago, IL, USA). Intergroup variations were 

analyzed using ‘Tukey HSD’ testing. Statistical significance was determined by p-

values < 0.05. 

 

4.3 RESULTS 

4.3.1 Initial Response of h-MSCs to Osteogenic Supplements 

The DNA and specific ALP activity of h-MSCs were investigated in short time 

culture (7 and 11 days) in BM (control) and medium supplemented with b-FGF, 

BMP-2 and b-FGF+BMP-2 combination. The summary of the DNA analysis is 

provided in Figure  4-1A (day 7) and 1B (day 11). At day 7, h-MSCs treated in 

the absence of growth factors did not show any differences in DNA content with 

different media, indicating no effect of GP, Dex, and GP+Dex combinations on 

cell proliferation. In the presence of b-FGF, the combination of BM+GP+Dex 

significantly enhanced DNA content as compared to control cultures (BM only) 

and cultures treated with BM+GP (p<0.05), while BM+Dex demonstrated higher 

DNA amount as compared to BM only (p<0.05). The h-MSCs treated with BMP-

2 did not show a significant variation in DNA content among the treatment 

groups. In the presence of the b-FGF+BMP-2 combination, the h-MSCs cultured 

in BM+Dex and BM+GP+Dex demonstrated higher DNA content as compared to 

h-MSCs cultured in BM alone and BM+GP (p<0.05).  

On day 11, there was no effect for b-FGF, BMP-2, or b-FGF+BMP-2 groups in 

terms of total DNA content for h-MSCs cultured in BM (Figure  4-1B). On the 

other hand, BMP-2 treated h-MSCs gave increased DNA content when cultured in 

BM+Dex and BM+GP+Dex as compared to cells treated with BM+GP (p<0.05), 

but not as compared to BM alone (p>0.05).   
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Figure  4-1: Effect of different osteogenic supplements (GP “10 mM”, Dex “10 

nM”, b-FGF “10 ng/mL”, and BMP-2 “1 µg/mL”) on total DNA content of the h-

MSCs. The analysis was conducted on day 7 (A) and day 11 (B). The data is a 

summary from three cultures of h-MSCs derived from three different donors. Due 

to significant variations in the DNA amounts of different donors, all samples were 

normalized with the control treatment of individual donors (i.e., h-MSCs treated 

with BM alone; indicated to be equivalent to 1.0). The significantly different groups 

are indicated (*: p<0.05). 

 

The summary of the specific ALP activity is provided in Figure  4-2A (day 7) 

and 2B (day 11). At day 7 in the absence of growth factors, h-MSCs cultured with 

BM+Dex and BM+GP+Dex gave significantly elevated ALP activity as compared 

to the cells cultured in BM alone and BM+GP (p<0.001). A similar effect was 

also evident in the presence of b-FGF, BMP-2 and b-FGF+BMP-2 combination; 

cells cultured in BM+Dex and BM+GP+Dex showed higher ALP activity as 

compared to cells cultured in BM or BM+GP (p=0.05). However, the specific 

ALP responses obtained from the BM+Dex and BM+GP+Dex cultured h-MSCs 
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were generally attenuated in the presence of growth factors (p<0.005), compared 

to the cells treated with no growth factors. Addition of GP failed to enhance ALP 

activity under all conditions, and Dex addition was essential for such a response. 

The specific ALP activity was generally elevated in all cultures on day 11 

(Figure  4-2B). In the absence of growth factors, or presence of b-FGF and BMP-

2 alone, the ALP activity was again elevated in cells cultured in BM+Dex or 

BM+GP+Dex, as compared to BM and BM+GP cultured h-MSCs (p=0.005). 

Among the cells treated with the b-FGF+BMP-2 combination, h-MSCs cultured 

in BM+Dex gave higher ALP activity as compared to BM and BM+GP cultures 

(p=0.005). Addition of b-FGF alone or in combination with BMP-2 significantly 

decreased the ALP activity obtained in BM+Dex and BM+GP+Dex media, as 

compared to similar cultures in the absence of growth factors (p<0.05). 
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Figure  4-2:  Effect of different osteogenic supplements (GP “10 mM”, Dex “10 

nM”, b-FGF “10 ng/mL”, and BMP-2 “1 µg/mL”) on specific ALP activity of h-

MSCs. The analysis was conducted on day 7 (A) and day 11 (B). The data is a 

summary from three cultures of h-MSCs derived from three different donors. Due 

to significant variations in the ALP activity of different donors, all samples were 

normalized with the control treatment of individual donors (i.e., h-MSCs treated 

with BM alone). The significantly different groups are indicated (***: p<0.001**: 

p<0.005, and *: p<0.05 as compared to cultures treated with BM and BM+GP). 

 

4.3.2 Dose Dependent Response of h-MSCs to Dex, BMP-2, Vit-D3 and b-

FGF 

Longer term osteogenesis of h-MSCs was then investigated by culturing the 

cells in BM containing GP (10 mM) and in the presence of various concentrations 

of supplements. The GP was added to media since this supplement is known to be 

essential for in vitro mineralization. The control group was treated with BM 

without any supplements. As before, the DNA content and specific ALP activity 

were determined in addition to in vitro calcification. 
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4.3.2.1 DNA Content  

The DNA content of the treatment groups was generally lower on day 15 

(Figure  4-3A) than the control BM group without supplements. The DNA content 

of h-MSCs treated with 10 nM Dex+0 nM Vit-D3+0 ng/mL BMP-2 was 

significantly higher than h-MSCs treated with 10 nM Dex +50 nM Vit-D3+0 

ng/mL BMP-2  (p<0.005). Similarly, cultures treated with 10 nM Dex+0 nM Vit-

D3+500 ng/mL BMP-2 demonstrated higher DNA content as compared to similar 

cultures treated with 10 nM (p<0.05) and 50 nM (p<0.001) Vit-D3. On the other 

hand, the b-FGF significantly increased the total DNA content of h-MSCs treated 

with 100 nM Dex+0/50 nM Vit-D3+500 ng/mL BMP-2, as compared to similar 

treatments without b-FGF (p<0.001). Increasing Dex and BMP-2 concentrations 

did not show any detrimental effects on the DNA content of h-BMC cultures. 

In longer cultures (day 25), there was no significant effect of increasing Dex or 

Vit-D3 on the DNA content of the treated h-MSCs (Figure  4-3 B). Addition of b-

FGF, however, increased DNA content of cultures treated with 10/100 nM Dex+0 

nM Vit-D-3+500 ng/mL BMP-2 as compared to similar cultures treated in the 

absence of b-FGF (p<0.05).  
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Figure  4-3: Effect of different osteogenic treatments on total DNA content of the 

h-MSCs. The analysis was conducted on day 15 (A) and day 25 (B). The data is a 

summary from three cultures of h-MSCs derived from three different donors. Due 

to significant variations in the DNA amounts of different donors, all samples were 

normalized with the control treatment of individual donors (i.e., h-MSCs treated 

with BM alone). The significantly different groups are indicated (***: p<0.001, **: 

p<0.005, and *: p<0.05). 
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4.3.2.2 Specific ALP activity 

On day 15, the specific ALP activities of h-MSCs were generally higher 

without b-FGF treatment (Figure  4-4 A). In the absence of b-FGF, Vit-D3 (50 

nM) had a stimulatory role in specific ALP activity, which was considerably 

increased by treatments with 100 nM Dex+0 ng/mL BMP-2, 100 nM Dex+200 

ng/mL BMP-2 and 10 nM Dex+500 ng/mL BMP-2 (p<0.05) as compared to 

control cultures. The specific ALP activity was also stimulated in cultures treated 

with 50 nM Vit-D3+100 nM Dex+200 ng/mL BMP-2 as compared to cells treated 

similarly but without Vit-D3 (p<0.05). In the presence of b-FGF, cells treated 

with 100 nM Dex+50 nM Vit-D3+200 ng/mL BMP-2 displayed reduced specific 

ALP activity (p<0.005) as compared to similar cultures treated in the absence of 

b-FGF. Although there was a general trend of increasing specific ALP activity 

with increasing Vit-D3 concentration in the presence of b-FGF, there were no 

significant differences among the groups on day 15. Increasing Dex and BMP-2 

concentrations did not appear to change the specific ALP activity of treated h-

MSCs in this time frame. 

On day 25, there was a general reduction in the specific ALP activity among 

the groups (compare scales in Figure  4-4 A and 4B). Vit-D3 again appeared to 

increase specific ALP activity, as evident by the increased ALP activity in 100 

nM Dex+50 nM Vit-D3+0 ng/mL BMP-2, 100 nM Dex+10 nM Vit-D3+200 

ng/mL BMP-2, 100 nM Dex+50 nM Vit-D3+200 ng/mL BMP-2, 10 nM Dex+50 

nM Vit-D3+500 ng/mL BMP-2, and 100 nM Dex+50 nM Vit-D3+500 ng/mL 

BMP-2 groups as compared to control group (p<0.05 in all cases). The specific 

ALP activity was also stimulated in cultures treated with 50 nM Vit-D3+100 nM 

Dex+0 ng/mL BMP-2 and 50 nM Vit-D3+100 nM Dex+200 ng/mL BMP-2 as 

compared to cells treated similarly but without Vit-D3 (p<0.05). Increasing Dex 

concentration from 10 nM to 100 nM in cultures treated with 50 nM Vit-D3 and 

200 ng/mL BMP-2 significantly increased the ALP activity (p<0.05).  Addition of 

b-FGF to 100 nM Dex+50 nM Vit-D3+200 ng/mL BMP-2 decreased ALP 

activity in treated cells as compared to cells exposed to similar conditions but 
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without b-FGF (p<0.05). There was no effect of increasing BMP-2 concentration 

(from 0 to 500 ng/mL) on specific ALP activity of h-MSCs at this time point. 

 

 

Figure  4-4: Effect of different osteogenic treatments on specific ALP activity of 

the h-MSCs. The analysis was conducted on day 15 (A) and day 25 (B). The data is a 

summary from three cultures of h-MSCs derived from three different donors. Due 

to significant variations in the DNA amounts of different donors, all samples were 

normalized with the control treatment of individual donors (i.e., h-MSCs treated 

with BM alone). The significantly different groups are indicated (**: p<0.005, and *: 

p<0.05).  
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4.3.2.3 Calcification 

There was a lack of calcification for h-MSCs on day 15 (not shown), but 

calcification was evident on day 25 (Figure  4-5). Cells cultured in BM without 

any supplements did not yield any calcified deposits over the 25 days, indicating a 

lack of dystrophic calcification under our experimental conditions. In the absence 

of any growth factors, calcification was evident with increasing Dex concentration 

from 10 to 100 nM (p<0.05). In the absence of b-FGF, increasing Dex 

concentration from 10 to 100 nM also enhanced calcification of h-MSCs treated 

with Vit-D3 (10 or 50 nM) and BMP-2 (200 and 500 ng/mL)  (p<0.01 in all 

cases).  In the presence of b-FGF, increasing Dex concentration from 10 to 100 

nM also enhanced calcification only in h-MSCs treated with Vit-D3 (10 or 50 

nM) and BMP-2 (0 and 500 ng/mL) (p<0.01 in all cases).   

The effect of Vit-D3 on the calcification of h-MSCs was dependent on other 

supplements. In the absence of b-FGF, a detrimental effect of Vit-D3 (50 nM) was 

seen for cultures treated with 10 nM Dex and 200 or 500 ng/mL BMP-2 (p<0.05) 

as compared to similar cultures treated without Vit-D3. In the presence of b-FGF, 

only h-MSCs treated with 100 nM Dex and, 10 and 50 nM Vit-D3 showed 

significant calcification irrespective of the BMP-2 concentration (p<0.01).  

In the absence of b-FGF, BMP-2 was stimulatory for calcification; for 

example, increasing BMP-2 concentration from 0 to 500 ng/mL in cultures with 

10 nM Dex+0 or 10 nM Vit-D3, and 100 nM Dex+10 or 50 nM Vit-D3 showed a 

BMP-2 dose dependent increase in calcification (p<0.05). Addition of b-FGF 

resulted in significant reduction in mineralization in all cultures treated with the 

highest BMP-2 concentration (500 ng/mL) except one culture (10 nM Dex+50 nM 

Vit-D3) as compared to similar cultures without b-FGF (p<0.05 in all cases).  

Cultures treated with 100 nM Dex+0 nM Vit-D3+200 ng/mL BMP-2 and in the 

presence of 10 ng/mL b-FGF demonstrated inhibition of calcification as compared 

to cultures exposed to the same treatment but without b-FGF (p<0.005). 
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Figure  4-5: Effect of different osteogenic supplement combinations on 

calcification of h-MSCs on day 25.  Each bar represents the mean + SD from 3 

donors and no normalization was employed in this analysis (***: p<0.005, **: 

p<0.01, and *: p<0.05). Lines indicate significant changes in calcification due to Vit 

D3 (dashed line) and BMP-2 (dotted line). 

 

4.3.3 Comparison of Osteogenic and Adipogenic Response of h-MSCs 

Following treatment of h-MSCs with different supplements, some cultures 

gave lipid droplet-like deposits in cells, which were positively stained with Oil 

Red O, whereas h-MSCs grown in BM did not produce such results. A 

comparison between calcification (osteogenesis) and Oil Red O staining 

(adipogenesis) in treated h-MSCs was then pursued to investigate the best 

supplement combination for enhanced osteogenesis without adipogenesis. 

Adipogenesis was characterized based on Oil Red O staining and classified into 

“No”, “Poor”, “Moderate” and “High” based on the amount of positively stained 

lipid vacuoles (Figure  4-6), as well as specific changes in molecular markers 

(Figure  4-7). Calcification from Figure  4-5 was used as a measure of 

osteogenesis for comparison purposes and summarized in Figure  4-6.  
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Figure  4-6: Adipogenic differentiation in h-MSCs based on Oil Red O staining. Adipogenesis was classified based on the amount of 

positively stained lipid droplets in treated cultures. (A) Typical spectrum of adipogenesis seen in cultures (a) - : no staining, (b) -/+ : poor 

staining with only a few areas (<10%) of Oil Red O stain, (c) + : Moderate areas (10-40%) stained with Oil Red O Stain, and (d) ++ : 

significant (>50%) areas of Oil Red O stain. (B) Summary of adipogenesis in h-MSCs after 15 and 25 days of treatment with different 

osteogenic supplements. Calcification from Figure  4-5 was summarized and was used as a measure of osteogenesis for comparison 

purposes and summarized in Figure  4-6 as follow: - : no calcification (Ca++= 0-3 mg/dL), -/+ : poor calcification (Ca++= 3-8 mg/dL), + : 

moderate calcification (Ca++= 8-13 mg/dL) and ++ : significant calcification (Ca++> 13 mg/dL). 
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Based on Oil Red O staining, Dex appeared to be most influential in 

adipogenesis. At day 15, in the absence of b-FGF, 10 nM Dex did not demonstrate 

any adipogenesis in any culture, but the adipogenesis was evident as the 

concentration of the Dex was increased to 100 nM in all groups, except the 0 nM 

Vit-D3+0 ng/mL BMP-2 and 0 nM Vit-D3+500 ng/mL BMP-2 groups. Stronger 

adipogenesis was seen in the presence of b-FGF; 10 nM Dex gave some 

adipogenesis in all groups treated in the presence of BMP-2 (200 and 500 ng/mL) 

irrespective of Vit-D3 concentration (except 0 nM Vit-D3+200 ng/mL BMP-2). 

All 100 nM Dex groups treated in the presence of BMP-2 (200 and 500 ng/mL) 

demonstrated adipogenesis, which increased in the presence of Vit-D3 

irrespective of its concentration (10 or 50 nM).  

At day 25, in the absence of b-FGF, 10 nM Dex gave some adipogenesis with 

200 and 500 ng/mL BMP-2 with 50 nM Vit-D3, but the level of adipogenesis was 

increased as the Dex concentration was increased to 100 nM. Stronger 

adipogenesis was seen with the addition of b-FGF; almost all 100 nM Dex groups 

(except 0 nM Vit-D3+0 ng/mL BMP-2) and 10 nM Dex groups treated with 

BMP-2 (except 0 nM Vit-D3+200 ng/mL BMP-2) gave adipogenesis. The 

strongest adipogenesis was seen in the presence of b-FGF (10 ng/mL) plus 100 

nM Dex+0 nM Vit-D3+200 /500 ng/mL BMP-2. In b-FGF treated groups, Vit-D3 

addition had a negative effect on the adipogenesis activity of h-MSCs in some 

cases (in the presence of BMP-2), but a stimulatory effect in others (in the 

absence of BMP-2). 
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Figure  4-7: Quantitative analysis of osteogenic and adipogenic gene markers at 

day 15. The specific groups were: 1. BM (control), 2. Dex (10 nM) and BMP-2 (500 

ng/mL), 3. Dex (100 nM), Vit-D3 (10 nM) and BMP-2 (500 ng/mL), and 4. Dex (100 

nM), Vit-D3 (50 nM) and BMP-2 (500 ng/mL). (A) ALP, (B) Runx2, (C)  ON, (D)  

BSP, (E)  PPARγ2, and (F) aP2. Data represent mean ± SD from 3 donors. (***: 

p=0.000, **: p<0.001, and *: p<0.05).       
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The q-PCR results for the expression levels of osteogenic and adipogenic 

markers are summarized in Figure  4-7. Only cells cultured in BM (control) and 

the three most osteogenic media were assessed for osteogenic and adipogenic 

gene-expression. The ALP expression level was increased 2.7-3.0 fold (p<0.05) in 

h-MSCs exposed to osteogenic treatments compared to control cultures 

(Figure  4-7A). The specific ALP activity (as measured by colorimetric assay on 

day 15) and ALP mRNA levels (as measured by q-PCR on day 15) gave 

comparable responses in h-MSCs under these treatments. The expression of 

Runx-2 in all osteogenic groups was 2.0-2.6 fold higher as compared to the 

cultures in BM (Figure  4-7B). ON was slightly decreased in osteogenic media as 

compared to control; however, this difference was not significant (Figure  4-7 C). 

BSP expression was pronouncedly increased in groups 3 and 4 by ~14 fold 

(p<0.05 as compared to control) and ~48 fold (p<0.001 as compared to all 

groups), respectively (Figure  4-7 D). The adipogenic genes PPARγ2 and aP2 

were significantly up-regulated in groups 3 and 4, but not in group 2 (Figure  4-7 

E). The PPARγ2 expression was 4.4-fold increased in group 3 (p<0.05 as 

compared to all groups) and ~7 fold in group 4 (p<0.05 as compared to all 

groups). Moreover, the expression of aP2 was increased by ~172 fold in group 3 

(p<0.000 as compared to group 1 and 2) and by ~250 fold in group 4 (p<0.001 as 

compared to all groups) (Figure  4-7 F). 

 

4.4 DISCUSSION 

 In tissue engineering based cellular therapies, one will rely on osteogenic cells 

cultivated in designer scaffolds to create a viable bone tissue in a bony defect site. 

It is desirable to use h-MSCs and induce them into osteogenic pathway during in 

vitro culture before implantation. Therefore, the aim of this study was to 

investigate the effects of Dex, BMP-2, Vit D3 and b-FGF on h-MSC osteogenesis 

in vitro to determine their potential for developing a cell-based therapy. Although 

there is extensive literature on in vitro osteogenic differentiation of h-MSCs, there 

were no studies that simultaneously investigated osteogenesis and adipogenesis 

with a wide range of concentrations and combinations of different supplements 
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(16 treatments in initial experiments and 37 treatments in subsequent experiments 

presented in our study). Most of the previous reports on differentiation of h-MSCs 

focused on either osteogenic or adipogenic differentiation of h-MSCs exposed, 

respectively, to osteogenesis or adipogenesis inducing media. We avoided this 

approach and evaluated the osteogenic and adipogenic differentiation concurrently 

in h-MSC cultures to provide a complete picture in clarifying the role of the 

supplements Dex, Vit-D3, b-FGF, and BMP-2. To the our best knowledge, most 

reports focused on osteogenic differentiation and lacked adipogenesis data in h-

MSCs cultures exposed to osteogenic media containing BMP-2, Vit-D3 or b-FGF, 

which might explain some of the reported deleterious effects of these agents on 

osteogenic differentiation in h-MSCs.
135-137

 Jaiswal et al.
122

 extensively studied 

the osteogenic effects of Dex at 1-1000 nM, GP at 1-10 mM, and AA at 0.01 to 4 

mM on h-MSCs and did not observe any adipogenesis with different doses of Dex 

(1-1000 nM) based on Oil Red O staining, but they did not studied the associated 

adipogenic gene-expression at the mRNA level. Moreover, Piek et al.
138

 

extensively studied osteogenic differentiation induced by Dex (100 nM), BMP-2 

(250 ng/ml), and Vit-D3 (10 nM) and identified the role of the proto-oncogene c-

MYC as a regulator of osteogenesis, however they did not explore the effects of 

these supplements on the adipogenic differentiation of h-MSCs. On the other 

hand, our study presented balanced osteogenesis and adipogenesis data for several 

combinations of supplements and presented optimal conditions for osteogenesis 

with minimal induction of adipogenesis based on ALP activity, calcification and 

expression of specific osteogenic and adipogenic markers. Our study reported 

similar responses in h-MSCs derived from the three different donors, so that our 

findings could be generally applicable to a wider population, although the latter 

extrapolation will require further investigation with additional cell sources. 

The studies performed here initially relied on DNA content and ALP activity to 

investigate the response of h-MSCs to the supplements. The total DNA content 

was used as a measure of cell mass and to detect any detrimental effects of 

osteogenic supplements on cell proliferation. ALP is considered to be an early 

marker for osteoblastic differentiation that becomes up-regulated in vitro within 
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two weeks of osteogenesis.
139

 It promotes mineralization through hydrolysis of 

pyrophosphate and ATP (an inhibitor of mineralization), and it is essential for 

phosphate production at local sites needed for the hydroxyapatite 

crystallization.
133

 The specific ALP activity (as measured by a colorimetric assay 

on day 15) and ALP mRNA levels (as measured by q-PCR on day 15) 

demonstrated comparable responses in h-MSCs, suggesting that the ALP activity 

colorimetricly measured throughout this study could be linked to gene-expression. 

Our results demonstrated that GP alone did not affect cell viability (i.e., DNA 

content) and failed to promote ALP activity at any time point, but the addition of 

Dex was essential for the desired ALP response. Dex exposure additionally 

induced cellular proliferation of h-MSCs in early culture (day 7 and 11). Our data 

were similar to the study by Jaiswal et al.,
122

 who demonstrated a significant 

increase in ALP activity and mineralization in h-MSCs exposed to osteogenic 

media containing 10 nM Dex, unlike cells grown with GP (10 mM) alone.  

We expected the prototypical morphogen BMP-2 with its ability to induce  

de novo bone to impart significant osteogenesis in h-MSCs. On the contrary, 

Jorgensen et al.
43

 reported that BMP-2 alone did not affect ALP activity and 

poorly induced in vitro calcification by h-MSCs. We made a similar observation 

in this study where, based on ALP activity as a measure of osteogenic 

differentiation, the BMP-2 effect was enhanced when h-MSCs were additionally 

exposed to BM+Dex or BM+GP+Dex combinations, so that these supplements 

might be needed for a strong BMP-2 effect in culture. The b-FGF, on the other 

hand, acted to increase cellular mass under numerous culture conditions in this 

study, while reversing osteogenesis. This was consistent with the literature on the 

mitogenic effects of b-FGF on MSCs,
140, 141

 and anti-osteogenic effects mediated 

by b-FGF in human and rat MSCs.
136, 141

 

We subsequently investigated dose dependent responses of the cultured h-

MSCs to the supplements. Unlike the early time points, Dex did not change 

cellular proliferation or ALP activity of h-MSCs at late time points (days 15 and 

25), but it enhanced mineralization in a dose dependent manner, as noted 

earlier.
122

 However, increased mineralization of h-MSCs at higher Dex 
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concentrations also resulted in significant appearance of Oil Red O-stained cells. 

Increased adipogenesis was confirmed under select conditions, based on elevated 

expression of the adipogenic markers PPARγ2 and aP2. PPARγ2 is an early stage 

marker 
142

 and aP2 is a late stage marker of adipogenic differentiation.
143

 The 

expression of aP2 is limited to adipocytes in vitro and in vivo, and an adipose-

specific enhancer component was identified in the 5' flanking region of the 

gene.
144

 In contrast, Jaiswal et al.
122

 did not observe any adipogenesis in h-MSCs 

treated with different doses of Dex (1-1000 nM) based on Oil Red O staining, but 

they did not study the associated adipogenic gene-expression at the mRNA level. 

This might be due to different isolation protocol and/or variability in the cell 

source. Having adipogenesis in the induced cells is not desirable, since it might 

reduce the osteogenic cell pool at the transplant site, and it is imperative to 

minimize this activity for cultures destined for clinical application.  

The influence of Vit-D3 on osteogenesis was previously investigated with h-

MSCs;
135

 Vit-D3 (10 nM) markedly inhibited cellular proliferation, enhanced 

ALP activity and reduced mineralization in Dex (10 nM) treated h-MSCs. In our 

hands, increasing Vit-D3 concentration from 0 to 50 nM in the presence of Dex 

resulted in reduced DNA content and mineralization in cultures treated in the 

absence of b-FGF, which is in accordance with others’ observations. Reduced 

mineralization might be due to reduced cell proliferation induced by increasing 

Vit-D3 concentration.  The addition of Vit-D3 was stimulatory for adipogenesis in 

h-MSCs used in our study, in line with observations in the rat calvarial cells 

cultured with similar concentrations of the supplements,
145

 where adipogenesis 

was increased in a dose dependent manner for Vit-D3 (from 0.1 to 100 nM) and 

Dex (from 1 to 100 nM). A synergistic effect for Vit-D3 and Dex on adipogenesis 

was evident in h-MSCs (this study) and rat calvarial osteoblasts.
145

 Interestingly, 

addition of Vit D3  (10 or 50 nM) plus Dex (100 nM) significantly enhanced 

calcification of h-MSCs after 25 days only in the presence of 10 ng/mL b-FGF, 

irrespective of the BMP-2 concentration. It is likely that the Vit-D3 and Dex 

inhibited b-FGF induced adipogenesis and supported osteogenesis in h-MSCs as 
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evidenced by reduction in lipid formation concurrent with a significant increase in 

mineralization at this time point.  

The BMP-2 gave dose dependent mineralization in h-MSCs, consistent with 

other studies on the activity of this morphogenetic protein on rat and h-MSCs.
137, 

141
 Conversely, the highest BMP-2 concentration (500 ng/mL) reduced cell mass 

of cultured h-MSCs at day 25, which was significantly improved by co-treatment 

with b-FGF. It is likely that cell mass (as measured by the DNA content) might 

have been reduced due to enhanced extracellular mineralization caused by BMP-

2. In parallel with osteogenesis, BMP-2 also gave enhanced adipogenesis in some 

cases, for example in combination with Dex (100 nM) and b-FGF (10 ng/mL). 

Previous studies reported negative effects of Dex on osteogenesis as a result of 

preferential adipogenic differentiation in rat calvarial cells (based on Oil Red O 

staining), in cells treated with 10 nM Dex and 100 ng/ml BMP-2.
146

 BMP-7 (100 

ng/mL) also gave elevated expression of adipocyte specific genes aP2, 

adiponectin and lipoprotein lipase in h-MSCs in osteogenic media (10 mM GP, 50 

µg/mL AA, and 100 nM Dex).
147

 BMP-7 (50-200 ng/mL) was also capable of 

inducing adipogenesis in h-MSCs cultured in conditions favoring chondrogenic 

differentiation in the absence of TGF-ß3.
148

 Therefore, there seems to be 

consistent data in the literature that the presence of BMPs might stimulate 

adipogenesis under 'osteogenic' culture conditions.  

Combinations of BMP-2 and b-FGF demonstrated synergistic osteogenic 

effects during differentiation of h-MSCs and bone formation in vivo.
149

 The BMP-

2+b-FGF co-treatment used in our experiment was intended to investigate this 

synergistic action, but no such synergistic effects were evident on osteogenic 

responses of h-MSCs. In fact, b-FGF treatment consistently deteriorated BMP 

stimulated osteogenic differentiation in h-MSCs, in line with previous studies on 

h-MSCs.
136

 However the latter studies did not investigate adipogenesis. The 

stronger adipogenesis seen in h-MSCs cultured in the presence of b-FGF in this 

study might explain the reduction in osteogenesis in treated h-MSCs. It is likely 

that b-FGF increased the population of other cell lineages as they share the same 

multipotent precursors in the bone marrow.
150

 Conversely, Akita et al.
149
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demonstrated significant enhancement of ALP activity following treatment of h-

MSCs with b-FGF (2.5 ng/mL) and BMP-2 (50 ng/mL) for 4 days after 6 days of 

osteogenic treatment with Dex (100 nM), AA (0.05 mM) and GP (10 mM). 

Sequential addition of the media supplements and the lower concentration of 

BMP-2 and b-FGF used in Akita`s study might lead to increased ALP activity and 

presumably osteogenesis, unlike our results.  

Osteogenesis in our strongly mineralizing cultures was also confirmed based 

on specific changes at the mRNA levels of ALP, BSP, ON, and Runx-2. Runx-2 

is expressed in pre-osteoblasts, immature osteoblasts, and early mature 

osteoblasts.
151

 ON is involved with the onset of crystal nucleation.
152

 BSP 

indicates a late phase of osteoblast differentiation and an initial phase of 

mineralization.
153

 Our study reported considerable enhancement of in vitro 

calcification in cultures enriched with the highest concentration of BMP-2 and 

Dex (i.e., cultures treated with 100 nM Dex+10 nM Vit-D3+500 ng/mL BMP-2, 

and 100 nM Dex+50 nM Vit D3+500 ng/mL BMP-2) more than the lower 

concentrations. This was confirmed with increased expression of ALP, Runx-2 

and BSP as compared untreated control cells. Unlike other markers, ON 

expression was not significantly changed in h-MSCs and we note a similar 

observation in a previous independent study.
132

 Adipogenesis in these cultures 

paralleled osteogenesis, given by significant up-regulation of the adipogenic 

markers PPARγ2 and aP2. Our results are consistent with a previous report,
147

 

which indicated enhanced expression of osteogenic markers (ALP, Runx-2, 

osteopontin, and osteocalcin) as well as adipogenic markers (aP2, adiponectin, 

and lipoprotein lipase) in h-MSCs exposed to similar osteogenic media (10 mM 

GP, 100 nM Dex, but with 100 ng/mL BMP-7). A critical issue is to identify 

culture conditions that optimize osteogenesis with no or minimal adipogenesis. In 

our hands, this condition was attained at 10 nM Dex, 500 ng/mL BMP-2, and 

without Vit-D3 and b-FGF. It must be stated that this conclusion is based on 

addition of media supplements to h-MSCs simultaneously. It is likely that 

sequential addition of the media supplements might alter this picture and lead to 

different results. This was considered beyond the scope of the current study. We 
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can envision employing conditions that do not support osteogenesis initially (e.g., 

culture in BM + b-FGF supplementation) following by exposure to osteogenic 

supplements (e.g., Dex and BMP-2) when sufficient cell expansion occurs. 

The concept of reconstructing craniofacial defects with MSCs from bone 

marrow was successfully validated in different animal models,
55, 154

 with 

osteogenically induced cells yielding better bone induction in animal models.
155

 

However, the use of h-MSCs for bone regeneration in humans is rare. Gimbel et 

al.
58

 implanted collagen scaffolds seeded with bone marrow aspirates into human 

cleft defects and reduced morbidity compared to autologous grafts, but they did 

not report any quantitative measurement of bone formation at defects. Behnia et 

al. 
59

 implanted h-MSCs combined with a demineralized bone mineral/calcium 

sulphate scaffold to obtain <50% bone fill. Both studies employed h-MSCs with 

no osteogenic conditioning. Hibi et al.,
61

 on the other hand, employed 

osteogenically induced h-MSCs to repair an alveolar cleft in a 9 year old patient, 

which resulted in ~79% bone fill after 9 month post-operatively with successful 

eruption of lateral incisor and canine. The conditioning was attempted with 

platelet-rich plasma, whose osteogenic effects are difficult to dissect due to its 

various constituents.  No attempts have been made to optimize the osteogenic 

conditioning of the cells using purified supplements (such as the ones used in this 

study) before transplantation. Employing purified reagents might be a better 

approach since it can provide better control over the potency and reproducibility 

of cellular differentiation. The outcome of cell-based therapies for bone 

regeneration could be accordingly optimized with such an approach, potentially 

providing a superior alternative for autologous grafts. Our studies delineated the 

conditions for phenotypic differentiation of h-MSCs and it will be important to 

explore in vivo potential of phenotypically differentiated h-MSC for translation 

into clinics. 

In conclusion, Dex was found to be most essential for osteogenesis of h-MSCs 

in vitro, but high concentrations of Dex (100 nM) also enhanced adipogenesis of 

h-MSCs. Vit D3 appeared to be essential for calcification only in the presence of 

b-FGF. But in the absence of b-FGF, increasing Vit-D3 in culture (e.g., from 0 to 



 68 

50 nM) did not have any additive effect on mineralization and, in fact, increased 

adipogenesis in some cases. BMP-2 demonstrated a dose dependent increase in 

mineralization as its concentration increased from 0 to 500 ng/mL, but its effect 

was more pronounced in the presence of Dex. Although b-FGF (10 ng/mL) was 

beneficial in enhancing DNA content in some cases, it deteriorated osteogenic and 

enhanced adipogenic features of the cultured h-MSCs. Our results indicated that 

under appropriate priming with the optimal Dex and BMP-2 concentrations, h-

MSCs could be stimulated for osteogenesis with minimal adipogenesis. These 

studies provide a framework for obtaining optimal osteogenesis with h-MSCs and 

this will be indispensable for clinical tissue engineering efforts that will rely on 

conditioned cells to induce a viable bone tissue in desired repair sites. 
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Chapter 5  

 

Reliable critical-sized defect  

rodent model for cleft palate research 
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5.1 BACKGROUND 

Repair of Alveolar clefts defects remains a challenging surgical procedure. 

Few treatment options are considered for cleft patients including 

gingivoperiosteoplasty and secondary bone grafting. The gingivoperiosteoplasty 

technique is utilized to permit bone healing by creating a periosteal tunnel 

between the cleft alveolar segments.
156

 Together with preoperative orthodontic 

alveolar molding, the alveolar gap is reduced and adequate alveolar bone 

regeneration was reported in approximately 60% of treated patients.
157

 Grafting 

autologous bone from patients’ iliac crest is another treatment modality. However, 

donor site morbidity, persistent pain, nerve injury, infection, fracture, scarring, 

and paraesthesia may hamper this method.
158

 Therefore, developing innovative 

grafting therapies based on artificial bone grafts would have a tremendous impact 

on cleft palate reconstruction. The main benefits of these artificial bone grafts are 

reduced donor site morbidity, hospital stay duration, and overall procedure cost. 

An appropriate animal model is essential for testing new bone grafting 

therapies. Available animal models of cleft palate include both congenital and 

surgical clefts. Teratogenic and transgenic cleft models were established. 

Teratogenic pharmaceuticals (phenytoin and corticosteroids) or genetic mutations 

(Twirler gene (Tw/Tw) in mice) are utilized to develop cleft palate with either 

unilateral or bilateral clefts lip.
159-162

 These models significantly enhanced our 

understanding of etiology and morphogenetic factors contributing to cleft 

development, but they were not utilized for development of new grafting 

therapies.
34

 This could be due to the small maxilla size in mice models as well as 

the variability in cleft size and anatomical location. Therefore, surgical cleft 

models were considered more suitable for efficacy testing for new biomaterials 

for bone grafting. The created surgical defects should be critically sized i.e. bony 

voids of a size that cannot heal spontaneously during the lifespan of the animal.
163

  

Surgical clefts were produced in primates,
73, 164

 dogs,
74

 and rabbits.
75, 165

 But 

these models are limited by high operational and husbandry cost. This led to the 

development of rodent models of gingivoperiosteoplasty namely mid palate cleft 

model (MPC) and alveolar cleft model (AC). In 2000, Mehrara et al.
33

 developed 
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the MPC model (9×5×3 mm
3
) and demonstrated complete bone healing by 12 

weeks. However this study did not report strain, age, or weight for the tested rat 

model. It also provided semi-quantitative assessment of bone formation based on 

anterioposterior and mediolateral radiographs that are limited by: superimposition 

of structures, variable magnification, and distortion. This led to the development 

of the AC model (7×4×3 mm
3
) by Nguyen et al.

34
 in 8 week old Sprague Dawley 

rats.
8
 Based on histology and micro-computed tomography (μCT), there were no 

statistically significant difference in bone formation in the defect site between 4, 8 

and 12 weeks, making it a suitable critical size defect. However, Bone grafting 

using bone morphogenetic proteins (BMP-2) based scaffolds in the established 

AC model
34

 did not reveal any significant effect for BMP-2 on bone formation 

over 12 weeks.
35

 Authors justified this because of burst release kinetics of BMP-2 

from collagen scaffold and incompletely sealed oral tissue. But looking into the 

μCT images of the created alveolar defects,
34

 communications between the 

created cleft defects and surrounding anatomical structures such as nasal cavity 

and periodontal ligament space of the incisor teeth were identified. This could 

result in substantial loss of BMP-2 with subsequent suboptimal BMP-2 

concentration at the defect site. Toward this end, there is no reliable, reproducible 

and cost-effective animal model suitable for testing new bone grafting 

alternatives, which could explain the delays for developing alternative therapies 

for secondary bone grafting. Therefore, our study critically assessed and 

compared the current rodent models of cleft palate (MPC and AC) to identify the 

most reliable model. This study also proposed alterations in the design of two 

models based on preoperative virtual planning to avoid damage to surrounding 

anatomical structures. Finally, bone healing in the modified models was 

thoroughly evaluated over 8 weeks to confirm the critical size nature of the 

defects. 
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5.2 METHODS 

A series of successive experiments is presented in this article. In the pilot study 

we attempted to reproduce the published 7×4×3 mm
3
 AC model in 8 weeks old 

Sprague Dawley rats.  However, this resulted in significant injury of the 

surrounding structures including the incisor teeth, nasal septum and palatine 

foramen. The same dimensions were then reproduced in 16 weeks old Sprague 

Dawley rats and damage to the same structures was again observed. We then 

compared the anteroposterior and transverse dimensions of the maxilla in 16 

weeks old Sprague Dawley vs. Wistar rats (n=4/group). Subsequently, virtual 

planning for the appropriate design of MPC and AC defects was performed in 16 

weeks old Wistar rats (n= 4). Finally, we conducted a comparative study to assess 

bone healing following employing the designed defects based on virtual planning 

in 16 weeks old Wistar rats weighing 375-400 g (n=6/group). Modified defects 

were designed to be at least 1 mm away from roots of the incisors to avoid 

damage to PDL, 1 mm away from the palatine foramen and 1 mm away from the 

zygomatic arch. Bone healing in the modified models was assessed by “in vivo” 

μCT (weeks 0, 4, and 8) and histology (week 8).   

5.2.1 Animals and surgical procedures 

The animal care committee at the University of Alberta approved the 

experimental protocol. Animals were housed in standard conditions (2 rats/cage at 

room temperature with 12 hour of light/dark cycle).  Soft diet and liquid gel packs 

were provided for the animals 2 days preoperative and 1 week postoperative, and 

then advanced to a regular diet. 

Rats were anesthetized by intra-peritoneal injections of Ketamine (75 mg/kg) 

and Domitor (0.5 mg/kg). Additionally, 0.25 ml of lidocaine 0.4% was injected at 

the surgical site. For MPC group, V-shaped incision was done at midline and 

extends bilaterally to the zygomatic arches. Using Bien Air surgical hand piece, 

MPC defects of 7×2.5×1 mm
3
 were created in the premaxilla. For AC group, 

longitudinal incision was made at the alveolar crest and AC defects of 5×2.5×1 

mm
3
 were created. Mucosal flaps were closed using 4-0 polyglactin absorbable 

sutures. At the end of the surgery, animals were recovered by intra-peritoneal 
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injections of 1mg/kg revertor (atipamezole hydrochloride). Postoperative pain 

control included subcutaneous administration of Metacam at 2 mg/kg (once/day) 

and Butorphanol at 0.2mg/kg (twice/day). Rats were evaluated daily for two week 

postoperative for any indications of pain (e.g. reduced activity, porphyrin staining, 

lethargy, loss of appetite or weight loss). 

5.2.2 In vivo µCT Assessment  

Rat maxillae were scanned with µCT scan (Skyscan 1176 in vivo µCT, 

Skyscan NV, Kontich, Belgium). Isoflurane (2% in oxygen) was used to 

anesthetize the rats during µCT imaging. All µCT scans were conducted at 100 

kV through 180º with a rotation step of 0.5º to produce serial cross-sectional 

images of isotropic 18 μm
3 

voxels. All images were processed using bundled 

commercial software. Cross-sectional µCT images and 3D models were utilized 

for cleft defect size measurements as well as morphometric analysis.  

5.2.3 Radiomorphometric analysis 

Reconstructed 3D images were subjected to analysis using Mimics software 

(Materialise, Leuven, Belgium) to measure anteroposterior and transverse 

dimensions of the maxillae in non operated 16 weeks old Sprague Dawley vs. 

Wistar rats (n=4). For this purpose, we utilized landmarks established by Gomes 

et al.
166

 in an axial viewing position (Figure  5-1). The distances from infraorbital 

foramen to incisal point (IF-IP) were measured bilaterally to represent the 

anteroposterior dimension while the distance between right and left IF was 

utilized for transverse measurements. Additionally, we used the same landmarks 

to compare maxillary growth over time between 16, 20 and 24 weeks old Wistar 

rats (n=4). 

Subsequently, different 2D and 3D views of µCT data of the scanned maxillae 

of non operated 16 weeks old Wistar rats (n=4) were carefully evaluated to plan 

the appropriate dimension and position of MPC and AC defects. For MPC defect, 

the maximum defect length and width were measured on the ventral surface of the 

3D reconstructed μCT images. Distance between IP and a point located 1 mm 

anterior to the palatine foramen was measured to represent the maximum length 

(anteroposterior dimension) of the defect. The distance was measured between 
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lines drawn 1 mm away from the right and left incisors and along the contour of 

palatine bone, representing the width of the defect. While, lateral surface of 3D 

reconstructed premaxilla was used to estimate the appropriate size of the AC 

defect that is 1 mm away from zygomatic arch, incisor root and palatine foramen. 

Additionally, 2D image μCT were used to measure the thickness of the palatine 

bone that represents the maximum depth for both MPC and AC defects. All 

measurements were completed and reassessed after one week by a single operator.  

Following virtual planning, both MPC and AC defects with the modified 

dimensions were employed in 16 weeks old Wistar rats (n=6 per group). Bone 

healing of the developed defects was monitored overtime using in vivo µCT 

imaging. A fixed rectangular region of interest (ROI) was employed to sample a 

standardized volume of the palatine bone in the premaxilla in order to perform 

standardized morphometric analyses. Incisor roots were utilized as anatomical 

landmarks for consistent selection of the same region of palatine bone from all 

samples. Skyscan CT-Analyser software (CTAn 1.10.0.1, SkyScan, Kontich BE) 

was used to binarize 2D transverse images with a gray scale thresholding of 

36/255 to measure bone volume (BV, mm
3
). The difference between BV at W0 

and subsequent time points (W4 and W8) was defined as bone filling volume, and 

the percentage ratio between the bone filling volume and initial defect volume at 

W0 was defined as percent bone filling. 
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Figure  5-1: Axial view of 3D reconstruction of rat maxilla showing landmarks 

used for anteroposterior and transverse measurements. IP: Incisal point and IF: 

Infraorbital foramen 

 

5.2.4 Histological assessment 

At the end point (8 weeks) all rats were euthanized by CO2. Maxillae were 

dissected and stored in 10% paraformaldehyde. Then, samples were washed with 

phosphate buffered saline (PBS) and immersed in 10% Disodium Ethylene 

Diamine Tetra Acetic acid (EDTA) for decalcification for 3 weeks. Samples were 

sectioned and stained with Hematoxylin and eosin (H&E) stain to assess bone 

formation at the cleft defect site.  

5.2.5 Statistics 

Student t-test was performed to determine if there is significant difference 

between different data sets and p values <0.05 were considered significant. All 

µCT measurements were completed and reassessed after one week by a single 

operator. The intraclass correlation coefficient (ICC) was used to estimate the 

intra-rater reliability.  
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5.3 RESULTS 

5.3.1 Validation of current cleft palate models  

Our preliminary studies utilizing a 7×4×3 mm
3
 AC defect in 8 weeks old 

Sprague Dawley rats resulted in injury of the surrounding structures including 

roots of incisors, zygomatic arch, and a clear communication with nasal cavity 

(Figure  5-2) based on gross examination of the dissected maxilla. In a subsequent 

study, we utilized older Sprague Dawley rats (16 weeks) for developing the AC 

defect. However the size of maxilla in the older rats (16 weeks) was not 

significantly different from the younger rats (8 weeks) and therefore the original 

alveolar defect measurements (7×4×3 mm
3
) also resulted in damage to the 

surrounding structures. These findings were confirmed by µCT assessment shown 

in Figure  5-3. Following this experiment, we performed morphometeric analysis 

of rat maxillae to verify the reproducibility of the reported dimensions in the two 

published models (MPC and AC).
33, 34

  

  

  

Figure  5-2: AC model (6×4×3 mm
3
) created in a representative 8 weeks old 

Sprague Dawley rat. A- lateral view of the defect with rat placed in supine position, 

and B- coronal section of gross specimen at the defect site confirming injury to 

incisor root and nasal tissues. 
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Figure  5-3: Representative μCT images of AC model (7×4×1 mm
3
) created in 16 

weeks old Sprague Dawley rats. Incisor segmentation was done to demonstrate the 

exposure of the incisor root (arc shaped) with these dimensions. A- Lateral view of 

representative 3D reconstructed premaxilla, and B-Coronal cross- sectional image 

 

5.3.2 Radiographic morphometric analysis 

Unpaired t-test was performed to determine if there is a difference in the size 

of the maxilla between Sprague Dawley and Wistar rats (16 weeks old). Two-tail  

p-value was 0.16 providing evidence that there were no differences in the 

anteroposterior and transverse dimensions two groups (Table  5-1). Furthermore, 

there was no significant difference in the anteroposterior dimensions between 

right and left side in each group (two-tail p-value was 0.47 and 0.65 for Sprague 

Dawley and Wistar rats, respectively) confirming palatal symmetry. Additionally, 

there were no significant differences in the anteroposterior or transverse 

dimensions measured in 16, 20, and 24 weeks old Wistar rats (Table  5-2).  

Table  5-1: Mean values of anteroposterior and transverse measurements of 

maxillae of 16 weeks old Sprague Dawley and Wistar rats (n= 4/group) 

Group 
Measurements 

IF-IP IF-IF 

Sprague Dawley rats 9.32±0.13 (right side) 

9.43±0.17 (left side) 

9.24±0.27 

Wistar rats 9.11±0.57 (right side) 

8.97±0.70 (left side) 

9.83±0.56 
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Table  5-2: Mean values of anteroposterior and transverse measurements of 

maxillae of 16, 20 and 24 weeks old Wistar rats (n= 4/group) 

Rat age 
Measurements 

IF-IP IF-IF 

16 weeks old 9.11±0.57 (right side) 

8.97±0.70 (left side) 

9.83±0.56 

20 weeks old 9.67±0.92 (right side) 

9.55±0.63 (left side) 

10.33±0.26 

24 weeks old 9.3±0.75 (right side) 

9.60±0.68 (left side) 

10.50±0.33 

 

Virtual planning was performed in 16 weeks old Wistar rats based on 

preoperative μCT images (Figure  5-4). For MPC defects, the mean length 

(anteroposterior dimension) was 2.84±0.4 mm while the mean width (side-to-side) 

was 7.23±0.27 mm. While for AC defects, the mean length (anteroposterior 

dimension) was 5.48±0.22 mm and the mean width (dorsal-ventral dimension) 

was 2.43±0.13 mm. Finally, the mean depth for both models (palatine bone 

thickness) was 1±0.2 mm. 

All µCT measurements were completed and reassessed after one week by a 

single operator. The intra-rater ICC for μCT measurements was high (0.99) with 

narrow confidence interval, indicating precision and reliability of the 

measurements. 
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Figure  5-4: Preoperative virtual planning of the surgical defects using 3D 

reconstructed µCT images performed in 16 weeks old Wistar rats. A- 

Representative ventral view of 3D reconstructed premaxilla showing preoperative 

MPC defect position and dimensions, and B- Representative lateral view of 3D 

transparency renders of premaxilla showing preoperative AC position and 

dimensions. 

 

5.3.3 Bone healing following modifications of current cleft palate 

models  

There were no intraoperative or postoperative mortalities in both MPC and AC 

groups. Operated animals grew and increased in weight in a pattern similar to non 

operated group. Based on the activity, hair coat appearance and feeding 

behaviour, all rats in both groups experienced mild to moderate pain during the 

first postoperative week, which substantially reduced over time. 

Preoperative virtual planning made significant contributions to customize the 

size and location of the surgical defects without damaging adjacent anatomical 

structures (Figure  5-5). The postoperative measurements were 

(7.2±0.3)×(2.6±0.2)×(1±0.2) mm
3
 for MPC defects and 

(5.3±0.6)×(2.6±0.2)×(1±0.2) mm
3
 for AC defects. The mean postoperative cleft 

size was 18.6±1.8 mm
2
 in MPC group vs. 14.2±1.3 mm

2
 in AC group. 

Bone healing in the created defects was evaluated by μCT at weeks 0, 4, and 8. 

Both models demonstrated bone healing at the edges of the developed defects at 
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week 4 with no further significant healing at week 8 (Figure  5-6). There was no 

significant difference in percent bone filling between MPC group and AC group 

(29.43±6.51 vs. 36.36±15.13, respectively) at week 4 or at week 8 (37.73±12.00 

vs. 38.78±9.89, respectively).  

Histological assessments of bony defects at week 8 were confirmatory to the 

μCT results. New bone formation was found along the edges of the developed 

MPC (Figure  5-7) and AC defects (Figure  5-8). New bone had a woven 

appearance with osteoid depositions at its inner surface. Active bone remodelling 

was evidenced by the presence of calcification lines. 
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Figure  5-5: Representative μCT images comparing immediate postoperative 

dimensions and positions of the modified MPC and AC models developed in 16 

weeks old Wistar rats. Surgical defects were created in rat premaxilla and designed 

to be at least 1 mm away from roots of the incisors and palatine foramen. 

Representative ventral view of 3D reconstructed premaxilla (A), axial cross-section 

(B), and sagittal cross-section (C) of MPC defect. Representative lateral view of 3D 

reconstructed premaxilla (D), axial cross-section (E), and coronal cross-section (F) 

of AC defect. 
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Figure  5-6: Representative μCT images comparing bone healing of MPC and AC 

models. Representative ventral view of 3D reconstructed μCT images showing bone 

healing in MPC model at week 0 (A), week 4 (B) and week 8 (C). Representative 

lateral view of 3D reconstructed μCT images showing bone healing in AC model at 

week 0 (D), week 4 (E) and week 8 (F).  Note the persistent central defect in both 

models confirming critical size through week 8. 
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Figure  5-7: MPC model at week 8 postoperative: A- Gross specimen of the defect 

(Ventral view), B- Corresponding H&E stained axial section (10x) showing empty 

defect with new bone formation at the edges, and C- Higher magnification of the 

defect margin (40x) showing woven bone formation and calcification lines (black 

arrow). 

 

  

Figure  5-8: AC model at week 8 postoperative: A- Gross specimen of the defect 

(Lateral view), B- Corresponding H&E stained sagittal section (10x) showing empty 

defect with new bone formation at the edges, and C- Higher magnification of the 

defect margin (40x) showing woven bone formation and calcification lines (black 

arrow). 
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5.4 DISCUSSION 

There has been considerable debate in the literature about the suitable animal 

model of cleft palate with critical size defect to simulate human cleft defects. 

Rodent models of cleft palate are available but have limitations: one lacked 

sufficient information about tested rats
33

 and the other failed when utilized for 

testing bone grafting therapies based on BMP-2.
34, 35

 Hence, in this study we 

modified the dimension of the current rodent models of cleft palate and assessed 

bone healing to improve their performance for bone grafting studies. 

Our initial studies utilizing a 7×4×3 mm
3
 AC defect in 8 and 16 weeks old 

Sprague Dawley rats revealed substantial injury to the surrounding structures 

including incisor roots and palatine foramen based on macroscopic and μCT 

examinations. These finding were consistent with the cross sectional μCT images 

presented in Nguyen et al. study.
34

  

Comparing anteroposterior (IF-IP) and transverse dimensions (IF-IF) of the 

maxillae in 16 weeks old Sprague Dawley vs. Wistar rats, revealed no significant 

differences between the two species. Moreover, the IF-IP data collected in our 

study for 16, 20 and 24 weeks old Wistar rats were similar to the previously 

reported IF-IP dimensions in 12 weeks old Wistar rats.
166, 167

 These findings 

signify the validity and reproducibility of those anatomical landmarks. It also 

supports our initial findings that size of maxilla is not significantly different in 

young rats (8 weeks old) vs. older rats (16 weeks old). It is also interesting to 

mention that rats have a complete set of teeth (i.e. dentally mature) by 6 weeks of 

age,
168

 which could suggest that rat’s maxilla reaches its maximum 

anteroposterior and transverse dimensions by this time with no significant 

changes afterwards. Nonetheless, more studies are needed to confirm these 

conclusions. 

Dimension modifications employed in our study were aimed to improve the 

performance of the current cleft palate models
33, 34

 when used for bone grafting 

studies.
35

 We avoided the exposure of the incisor roots in the grafting area as it 

creates periodontal defect, which could complicate the outcomes of bone grafting 

or result in subsequent graft loss.
169

 We also avoided communication with 
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palatine foramen as it could lead to substantial loss of osteoinductive molecules 

such as BMP-2
35

 or leakage of BMP-2 with subsequent adverse effects on the 

associated nerves.
117

 The depth of modified MPC and AC defects was limited to 

the thickness of the palatine bone to create oronasal communication, but we 

avoided damage to nasal tissue to further mimic the clinical situation. However, 

proper soft tissue (nasal and oral) handling will be required when the modified 

models are employed for testing different bone grafting techniques. We evaluated 

bone healing in the modified defects over 8 weeks, since Nguyen et al.
34

 reported 

that bone healing plateaued after 4 weeks postoperative with no significant bone 

formation between 4 and 12 weeks. Taken together, we believe that modified 

MPC and AC models are appropriate for testing the efficacy of new biomaterials 

for secondary bone grafting. 

Preoperative virtual planning of the modified MPC and AC surgical defects 

using μCT data provided accurate guide for surgical implementation after careful 

consideration of the anatomy. Planned dimensions vs. actual surgical dimensions 

were similar. For MPC defects, virtual planning resulted in a defect that is 

7.23±0.27 mm long, 2.84±0.4 mm wide, and 1±0.2 mm deep while postoperative 

defects were (7.2±0.3)×(2.6±0.2)×(1±0.2) mm
3
. For AC defects, the planned 

dimensions were 5.48±0.22 mm wide, 2.43±0.13 mm long, and 1±0.2 mm deep 

vs. postoperative defects dimensions of (5.3±0.6)×(2.6±0.2)×(1±0.2) mm
3
. It is 

clear that preoperative virtual planning improved the potential for achieving 

successful postoperative surgical outcomes.  

Mehrara et al.
33

 reported complete bone healing in MPC defect  (9×5×3 mm
3
) 

by 12 weeks (i.e. not critical size defect). In our hands, bone healing in the 

modified MPC (7×2.5×1 mm
3
) followed the peripheries of the defect leaving 

central defect confirming critical size nature of the defect. Moreover, percent bone 

filling was 29.43±6.51 at week 4 and 37.73±12.00 at week 8. It is important to 

mention that Mehrara et al.
33

 did not report age or strain of the rats utilized in their 

study. Moreover, they assessed bone healing based on semi-quantitative 

assessment of 2D radiograph while our study used μCT for quantitative 

measurement. Limitations of 2D imaging include superimposition of structures, 
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variable magnification, and distortion.
113

 While, CT scanning provides through 

evaluation of the anatomy and accurate quantitative measures for bone healing.
170

  

Comparing the AC model presented in our study (16 weeks old rats) vs. 

Nguyen et al.
34

  study (8 weeks old rats), we found similar bone healing occurring 

at the defect margin. Additionally, percent bone filling was similar in both studies 

at week 4 (36.36±15.13in our study vs. 43±5.6 in Nguyen’s study) with no 

significant healing at week 8 (38.78±9.89 in our study vs. 53±8.3 in Nguyen’s 

study), verifying the comparability of the two method of μCT quantitative 

analysis. Modifications employed to the AC defect made it more conservative and 

more clinically representative and yet a critical size defect. Lower percent bone 

healing reported in our study could be due to the utilization of older rats than 

those used by Nguyen et al.
34

 Understandably, younger animals are expected to 

have superior bone healing potential as compared to older animals, which could 

be due to the increased proliferative capacity of younger cells. This is consistent 

with Ekeland et al.
171

 findings, who reported that healing fractures in the young 

rats (3 weeks old rats) almost regained the mechanical properties of the normal 

bones after 4 weeks, whereas the mechanical strength of the femoral fractures in 

the adult rats (14 weeks old rats) approached normal values after 12 weeks. 

To the best of our knowledge, this is the first study that provided careful 

assessment of μCT images that facilitated examination of the adjacent anatomy 

and proper virtual planning of the surgical defects. It also provided valid and 

reliable measures for defect width, height, and depth and made it possible to 

accurately calculate the cleft volume, bone filling volume, and bone filling 

percentage. The presented modifications for AC and MPC cleft models made 

them more reproducible, reliable, and practical as they simulate osseous defect in 

cleft palate patients. MPC represents a bilateral cleft defect, while; AC model 

represents a unilateral cleft defect. However, we found that the AC defects are 

more challenging to create as it is surrounded by incisor roots, palatine foramen 

and the zygomatic arch which introduced greater variability between animals in 

the initial cleft size and subsequent healing specially at week 4. Conversely, MPC 

defect had less anatomical challenges and larger residual defect volume as 
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compared to AC defect. Taken all together, we consider MPC model to be more 

appropriate for efficacy testing of new bone grafting therapies for cleft palate 

reconstruction, which would have a tremendous impact on reconstructive 

maxillofacial surgery. 
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Chapter 6  

 

Cleft Palate Reconstruction Using Collagen and 

Nanofiber Scaffold Incorporating Bone Morphogenetic 

Protein In Rats 
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6.1 BACKGROUND 

Secondary bone grafting is a fundamental step in the overall management of 

patients with cleft palate. Its objectives include closure of the residual oronasal 

fistula, support for permanent tooth eruption, and/or establishment of adequate 

bone for prosthodontic rehabilitation of the edentulous segment.
12

 Autologous 

bone grafting is currently the preferred method for cleft palate reconstruction, but 

it is limited by donor site morbidity.
5
 Therefore, several reported studies were 

undertaken to evaluate the effectiveness of various artificial bone grafts as 

demineralized bone matrix, hydroxyapatite, cadaveric bone grafts and 

methylmethacrylate, but the lack of bioactivity, mechanical weakness and 

susceptibility to infection limited their use.
16

 To overcome those limitations, 

INFUSE® Bone Graft has been utilized for cleft palate reconstruction in an off-

label capacity. 
77-80, 82

 It consists of an osteoconductive collagen scaffold and bone 

morphogenetic protein-2 (BMP-2) as an osteoinductive agent. Collagen is the 

backbone of native bone tissue where ~ 90% of extracellular matrix is composed 

of collagen type I.
22

 Absorbable collagen scaffold (ACS) has low antigenicity, 

low toxicity and is biodegradable.
23

 It also contains RGD (Arg-Gly-Asp) and non 

RGD domains that facilitate cell migration, attachment, proliferation, and 

differentiation.
24, 25

 BMP-2 stimulates de novo bone formation when implanted in 

an appropriate environment. It attracts host stem cells to the grafting site and 

stimulates their differentiation into osteogenic lineages.
83

  

The main benefit of BMP-2+ACS is to provide bone formation similar to 

autografts, but with significantly reduced donor site morbidity, hospital stay, and 

overall cost of the procedure.
77-80, 82

 However to achieve those therapeutic effects 

when ACS is utilized, milligram doses (1.5 mg/ml) of BMP-2 are needed. 

Recently, a study employed a chemically cross-linked hydrogel and demonstrated 

moderate bone formation at a reduced BMP-2 concentration (250 μg/ml).
84

 

However, severe gingival inflammation and initial exposure of BMP-2+hydrogel 

construct occurred in two participants and therefore, the study was prematurely 

terminated. Reducing the effective BMP-2 concentration needed for bone 

formation is promising, as it will reduce adverse events and overall cost. But, an 
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appropriate carrier is also necessary to maximize the clinical outcomes and to 

reduce morbidity. The primary scaffold properties of concern are 

biocompatibility, biodegradability, cell adhesiveness and interconnectivity. Self-

assembling peptide nanofiber (NF) based hydrogel RADA4 (Arg-Ala-Asp-Ala)4 is 

a biologically-inspired biomaterial that have been shown to meet these three 

criteria. NF hydrogel is made from natural amino acids, which can be metabolized 

naturally and safely by the body. Moreover, its 3D structure is similar to the natural 

extracellular matrix with fiber diameter of ~10 nm and pore size between 5–200 

nm.
30

 Studies reported that NF based scaffolds supported proliferation and 

osteogenic differentiation of osteoprogenitor cells, suggesting possible application 

for bone tissue engineering.
31, 32

 Additionally, it provides a sustained release profile 

for incorporated growth factors and proteins due to its exceptional diffusion 

properties.
29

 Extreme release profiles such as slow release of sub-therapeutic 

concentrations or rapid release of loaded proteins could adversely affect the 

therapeutic outcome.
172

 Release profiles of loaded proteins within NF hydrogel 

can be adjusted by altering peptide concentrations.
88

 Therefore, we hypothesized 

that retention of bioactive BMP-2 at the defect site together with the release of 

therapeutic amounts could influence chemotaxis, proliferation, and osteogenic 

differentiation of host MSCs leading to robust bone formation.  

Towards that end, this study developed a NF based scaffold (within an ACS 

backbone) to control the release of BMP-2 for robust bone tissue induction in a 

rodent surgical model of cleft palate. But, the choice of the proper NF density is a 

critical factor that determines the release profile and the overall success of the 

delivery system in vivo. Therefore, the release profiles of BMP-2 from scaffolds 

with different NF densities were evaluated in vitro to explore the optimum NF 

density that could recapitulate physiological bone healing process. Subsequently, 

the designed scaffold with the appropriate NF density was implanted into the mid 

palatal cleft (MPC) model (7×2.5×1 mm
3
)

 
previously described in Chapter 5 and 

bone formation was assessed using micro-computed tomography (µCT) and 

histology. This study aimed to provide the necessary “proof-of-principle” for 
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developing and transferring this technology to the clinical setting, with the 

objective of improving the quality of life of patients with cleft palate.   

 

6.2 MATERIALS AND METHODS 

6.2.1 Materials 

Phosphate Buffered Saline (PBS) and Distilled/deionized water (ddH2O) were 

acquired from Invitrogen (Grand Island, NY). ACS was purchased from BARD, 

Davol Inc. (Warwick, RI, USA). BioXclude™, placental resorbable membrane 

(PRM) was obtained from Citagenix Inc. (Laval, Qc, Canada). Self-assembling 

peptide RADA16-I was purchased from RS Synthesis, LLC. (Louisville, KY, 

USA) and used without further purification. Stock peptide solution was 

reconstituted in ddH2O. Recombinant human BMP-2 was obtained from an E-coli 

expression system, and its activity has been testified in the literature.
130, 131

 The 

BMP-2 stock solution was prepared in ddH2O. Fluorescein isothiocyanate (FITC) 

was obtained from Sigma-Aldrich (St. Louis, MO, USA), and it was used to label 

the BMP-2 according to manufacturer’s instructions.  

 

6.2.2 In vitro release study 

In an attempt to find the proper NF concentration suitable for sustained BMP-2 

release in vivo, an in vitro diffusion experiments were conducted. Different 

working RADA16-I concentrations (1% and 2% w/v) were prepared by diluting 

stock peptide solution in PBS. Aliquots of 30 μl from the prepared NF solutions 

were applied onto 6 mm diameter ACS discs impregnated with 8μg of FITC 

labelled BMP-2 placed in 96 well plates. ACS discs infused with 8μg FITC 

labelled BMP-2 were used as control. Subsequently, the constructs were 

incubated overnight at 4°C to form the gel. Then, 200 μl of PBS was slowly added 

as a release media. At predetermined time points 40 μl of the supernatant was 

sampled and replaced with fresh PBS to determine the amount of BMP-2 released 

as a function of time using florescent spectroscopy (λ Excitation= 495 nm and λ 

Emission= 525 nm). 
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6.2.3 Bone grafting surgery  

6.2.3.1 Steps for standardization and Scaffold Preparation  

Several steps were completed to develop a standardized MPC surgical defect 

and to prepare scaffolds of standardized size for bone grafting, in order to 

minimize variation between the groups (Figure  6-1). An impression was taken of 

the rat maxillary arch with a prepared surgical defect of 7x2.5x1 mm
3 

from which 

a stone model was fabricated and a surgical template was created using methyl 

methacrylate. Multiple templates were prefabricated, sterilized and used 

intraoperatively to standardize the MPC defect size for all of the animals in the 

study.  Moreover, a customized rectangular punch measuring 7×2.5 mm
2
 was 

developed and used to pre-cut sterile ACS and PRM into pieces of standardized 

size. Preparation of the ACS+BMP scaffold was completed using 12 μg of BMP-2 

solution, applied to each rectangular ACS scaffold and allowed to dry for 30 min. 

Prefabricated rectangular molds (7×2.5 mm
2
) were then used to prepare NF+ACS, 

and NF+ACS+BMP-2 scaffold of standardized size. Simply, ACS+PBS or 

ACS+BMP-2 scaffold were placed in the mold and rehydrated with 30 μl from 

aseptically prepared NF solution. 
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Figure  6-1: Tools developed to aid standardization for the grafting procedure. 

MPC preoperative defect was developed on a model of rat maxilla (A), methyl 

methacrylate surgical template was then fabricated (B), custom made rectangular 

molds was used for the preparation of NF scaffold (C), custom made rectangular 

punch (D) was used to cut ACS (E) and PRM (F). 

 

6.2.3.2 Experimental setup 

Animal care committee at the University of Alberta approved all experimental 

procedures. A total of thirty four 16 weeks old (375-400 g) Wistar rats were 

obtained from Charles River Laboratories International, Inc. (Wilmington, 

MA,USA). Animals were kept in standard environment (room temperature, 2 rats 

per cage with 12 hour light/dark cycle).  Animals were provided with Soft diet 

and liquid gel packs 2 days preoperative and continued for 1 week postoperative, 

and then advanced to a regular diet. 

 

6.2.3.3 Surgery 

Intra-peritoneal (IP) injections of Ketamine (75 mg/kg) and Domitor (0.5 

mg/kg) were used to anaesthetize animals before surgery. Lidocaine (0.25 ml of 

0.4%) was also injected locally at the surgical site. Then, U-shaped incision was 

performed at maxillary midline and a full thickness mucoperiosteal flap was 
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elevated to expose the maxillary bone.  The MPC defect of 7×2.5×1 mm
3
 was 

then created using a No. 699 straight fissure and No. 4 round burs.  The surgical 

template was utilized in all of the surgeries to ensure defect size standardization in 

all animals. Detailed description of the bone grafting technique is illustrated in 

Figure  6-2. Following hemostasis, PRM was placed to replace the nasal mucosa 

(in all groups except control) and the rats were randomly assigned to one of the 

following treatments groups (n=6 per group): control (no scaffold), ACS alone, 

ACS+BMP-2, NF+ACS, and NF+ACS+BMP-2. At the end of the surgery, the 

full thickness mucoperiosteal flap was closed in a primary fashion using 4-0 

polyglactin absorbable sutures and the animals were injected with 1mg/kg 

revertor (atipamezole hydrochloride) via intra-peritoneal injection to reverse the 

sedative agent effects.   Postoperative subcutaneous injections of Metacam at 2 

mg/kg (once/day) and Butorphanol at 0.2mg/kg (twice/day) were performed for 

pain management. Subsequently, daily follow up and assessment was performed 

for one week, for evaluation of inadequate pain control, which could be assessed 

by reduced grooming, lethargy, porphyrin staining, loss of appetite or weight loss. 

Postoperative bone repair in the different treatment groups was assessed by µCT 

and histology. 

 

 

 

 

 

 

 

 

 

Figure  6-2: Diagram showing alveolar bone grafting technique viewed from 

sagittal aspect. PRM was placed as a lining for the nasal cavity, the scaffold was 

then placed into the developed MPC defect, and oral mucosa was closed with 

watertight sutures.   
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6.2.3.4 In vivo  µCT imaging  

In vivo µCT scans (Skyscan 1176 in vivo µCT, Skyscan NV, Kontich, 

Belgium) of the rat maxillae were performed at baseline (week 0), mid point 

(week 4), and at the experimental end point (week8). Rats were anesthetized with 

2% isoflurane in oxygen administered through a nasal cone for the duration of 

µCT imaging. All µCT scans were done at 100 kV through 180º with a rotation 

step of 0.5º to produce serial cross-sectional images of 18 μm resolution. 

Projected images of the maxillae were reconstructed using Nrecon 1.6.1.5 

software (SkyScan NV, Kontich, Belgium). Cross-sectional µCT images and 3D 

reconstructions were utilized for subsequent quantitative and morphometric 

analysis. 

 

6.2.3.5 Quantitative and Radiomorphometric analysis 

6.2.3.5.1 Assessment of bone healing 

2D and 3D µCT images were utilized to assess bone healing in serial scans of 

the same animal overtime. A rectangular region of interest (ROI) of fixed size was 

used to section an identical volume of the palatine bone to perform standardized 

morphometric analyses. Incisor roots were utilized as anatomical landmarks for 

consistent sampling of the same region of palatine bone from all specimens. 

Skyscan CT-Analyser software package (CTAn 1.10.0.1, SkyScan NV, Kontich, 

Belgium) was used to binarize 2D coronal images with a gray scale thresholding 

of 36/255 to measure bone volume (BV, mm
3
). Difference between BV at 

baseline (W0) and subsequent time points (W4 and W8) was described as bone 

filling volume, and the percentage ratio between the bone filling volume and 

initial defect volume at baseline was defined as percent bone filling 

6.2.3.5.2 Growth measurements 

Reconstructed 3D images were subjected to analysis using Mimics software 

(Materialise, Leuven, Belgium) to measure anteroposterior and transverse 

dimensions of the maxillae in operated animals (n=6/group). Non operated 

animals were used as control (n =4). We used the anatomical landmarks 
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established by Gomes et al.
166

 in an axial viewing position. The distances between 

infraorbital foramen and incisal point (IF-IP) were measured bilaterally to 

represent the anteroposterior dimension while the distance between right and left 

IF was used for transverse dimensions. All µCT measurements were conducted 

and reassessed after one week by one examiner. 

6.2.3.6 Histological analysis 

All rats were euthanized at the end point (8 weeks) using by CO2. Maxillae 

were dissected and fixed in 10% neutral buffered formalin (Fisher Scientific, 

USA). Then, samples were washed with PBS and immersed in decalcification 

solution (Cal-Ex II
®

, Fisher Scientific, USA) for 4 weeks. Samples were sectioned 

and stained with hematoxylin and eosin (H&E) stain and Masson's Trichrome 

stain (bone= dark blue, cortical bone= red)
173

 to assess bone formation at the cleft 

defect site.  

 

6.2.4 Statistics 

In vitro release study was done in triplicate for each scaffold at each time point, 

while animal experiments were conducted in 6 animals/group. The results were 

expressed as mean ± standard deviation (SD). Statistical analysis was performed 

with one-way analysis of variance (ANOVA) using SPSS version 18.0 software 

package (SPSS, Chicago, IL, USA). Intergroup differences were identified by 

Tukey's HSD post-hoc test, and statistical significance was expressed as p-values 

<0.05. Additionally, the intraclass correlation coefficient (ICC) was used to 

estimate the intra-rater reliability for µCT measurements. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 In vitro release  

In vitro release studies were aimed to explore the optimum NF density that 

could recapitulate physiological bone healing process. To mimic the clinical 

situation, BMP-2 was loaded using physical adsorption method on ACS scaffold 
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and NF hydrogel with different densities (1-2%) was then added to slow BMP-2 

release. ACS was used as an adjuvant to provide structural integrity for the NF 

hydrogel, facilitate handling and to prevent them from migrating away from the 

defect site, which was closer to clinical application. The release of FITC labelled 

BMP-2 from the prepared NF scaffolds into PBS was evaluated at room 

temperature for 23 days (Figure  6-3). While, ACS alone (0% NF) was used as 

control. The release profile for the BMP-2 demonstrates a clear dose response 

relationship with increasing NF concentration (i.e., increasing NF concentration 

reduces BMP-2 release over time). The results demonstrate that modifying the 

nanofiber peptide density is capable of controlling the release of FITC-BMP-2. 

(Figure  6-4A) shows that ACS alone exhibited quick release of BMP-2 during the 

initial stage, and around (8.7%, 77.6 ng) of BMP-2 content was released during 

the first 2 h. This was followed by release of gradually decreasing amounts over 

the 23 days of the study. A total of 601 ng or 37% of the initial BMP2 loaded was 

released from ACS scaffold. On the other hand, hydrogel containing 1% and 2% 

NF released BMP-2 in a slower fashion, and only 9% and 3% of BMP-2 content 

was released after 24 h, respectively. NF with 1% density extended the time for 

maximum from 2 h to 24 h 55 ng or 9.3% is released within the first 24 h, 

followed by a gradual sustained release of BMP-2 over 23 days (Figure  6-4 B). 

By the end of the experiment 1% NF released 541 ng (34.58%) of its BMP-2 

content over 23 days. Furthermore, inclusion of higher NF (2%) density into the 

scaffold further delayed the rate and extent of BMP-2 released (Figure  6-4 C). 

Scaffold containing 2% NF exhibited maximum BMP-2 release after 5 days (35.2 

ng or 10.28% of initial BMP-2 content). After 23 days, 2% NF scaffold allowed 

only 25.55% of its BMP-2 content to be released. In general, the release profile of 

BMP-2 from nanofiber containing scaffolds followed the diffusional behaviour. 

This would suggest that the release of BMP-2 from this matrix is governed by the 

exchange of BMP-2 and the water molecules. After 23 days, almost 37%, 34% 

and 25% of BMP-2 was released from 0, 1, and 2% NF, respectively.  

The time course of bone healing consists of a complex, sequential series of 

well-coordinated events including initial haematoma and inflammation, cellular 
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migration and subsequent repair processes, endochondral and/or intramembranous 

bone formation, and subsequent remodelling. The initial proinflammatory 

response of the haematoma lasts for 3-4 days. Dose dependent local soft tissue 

edema after BMP-2+ACS implantation peaked at 3 h for the subcutaneous 

implants and at 2 days for the intramuscular implants has been reported.
174

 

Following the inflammatory phase, the reparative phase is initiated by migration 

of MSCs to the defect site in response to growth factor release. MSCs then 

proliferate and differentiate into osteogenic lineages, which build woven bone 

(collagen type 1) throughout the defect.
53

 Relating our release data to the bone 

healing process, we found that both 0 and 1% NF release larger quantities of 

BMP-2 during the inflammatory phase, which could in turn increase inflammation 

following in vivo implantation, that might adversely inhibit or delay the tissue 

regeneration process.
175

 In contrast, constructs containing 2% NF, released 

minimal amounts of BMP-2 during the inflammatory phase. However, during the 

cell recruitment phase it maintained maximal BMP-2 concentrations. Therefore, 

subsequent animal studies utilized 2% NF concentration to ensure the sustained 

release capabilities of the scaffold during the study period. 
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Figure  6-3: Release profile of FITC labelled BMP-2 from scaffolds with different 

NF densities (0-2% w/v) over 23 days. Release experiments were performed into 

PBS at room temperature. Data points represent the mean of % cumulative BMP-2 

released ± SD (n=3). Inset: Release profile of FITC labelled BMP-2 from scaffolds 

having different NF densities (0-2% w/v) over first 24 hours 
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Figure  6-4: Release profile of FITC labelled BMP-2 from scaffolds having different NF densities A) 0% w/v B) 1% w/v C) 2 % w/v.  

Release experiments were performed into PBS at room temperature. Data points represent the mean amount of BMP-2 released ± SD 

(n=3). 
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6.3.2 In vivo bone grafting  

6.3.2.1 Postoperative recovery  

In general, operated rats tolerated the surgery and maintained normal body 

weight similar to non operated rats. Only one rat in the BMP-2 group died 3 days 

postoperative. But, there was no intraoperative or postoperative mortalities in the 

other groups. The mortality rate reported in our study (~4%) is still smaller than 

other studies investigated the development of alveolar cleft model
34

 and MPC
33

 

that reported ~10% intraoperative death.  

All operated rats were scored with mild to moderate pain during the first 

postoperative week based on the activity, hair coat appearance and feeding 

behaviour. This pain was considerably reduced overtime. Other studies utilizing 

rodent model of cleft palate
33-35

 did not report evaluations of postoperative pain, 

which is an important addition with our study. 

 

6.3.2.2 Bone healing following different treatments 

Bone regeneration in the different treatment groups was monitored using in 

vivo µCT imaging which enabled the assessment of bone healing in sequential 

temporal scans of the same rat at weeks 0, 4 and 8 simulating clinical studies. 

Conversely, other studies
34, 35

 euthanized the animals at 4, 8 and 12 weeks 

intervals.  

Figure  6-5 illustrates the percent bone filling in the different treatment groups. 

While, Figure  6-6 demonstrates the healing of the surgical defects over 8 weeks 

in each group from 3D reconstructed µCT images. Bone healing occurred at the 

margins of the surgical defects in control, ACS, and NF+ACS groups over the 8 

weeks of the study. No animals in these groups had complete closure of MPC 

defects. There were no significant differences in the percent bone filling between 

control, ACS, and NF+ACS groups at week 4 (29.43±6.51, 27.09±15.71, and 

23.94±7.99, respectively) and week 8 (37.72±12.00, 40.14±15.12, and 

22.43±5.98, respectively). Conversely, Nguyen et al.
35

 reported significant 

increase in bone formation in groups treated with ACS as compared to untreated 

control based on percent bone formation at week 8 (79±9 vs. 53±8, respectively). 
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In this study,
35

 they employed alveolar cleft model
34

 and compared bone 

formations with the following treatments ACS, ACS+BMP-2, Hydroxyapatite 

tricalcium phosphate (HA-TCP), and  HA-TCP plus BMP-2). However, Nguyen 

et al.
35

 utilized 8 weeks old Sprauge Dawley rats while our study utilized 16 

weeks old Wistar rats. Young animals are expected to have superior bone healing 

potential as compared to older animals, which could be due to the increased 

proliferative capacity of younger cells. This is consistent with the findings of 

Ekeland et al.
171

 who reported that healing fractures in young rats (3 weeks old 

rats) almost regained the mechanical properties of the normal bones after 4 weeks, 

whereas the mechanical strength of femoral fractures in the adult rats (14 weeks 

old rats) approached normal values after 12 weeks. 

Interestingly, the addition of BMP-2 considerably enhanced bone healing at the 

defect site as compared to other groups. Bone formation in ACS+BMP-2 treated 

group was only significantly different from control, ACS, and NF+ACS groups at 

week 8 (p<0.05) but not at week 4. Whereas, percent bone filling in animals 

treated with NF+ACS+BMP-2 was significantly higher than control, ACS, and 

NF+ACS groups at week 4 and 8 (p<0.01). Bone filling percentage in NF+ACS+ 

BMP-2 group was higher than ACS+ BMP-2 group at week 4 (75.31±10.86 vs. 

54.29±18.90, respectively) and at week 8 (88.4±8.32 vs. 71.59±20.29, 

respectively). However, the difference between ACS+BMP-2 and 

NF+ACS+BMP-2 groups was not statistically significant (p>0.05).  
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Figure  6-5: Percent bone filling following different treatments at week 4 (A) and 

week 8 (B). **: p<0.01 and *: p<0.05 
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Figure  6-6: Representative ventral view of 3D reconstructed μCT images 

illustrating MPC defect healing over 8 weeks following different treatments. 
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Histological assessments of bony defects at week 8 confirmed the μCT results 

(Figure  6-7). H&E staining for ACS, and NF+ACS groups displayed fibrous 

tissue filling the defect with no bone formation within the defect and limited bone 

regrowth at peripheries of the defects. Scaffolding materials were degraded and 

defects remain widely patent. On the other hand, constructs containing BMP-2 

exhibited osteoinductive properties. ACS+BMP-2 treatment resulted in partial 

closure of the surgical defect while NF+ACS+BMP-2 treatment showed central 

and peripheral bone formation within the region previously occupied by the 

scaffold. The thickness of the regenerated bone was greater in the later treatment 

group. 

Masson trichrome staining (Figure  6-7) was also performed to further 

characterize the maturation of the newly formed bone. ACS+BMP-2 

demonstrated both woven bone (blue) and mature bone (red), but 

NF+ACS+BMP-2 showed more mature bone formation, with an increased bone 

thickness in the regenerated area. NF+ACS+BMP-2 performed relatively well in 

the healing of bone defects.  

Four of six clefts demonstrated bone bridging, which almost restored the 

osseous defects at week 8 with NF+ACS+BMP-2 treatment. The other two 

animals presented fibrous healing with minimal bone formations at the edges of 

the defect similar to ACS, and NF+ACS groups. With the ACS+BMP-2 group, 

three defects had substantial bone formation extending from each margin, albeit 

with a central residual defect whilst the other three defects progressed to fibrous 

healing similar to ACS, and NF+ACS groups. Based on histological evaluations, 

both H&E and trichrome staining, together with cross-sectional images 

(Figure  6-8) and 3D reconstructed μCT images, NF+ACS+BMP-2 treatment 

resulted in better and more consistent bone healing throughout the implanted 

scaffold when compared to ACS+BMP-2 group.  

In contrast, Nguyen et al.
35

 could not reveal any significant effect on bone 

formation over 12 weeks for BMP-2 (4.4 μg/implant) loaded on ACS and HA-

TCP when compared to groups treated with ACS and HA-TCP alone. This could 

be due to burst release of BMP-2 from the scaffolds used, low BMP-2 
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concentration and/or ineffective handling of the soft tissue closure leading to 

substantial early loss of BMP-2. These shortcomings were addressed in our study 

through the utilization of NF hydrogel scaffold to sustain the release of BMP-2 to 

host osteoprogenitor cells. Our decision to utilize a higher BMP-2 concentration 

(12 μg/implant) was based on the osteoinductive concentrations used in other 

animal studies focusing on bone regeneration of maxillary and mandibular defects 

and normalized to the MPC cleft defect size.
75, 176, 177

 The osteoinduction of the 

BMP-2 graft is also dependent on the effective soft tissue handling to maintain 

BMP-2 at the defect site and to prevent early loss of BMP-2 into nasal and/or oral 

cavities. Therefore, PRM was placed as a lining for the nasal cavity, the scaffold 

was then placed into the developed MPC defect, and oral mucosa was closed with 

watertight sutures to mimic the clinical scenario. These modifications appeared 

valid and enabled the appraisal of the osteoinductive potential BMP-2 loaded 

constructs. Although all of the experimental groups were implanted with PRM 

except controls, bone healing was similar between ACS and NF vs. untreated 

control.  This finding rules out the possibility that PRM plays a role in enhancing 

bone formation and confirms that the main function of PRM is to provide a nasal 

seal to reduce early loss of BMP-2 into the nasal cavity. To our knowledge, this is 

the first animal report to address nasal communication and employ nasal seal to 

improve the outcomes of bone grafting.  
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Figure  6-7: Representative coronal histological sections (1.6×) of MPC defect 

comparing bone healing between different treatments at week 8. Sections are 

stained with H&E and Masson's Trichrome stain (bone= dark blue, cortical bone= 

red). I: incisors, NS: nasal septum, F: fibrous tissue, and NB: new bone. 
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Figure  6-8: Representative μCT images comparing bone healing at week 8 in 

MPC defects (arrow) treated with ACS+BMP-2 and NF+ACS+BMP-2 in the 3 

reference planes (coronal, axial and sagittal).  

 

6.3.2.3 Effect of different treatments on Maxillary growth  

Since the rats used in our study are dentally mature but skeletally immature,
168

 

we further assessed the effects of different bone grafts used in the study on the 

growth of the regenerated maxillary bone. Comparing the anteroposterior (IF-IP) 

and transverse dimensions (IF-IF) in operated rats with different bone grafts vs. 

non operated (control) rats revealed no differences over the 8 weeks of the study 

(Table  6-1). Additionally, there were no significant differences in the 

anteroposterior or transverse dimensions between week 0, 4, and 8 in each 

treatment group. Furthermore, there was no significant difference in the 

anteroposterior dimensions between right and left side in each group confirming 

A
C

S
+

B
M

P
-2

 
N

F
+

A
C

S
+

B
M

P
-

2
 

Coronal Axial Sagittal 



 109 

palatal symmetry following bone grafting of the created surgical defect. All 

dimensions were measured and re-examined after one week by one operator. The 

intra-rater ICC was 0.99 with narrow confidence interval, indicating accuracy and 

reliability of the measurement method. 

The effects of BMP on craniofacial growth remain understudied. To our 

knowledge, only one study was completed in growing minipigs (2 months old) 

which compared bone healing in 2 × 4 cm parietal bone defects reconstructed with 

BMP-7+ ACS+ carboxymethyl cellulose vs. autografts.
178

 That study reported that 

BMP-7 implantation did not disrupt cranial growth and development, which is in 

line with our results. 
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Table  6-1: Mean values of anteroposterior and transverse measurements of maxillae of operated and non operated rats 

at weeks 0, 4, and 8 postoperatively 

 

Group Measurements 

W0 W4 W8 

IF-IP IF-IF IF-IP IF-IF IF-IP IF-IF 

Non operated 9.11±0.57 (Right) 

8.97±0.70 (Left) 

9.83±0.56 9.67±0.91 (Right) 

9.55±0.63 (Left) 

10.34±0.26 9.33±0.75 (Right) 

9.6±0.68 (Left) 

10.50±0.33 

ACS 9.18±0.53 (Right) 

8.97±0.70 (Left) 

9.60±0.27 9.47±0.24 (Right) 

9.75±0.22 (Left) 

10.05±0.28 9.69±0.28 (Right) 

10.01±0.44 (Left) 

9.85±0.35 

NF+ACS 9.30±0.12 (Right) 

9.04±0.10 (Left) 

9.58±0.37 9.85±0.04 (Right) 

9.50±0.20 (Left) 

10.09±0.18 9.84±0.16 (Right) 

9.48±0.06 (Left) 

10.36±0.49 

ACS+BMP-2 8.72±0.75 (Right) 

9.09±0.74 (Left) 

9.49±0.35 8.96±0.47 (Right) 

9.16±0.73 (Left) 

9.24±0.44 9.10±0.37 (Right) 

9.42±0.48 (Left) 

9.48±0.24 

NF+ACS+BMP-2 9.35±0.10 (Right) 

9.44±0.28 (Left) 

9.49±0.08 9.60±0.20 (Right) 

9.72±0.11 (Left) 

10.16±0.20 9.73±0.48 (Right) 

9.86±0.34 (Left) 

10.24±0.13 
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6.4 Conclusion 

The aim of this study was to develop NF based constructs with an ACS 

backbone as sustained release carriers for BMP-2 and to evaluate the osteoactivity 

of BMP-2 in the repair of cleft palate defects. The in vitro release results showed 

that scaffolds containing 2% NF exhibited a release profile conducive to stages of 

bone healing process and hence, it was utilized for subsequent in vivo studies. We 

did not directly assess the functionality of released BMP-2. However, our in vivo 

studies indicated that NF+ACS+BMP-2 treatment resulted in improved and more 

consistent bone defect filling when compared to ACS+BMP-2 group, supportive 

of its biological activity.  

Every attempt was made in this study to simulate the clinical situation in order 

to facilitate future translation to human applications. Therefore, PRM was placed 

as a lining for the nasal cavity, the scaffold was then placed into the developed 

MPC defect, and oral mucosa was closed with watertight sutures to prevent early 

loss of BMP-2. Moreover, the in vivo μCT imaging allowed longitudinal analysis 

of bone regrowth. The modified MPC defect model appeared valid and enabled 

evaluation of the osteogenic potential of our osteoinductive scaffolds. NF and 

BMP-2 in the concentration and conditions utilized enhanced de novo bone 

formation. Additionally, based on anteroposterior and transverse measurements 

we found that BMP-2 implantation did not disrupt maxillary growth. In 

conclusion, NF+ACS+BMP-2 constructs exhibited oseoinductive properties 

together with incredible simplicity of the preparation, which makes it a novel 

approach for drug delivery for cleft palate reconstruction. 
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Chapter 7  

General Discussion, Conclusions and Future 

Directions 
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7.1 GENERAL DISCUSSION 

Bone reconstruction of the alveolar cleft is a fundamental part of the 

continuum of treatments needed for managing cleft palate patients, especially in 

children with complete clefts of the hard palate. Autograft is the gold standard 

therapy, however, it is limited by donor site morbidity and limited supply.
5
 To 

overcome current grafting limitations this thesis focused on developing two tissue 

engineering therapies to provide effective and minimally invasive treatment 

options for cleft patients. One approach is to develop a cell-based therapy, using 

osteogenically induced mesenchymal stem cells (MSCs). MSCs were selected 

since they are readily available, can be easily expanded in standard culture, and 

have reliable osteogenic potential with no risk of immune rejection or 

tumorigenicity.
17

 The second approach focused on the delivery of bone 

morphogenetic protein-2 (BMP-2) in a properly designed scaffold, to provide the 

necessary sustained activity after in vivo implantation. BMP-2 was selected since 

it is known for its osteoinductive potential. Thus, it acts as a morphogen (causing 

osteogenic differentiation of stem cells) if placed in the appropriate environment. 

The main benefits of these innovative therapies are reduced donor site morbidity, 

hospital stay duration, and overall procedure cost. This chapter (Chapter 7) 

provides a general discussion and summary of this dissertation. It also suggests 

future studies that could be done to further expand the knowledge of bone tissue 

engineering therapies. 

Developing cell-based therapy for bone regeneration was elaborated in 

Chapter 4. The studies were conducted using human MSCs with a main focus on 

optimal approach for in vitro modification of the cells in order to assess their 

potential for developing cell-based therapy but no in vivo transplantations were 

done (to maintain project focus). A step-by-step approach was taken to clarify the 

role of specific osteogenic supplements, namely dexamethasone (Dex), vitamin 

D3 (Vit-D3), basic fibroblast growth factor (b-FGF), and BMP-2 on MSC 

differentiation. Osteogenic and adipogenic differentiation were evaluated 

concurrently in MSCs cultures exposed to range of concentrations and 

combinations of those osteogenic supplements (16 treatments in initial 



 114 

experiments and 37 treatments in subsequent experiments presented in our study). 

Osteogenesis was assessed by alkaline phosphatase (ALP) activity, 

mineralization, and gene-expression of ALP, Runx2, bone sialoprotein (BSP), and 

osteonectin (ON). Adipogenesis was characterized by Oil Red O staining, gene-

expression of peroxisome proliferator-activated receptor (PPARγ2) and adipocyte 

protein-2 (aP2).  Finally, a comparison between osteogenesis and adipogenesis 

was then performed to determine the best osteogenic combination. Cultures 

treated with Dex (100 nM), Vit-D3 (10/50 nM) and BMP-2 (500 ng/mL) 

demonstrated maximal calcification and up-regulation of ALP and BSP 

expression. But, adipogenesis was up regulated parallel with osteogenesis in these 

cultures, as evidenced by the lipid formation and substantial up-regulation of 

PPARγ2 and aP2 gene-expression. Having adipogenesis in the induced cells is not 

desirable, since it might reduce the osteogenic cell pool at the transplant site 

resulting in poor outcomes and subsequent graft failure, hence, it is imperative to 

minimize this activity for cultures destined for clinical application. An optimal 

condition was obtained at Dex (10 nM) and BMP-2 (500 ng/mL) for 

mineralization without increasing adipogenesis-related markers. Dex was found to 

be essential for mineralization of MSCs. BMP-2 alone did not affect ALP activity 

and poorly induced in vitro calcification by h-MSCs. BMP-2 enhanced 

osteogenesis in Dex treated cultures and showed dose dependent mineralization in 

MSCs. While, b-FGF mitigated osteogenesis and enhanced adipogenesis. Vit-D3 

appears essential for calcification only in the presence of b-FGF. It must be stated 

that this conclusion is based on addition of media supplements to h-MSCs 

simultaneously.  

The concept of reconstructing craniofacial defects with MSCs from bone 

marrow was successfully validated in different animal models,
55, 154

 with 

osteogenically induced cells yielding better bone induction in animal models.
155

 

However, the use of MSCs for bone reconstruction in humans remains 

understudied. Gimbel et al.
58

 implanted collagen scaffolds seeded with bone 

marrow aspirates into human cleft defects and reduced morbidity compared to 

autologous grafts, but they did not report any quantitative measurement of bone 
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formation at defects. Behnia et al.
59

 implanted MSCs combined with a 

demineralized bone mineral/calcium sulphate scaffold to obtain <50% bone fill. 

Both studies employed MSCs with no osteogenic conditioning. Hibi et al.,
61

 on 

the other hand, employed osteogenically induced h-MSCs to repair an alveolar 

cleft in a 9 year old patient, which resulted in ~79% bone fill after 9 month post-

operatively with successful eruption of lateral incisor and canine. The 

conditioning was attempted with platelet-rich plasma, whose osteogenic effects 

are difficult to dissect due to its various constituents.  No attempts have been 

made to optimize the osteogenic conditioning of the cells using purified 

supplements similar to those utilized in this study before transplantation. 

Employing purified reagents may be a better approach, since it can provide better 

control over the potency and reproducibility of cellular differentiation. The 

outcome of cell-based therapies for bone regeneration could be accordingly 

optimized with such an approach, potentially providing an alternative therapy for 

autologous grafts. Our studies delineated the conditions for phenotypic 

differentiation of MSCs and it will be important to explore in vivo potential of 

phenotypically differentiated MSC for translation into clinics. 

After optimizing the conditions for bone regeneration in culture, a reliable 

animal model of cleft palate was developed in Chapter 5 to facilitate efficacy 

testing for the new biomaterials for secondary bone grafting. An appropriate 

animal model of cleft palate is needed to test new biomaterials for secondary bone 

grafting. Available animal models of cleft palate include both congenital and 

surgical clefts. Congenital models significantly enhanced our understanding of 

etiology and morphogenetic factors contributing to cleft development, but they 

were not utilized for development of new grafting therapies.
34

 This could be due 

to the small maxilla size in mice models as well as the variability in cleft size and 

anatomical location. Therefore, surgical cleft models are considered more 

suitable. Surgical clefts were produced in primates,
73, 164

 dogs,
74

 and rabbits.
75, 165

 

But these models are limited by high operational and husbandry cost. This led to 

the development of rodent models of cleft palate. Two main rodent models of 

gingivoperiosteoplasty are published namely mid palate cleft (MPC) model
33
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(9×5×3 mm
3
) and alveolar cleft (AC) model

34
 (7×4×3 mm

3
).  However, both 

models have limitations: one was not a critically sized defect
33

 and the other failed 

when utilized for testing bone grafting therapies based on BMP-2.
34, 35

 

Consequently, Chapter 5 is focused on developing a reliable rodent model of 

cleft palate. The current rodent models of cleft palate were critically assessed and 

compared to identify the most reliable model. This was achieved through a series 

of successive experiments. Our initial studies utilizing a 7×4×3 mm
3
 AC defect in 

8 and 16 weeks old Sprague Dawley rats revealed substantial injury to the 

surrounding structures including incisor roots and palatine foramen based on 

macroscopic and micro-computed tomography (μCT) examinations. These finding 

were consistent with the μCT images presented in Nguyen et al. study.
34

 Then, we 

compared the anteroposterior and transverse dimensions of the maxilla in non 

operated 16 weeks old Sprague Dawley vs. Wistar rats. For this purpose, we 

utilized landmarks established by Gomes et al.,
166

 the distances from infraorbital 

foramen to incisal point (IF-IP) were measured bilaterally to represent the 

anteroposterior dimension while the distance between right and left IF was 

utilized for transverse measurements. There were no differences in IF-IP or IF-IF 

of the maxillae in 16 weeks old Sprague Dawley vs. Wistar. Moreover, our IF-IP 

data for 16, 20 and 24 weeks old Wistar rats were similar to the reported IF-IP 

dimensions in 12 weeks old Wistar rats.
166, 167

 These findings signify the validity 

and reproducibility of those landmarks. It also supports our initial findings that 

size of maxilla is not significantly different in young rats (8 weeks old) vs. older 

rats (16 weeks old). Subsequently, virtual planning for the appropriate design of 

MPC and AC defects was performed in 16 weeks old Wistar rats. Defects were 

designed to be at least 1 mm away from roots of the incisors to avoid damage to 

PDL, 1 mm away from the palatine foramen and 1 mm away from the zygomatic 

arch Finally, we conducted a comparative study to assess bone healing following 

employing the designed defects based on virtual planning in 16 weeks old Wistar 

rats. Preoperative virtual planning of the modified MPC and AC surgical defects 

using μCT data provided accurate guide for surgical implementation after careful 

consideration of the anatomy. Planned dimensions vs. actual surgical dimensions 
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were similar. For MPC defects, virtual planning resulted in a defect that is 

7.23±0.27 mm long, 2.84±0.4 mm wide, and 1±0.2mm deep while postoperative 

defects were (7.2±0.3)×(2.6±0.2)×(1±0.2) mm
3
. For AC defects, the planned 

dimensions were 5.48±0.22 mm wide, 2.43±0.13 mm long, and 1±0.2 mm deep 

vs. postoperative defects dimensions of (5.3±0.6)×(2.6±0.2)×(1±0.2) mm
3
. It is 

clear that preoperative virtual planning improved the potential for achieving 

successful postoperative surgical outcomes.  

The presented modifications for AC and MPC cleft models made them more 

reproducible, reliable, and practical as they simulate bony defects in cleft palate 

patients. MPC represents a bilateral cleft defect, while; AC model represents a 

unilateral cleft defect. However, we found that the AC defects are more 

challenging to create as it is surrounded by incisor roots, palatine foramen and the 

zygomatic arch which introduced greater variability between animals in the initial 

cleft size and subsequent healing specially at week 4. Conversely, MPC defect 

had less anatomical challenges and larger residual defect volume as compared to 

AC defect. Consequently, we consider the MPC model to be more appropriate for 

efficacy testing of new bone grafting therapies for cleft palate reconstruction, 

which would have a tremendous impact on reconstructive maxillofacial surgery. 

The second bone tissue engineering approach based on the delivery of BMP-2 

in a properly designed scaffold was elaborated in Chapter 6. Despite successful 

bone formation through simple adsorption of BMP-2 on collagen scaffold, burst 

release of growth factors with fast reduction of biological activity and the lack of 

controlled release limits its utility.
27

 As bone growth is temporal, the appropriate 

cells may not be attracted to the defect area until after considerable diffusion of 

BMP-2 from the site.
28

 Hence, this chapter focused on the development, in vitro, 

and in vivo characterization of a carrier that provides sustained release of BMP-2 

for enhanced bone formation. Initially, a nanofiber (NF) scaffold with collagen 

backbone was constructed to control the release of BMP-2. ACS was used as an 

adjuvant to provide structural integrity for the NF hydrogel, facilitate handling 

and to prevent them from migrating away from the defect site. To mimic the 

clinical situation, BMP-2 was loaded using physical adsorption method on 
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absorbable collagen scaffold (ACS) and NF hydrogel with different densities (1-

2% w/v) was then added to slow BMP-2 release. Then, the release of FITC 

labelled BMP-2 from the prepared NF scaffolds into PBS was evaluated in vitro 

over 23 days to explore the optimum NF density that could recapitulate 

physiological bone healing process. Bone healing process consists of complex 

series of well-coordinated events including initial haematoma and inflammation 

for 3-4 days, followed by reparative processes and intramembranous bone 

formation. Relating our release data to the bone healing process, we found that 

both 0 and 1% NF released larger quantities of BMP-2 during the inflammatory 

phase which could increase inflammation following in vivo implantation, that 

could adversely inhibit or delay the tissue regeneration process.
175

 While construct 

containing 2% NF, released minimal amounts of BMP-2 during the inflammatory 

phase and maintained its maximum BMP-2 concentrations during the cell 

recruitment phase.  

To test the efficacy of the designed scaffold, NF+ACS+BMP-2 (2% w/v) 

scaffold was implanted into the previously developed MPC model (7×2.5×1 mm
3
) 

and bone healing was assessed using μCT and histology over 8 weeks. Five 

treatment groups (n=6 per group) were tested: control (no scaffold), ACS alone, 

ACS+BMP-2, NF+ACS, and NF+ACS+BMP-2. Percent bone filling was similar 

in control, ACS, and NF+ACS groups at week 4 (29.43±6.51, 27.09±15.71, and 

23.94±7.99, respectively) and week 8 (37.72±12.00, 40.14±15.12, and 

22.43±5.98, respectively). Consistently, histological assessments of the defects at 

8 weeks demonstrated that ACS, and NF+ACS groups displayed fibrous tissue 

filling the defect with no bone formation within the defect and limited bone 

regrowth at peripheries of the defects. Interestingly, the addition of BMP-2 

considerably enhanced bone healing at the defect site as compared to other 

groups. Bone filling percentage in NF+ACS+ BMP-2 group was higher than 

ACS+BMP-2 group at week 4 (75.31±10.86 vs. 54.29±18.90, respectively) and at 

week 8 (88.4±8.32 vs. 71.59±20.29, respectively), this difference was not 

statistically significant (p>0.05). Based on histological evaluation, ACS+BMP-2 

treatment demonstrated partial closure of the surgical defect while 
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NF+ACS+BMP-2 treatment showed central and peripheral bone formation within 

the region previously occupied by the scaffold. The thickness of the regenerated 

bone was larger in the later treatment group. Overall, histologic evaluations using 

both H&E and trichrome staining along with cross-sectional and 3D reconstructed 

μCT images, demonstrated that NF+ACS+BMP-2 treatment resulted in better and 

more consistent bone healing throughout the implanted scaffold when compared 

to the ACS+BMP-2 group.  

In contrast, Nguyen et al.
35

 could not reveal any significant effect for BMP-2 

(4.4 μg/implant) on bone formation over 12 weeks when BMP-2 was loaded on 

ACS and HA-TCP as compared to groups treated with ACS and HA-TCP  alone. 

This could be due to burst release of BMP-2 from the scaffolds used, low BMP-2 

concentration and/or ineffective handling of the soft tissue closure leading to 

substantial early loss of BMP-2. These shortcomings were addressed in our 

animal study through the utilization of 2% NF hydrogel scaffold to sustain the 

release of BMP-2 to host osteoprogenitor cells. Moreover, we utilized a higher 

BMP-2 concentration (12 μg/implant) which was calculated based on the 

osteoinductive concentrations used in other animal studies,
14, 22, 23

 focusing on 

bone regeneration of maxillary or mandibular defects, and normalized to the MPC 

cleft defect size. The osteoinduction of the BMP-2 graft is also dependent on the 

effective soft tissue handling to maintain BMP-2 at the defect site and to prevent 

early loss of BMP-2 into nasal and/or oral cavities. Therefore, a PRM was placed 

as a lining for the nasal cavity, the designed scaffold was then placed into the 

developed MPC defect, and oral mucosa was closed with watertight sutures to 

mimic the clinical scenario. These modifications appeared valid and enabled the 

appraisal of the osteoinductive potential BMP-2 loaded constructs. To our 

knowledge, this is the first animal report to address nasal communication and 

employ nasal seal to improve the outcomes of bone grafting. Based on histologic 

evaluations, both H&E and trichrome staining, together with cross-sectional and 

3D reconstructed μCT images, NF+ACS+BMP-2 treatment resulted in better and 

more predictable bone healing throughout the graft as compared to ACS+BMP-2 

group.  
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7.2 GENERAL CONCLUSIONS 

In vitro characterization of osteogenically induced MSCs was presented in this 

thesis. In vitro and in vivo characterization of NF+ACS based scaffold for 

sustained BMP-2 delivery was also reported. Based on the outcomes presented in 

this thesis, the following conclusions can be drawn: 

 Optimal condition for osteogenic differentiation of MSCs without 

increasing adipogenesis-related markers was obtained at Dex (10 nM) 

and BMP-2 (500 ng/mL). These findings could be employed in 

cultivation of MSCs for in vivo testing of cell-based strategies of cleft 

palate reconstruction. 

 Dex was found to be essential for mineralization of MSCs. BMP-2 

alone did not affect ALP activity and poorly induced in vitro 

calcification by h-MSCs. BMP-2 enhanced osteogenesis in Dex treated 

cultures and showed dose dependent mineralization in MSCs. While, b-

FGF mitigated osteogenesis and enhanced adipogenesis. Vit-D3 

appears essential for calcification only in the presence of b-FGF. 

 The presented modifications for AC and MPC cleft models made them 

more reproducible, reliable, and practical as they simulate bony defects 

in cleft palate patients. However, MPC defect had less anatomical 

challenges and larger residual defect volume as compared to AC defect 

and hence we consider it more appropriate for efficacy testing of new 

bone grafting therapies for cleft palate reconstruction. 

 The in vitro release results showed that scaffolds containing 2% NF 

exhibited an ideal release profile when related to stages of bone healing 

process and hence, it was utilized for subsequent in vivo studies. 

 NF+ACS+BMP-2 constructs exhibited oseoinductive properties 

together with incredible simplicity of the preparation, which makes it a 

novel approach for drug delivery for cleft palate reconstruction. 
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7.3 FUTURE RECOMMENDATION  

Our in vitro studies on osteogenic differentiation of MSCs presented balanced 

osteogenesis and adipogenesis data for several combinations of supplements and 

presented optimal conditions for osteogenesis with minimal induction of 

adipogenesis based on ALP activity, calcification and expression of specific 

osteogenic and adipogenic markers. However, it must be stated that this 

conclusion is based on simultaneous addition of media supplements to MSCs. It is 

likely that sequential addition of the media supplements might alter this picture 

and lead to different results. We can envision employing conditions that do not 

support osteogenesis initially (e.g., culture in BM+b-FGF supplementation) 

followed by exposure to osteogenic supplements (e.g., Dex and BMP-2) when 

sufficient cell expansion occurs. 

Runt-related transcription factor-2 (Runx-2), osterix (Osx) and canonical Wnt 

signaling promotes osteogenic differentiation of MSCs into bone forming cells. 

BMP activates Smads, which interact with Runx-2 to induce expression of 

osteogenic genes.
47

 Runx-2 maintains osteoblasts in immature stage and 

negatively controls osteoblast terminal differentiation.
48

 While, Osx is the 

downstream gene of Runx-2, which promotes the differentiation of pre-

osteoblasts to immature osteoblasts.
49

 Osx forms a complex with the nuclear 

factor of activated T cells (NFAT). Then NFAT activates the Wnt signaling 

pathway, which controls osteoblastogenesis and bone mass.
50

 During osteogenic 

differentiation of MSCs, Runx-2 inhibits adipogenic differentiation of MSCs 

through blocking Ccaat-enhancer-binding proteins (C/EBP) family and 

peroxisome proliferator-activated receptor gamma2 (PPAR-γ2). Therefore, future 

studies identifying the pathways involved for specific differentiation events, and 

especially the critical molecules involved in phenotypic switch should be 

considered.  

Quantitative PCR was a very beneficial technique that aided the understanding 

of osteogenesis and adipogenesis in MSCs treated with different combination of 

osteogenic supplements in vitro, but we did not perform this analysis at the in vivo 

animal study. Although μCT and the histology provided very valuable 
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information, in situ hybridization would provide with more details at the gene 

expression level, which could explain tissue reaction following implantation of 

different bone grafts. It could also explain the reason for graft failure reported in 

some treatment groups. Moreover, looking at the common inflammatory 

mediators like IL-1, IL-6 and TNF-alpha could characterize the inflammatory 

response to different grafts with or without BMP-2. 

Additional studies exploring in vivo transplantation of osteogenically induced 

cells are also needed to determine if the induced cellular phenotypes could give a 

functional response (i.e. robust bone formation) in the developed MPC models. A 

comparison between cell-based vs. the developed BMP-2 based therapies could be 

pursed in the future to explore the most effective therapy. Future studies are 

needed to explore the synergistic effects of combining cell- and protein-based 

therapies that could further augment bone formation in vivo.   

Another important area of investigation would be to assess the adjunctive use 

of Dex or b-FGF with optimized BMP-2 concentrations to test possibility of 

utilizing the synergistic effects of those combinations on bone regeneration. This 

is based on previous studies that demonstrated that BMP-7-induced ectopic bone 

formation was significantly improved with the application of Dex.
179

 It is also 

reported that combinations of BMP-2 and b-FGF enhanced bone formation in 

vivo.
124

 

New bone grafting therapies should be compared to autologous bone grafting 

that is the standard therapy in humans. But, animal studies reported inconsistent 

results from autografts.
180, 181

 Therefore, future studies optimizing the outcomes of 

autografting would be beneficial to further characterize the efficacy of new bone 

grafting therapies. 

It is important to mention that rats do not have canines or premolars,
168

 so this 

model cannot be used to evaluate if the engineered bone can support tooth 

eruption. Therefore, a through biomechanical testing of the tissue-engineered 

bone should be the next step to validate new therapies for cleft palate 

reconstruction.  
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Assessment of postoperative complications is another essential aspect for 

evaluating BMP-2 based therapies. Therefore additional investigations will be 

required to gain further insight into systemic complications reported in the spine 

applications such as cancer risk, systemic toxicity, reproductive toxicity, 

immunogenicity, and effects on distal organs.
117

 Moreover, the minimum 

effective BMP-2 dose for robust bone formation lower than what we used in the 

in vivo study needs to be identified. Reducing BMP-2 concentration is appealing, 

as it will reduce the cost and side effects of the therapy. 

In conclusion, osteogenically induced MSCs and BMP-2 loaded in a properly 

designed scaffold are promising bone tissue engineering therapies, which could 

potentially treat cleft palate patient with minimal side effects and therefore 

increasing the quality of life for cleft palate patients. The work presented included 

a broad range of research techniques, from molecular understanding of therapeutic 

interventions to pre-clinical outcome measures in an animal model, which could 

potentially provide the scientific foundation for future human clinical trials.  
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