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ABSTRACT 

The segmental defect fractures in bone can result from various types of causes such as 

primary injury, fracture, developmental deformities, after the debridement of bone in 

osteomyelitis, or resection of bone tumor. These segmental bone defect fractures impose various 

problems such as clinical and socioeconomic that would negatively affect a patients’ quality of 

life. These patients often undergo repeated surgical procedures to treat segmental bone defects and 

their hospital stays are often significantly prolonged. In our research, we have been characterizing 

a newly identified population of peripheral nerve-derived pluripotent stem cells (NEDAPS) and 

evaluating the differentiating potential of these cells to osteoblasts, which we are postulating to 

use to repair segmental bone defect fractures in a mouse model. Our hypothesis is that the natural 

functions of the NEDAPS cells in peripheral nerve tissue are to detect or report tissue injury in 

order to supply pluripotent stem cells locally, which are induced to certain functional cells 

(osteoblasts) to produce tissue such as bone in segmental bone defect cases. These induced 

osteoblasts showed the following properties, which suggest that NEDAPS cells can be induced to 

osteoblasts: 1) In vitro results revealed the changes in the morphological appearance of NEDAPS 

cells to that of osteoblasts in the presence of osteoblast-induction medium and 2) Induced 

osteoblasts are positive for alkaline phosphatase and type I collagen stains. Furthermore, RT-PCR 

assay showed that the induced osteoblasts expressed the genes that are normally expressed by 

osteoblasts at different stages of maturation. Animal study indicated that the fluorescent cell 

membrane-labeled NEDAPS and osteoblastic cells were viable at fracture sites. 

Immunofluorescence staining of osteocalcin and collagen I in induced osteoblasts at fracture sites 

showed cell growth and participation in bone healing process. This study suggests that NEDAPS 

induced osteoblasts can be a potential source in the treatment of segmental bone defect fractures. 
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CHAPTER 1 

INTRODUCTION 

1.1 Segmental bone defect  

The segmental bone defect fracture is a unique type of fracture that is characterized by the presence 

of at least two fracture line that create one or more completely separate intercalary fragments of 

tubular bone (1). The segmental bone defects fractures in bone can result from various types of 

causes such as primary injury, developmental deformities, after the debridement of bone in 

osteomyelitis, or resection of bone tumor (2). After bone injuries and fractures, bone tissues can 

usually repair and heal itself following proper fixation without forming any scars. However, bone 

repairing capacity decreases dramatically in the above mentioned causes due to reasons like blood 

supply insufficiency, infection of the bone or surrounding tissue, or systemic diseases (Fig. 1) (3). 

Thus, decreased bone repairing capacity results in segmental bone defects. There are two types of 

segmental bone defect fractures: 1) Delayed union fracture and 2) Non-union fracture. Delayed-

union fracture is the fracture that has ongoing healing that can be identified clinically or 

radiologically but fails to heal in the anticipated period of time of 6 to 8 weeks (4). Non-union 

fracture is the fracture in which the normal healing process has stopped without any union of the 

fracture (4). For clinical purpose, the time point designated for non-union fracture is 6 months for 

humans and 12 weeks for mice (5).  

These segmental bone defect fractures impose various clinical and socioeconomic problems that 

negatively affect the patients’ quality of life. These patients have to undergo several reoperations 

to treat segmental bone defects, significantly increasing costs and prolonging their hospital stays  
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(3). According to the American Academy of Orthopedic Surgeons, every year about 6.3 million 

cases of segmental fractures are reported in the United States (6). Approximately, the healthcare 

expenditure cost to treat segmental bone defects is between US$23,246 and US$58,525 per patient 

every year (7). 

 

 

Figure 1: Anteroposterior radiograph showing a segmental bone defect fracture of a 

right-sided femoral shaft in a 29-year old man. Figure adapted from 

https://www.semanticscholar.org/paper/Reconstruction-of-Traumatic-Bone-Defect-With-In-of-

Lin-Luo/95b8ea1d66ecf9fcaf2dd2019a743588117361d5/figure/1(8) 
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1.1.1 Bone cells  

The basic remodeling unit of bone is called bone multicellular unit (9). There are various 

types of cells involved in the multicellular unit mainly osteoclasts and osteoblasts (6). 

Osteoclasts are multinucleated cells that are derived from hematopoietic cells in bone 

marrow (10). The main function of osteoclasts is to resorb bone during bone remodeling 

process. Osteoblasts are commonly derived from non-hematopoietic cells called 

mesenchymal stem cells (3). Osteoblasts are the cells that form new bone  by expressing 

extracellular bone matrix under the regulations of growth factors and hormones (6). One 

group of such growth factors is bone morphogenetic proteins (BMPs) that stimulates 

proliferation and differentiation of bone precursor cells (11). Furthermore, growth factors 

can up-regulate the expression of osteoblasts-specific genes such as osteocalcin, alkaline 

phosphatase, osterix, osteopontin, collagen type I, low-density lipoprotein receptor-related 

protein 5 (3). Finally, some of the maturely differentiated osteoblasts can become 

osteocytes that either reside within bone matrix or become bone lining cells (3). 

 

1.1.2 Processes involved in bone fracture healing 

There are four different processes that are involved in bone fracture healing: osteogenesis, 

osteoinduction, osteoconduction, and osteointegration. 

1.1.2.1. Osteoinduction: This is the process in which the mesenchymal stem cells are induced to 

become osteoblasts and chondroblasts to produce bone and cartilage respectively (12). Once the 

bone fracture occurs various types of inducing agents are released and it is these inductive agents 

that induces mesenchymal stem cells to pre-osteoblasts. The pre-osteoblasts subsequently become 

mature osteoblast. Osteoinduction is triggered at the bone injury site by the action of various 
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growth factor such as bone morphogenetic proteins (BMPs), insulin-like growth factor, 

transforming growth factor, and platelet-derived growth factor (12). Among these growth factors, 

BMPs have the most prominent function in osteoinduction and play a vital role in bone remodeling 

and trauma healing. 

1.1.2.2 Osteogenesis: This is the process in which osteoprogenitor cells, that are induced in 

osteoinduction process, are differentiated to osteoblasts that express mineralized matrix for 

new bone formation (11). 

1.1.2.3 Osteoconduction: This process is the characteristic of a bone matrix system that can 

structurally support newly forming blood vessels and bone cells at the site of a fracture 

(12). The formation of blood vessels and bone cells depend on pre-existing preosteoblast 

or the “de-novo” preosteoblasts that are formed from mesenchymal stem cells by the 

process of osteoinduction (12). Similar to osteoinduction, various types of growth factors 

such as insulin-like growth factor, transforming growth factor, and platelet-derived growth 

factor play important roles in osteoconduction. 

1.1.2.4 Osteointegration: It is the process in which all the new bone cells, bone matrix, cartilage, 

and blood vessels integrate themselves with the pre-existing host tissue in the surrounding 

area. They do so by forming a direct attachment of newly formed bony tissue with the pre-

existing surrounding tissue without any intervening fibrous tissue formation (13).  
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1.2 Approaches for segmental bone defect repair 

There are many options currently practiced as the treatment options for segmental bone 

defects in these types of fractures. They can be categorized as 1) Surgical treatments, 2) 

Nonsurgical therapies, & 3) Bone tissue engineering 

1.2.1 Surgical treatment: Bone grafts 

Bone graft is a material that is implanted at fracture sites and it can be either biological or 

synthetic-based tissue-engineered material (14). A bone graft helps in bone healing promoting 

osteoconduction, osteogenesis, osteoconduction, and osteointegration (15). There are several 

factors that determine an ideal bone graft such as viability of bone tissue, required bone graft size, 

shape, and volume, handling of graft, cost of bone graft, and ethical issues and health 

complications related with bone graft (15). The common categories of bone grafts are: 1) 

Autograft, 2) Allograft, 3) Xenograft, 4) Bone graft substitute (Fig. 2) (14).  
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Figure 2: Figure showing sources of bone grafts. Figure adapted from https://josr-

online.biomedcentral.com/articles/10.1186/1749-799X-9-18 (16) 

 

The autograft is a piece of bone taken from a different site in the body of the patient (17). 

The most common site for autograft is the rim of pelvis which is known as the iliac crest (17). The 

advantage of an autograft is that it does not cause any structural, functional, or cosmetic problems 

(18). It possesses all the four properties required for segmental bone defect healing i.e. 

osteogenesis, osteoinduction, osteoconduction, and osteointegration (17). However, the 

disadvantage in the use of autograft is limited supply of bone, chronic pain at the site from which 

https://josr-online.biomedcentral.com/articles/10.1186/1749-799X-9-18
https://josr-online.biomedcentral.com/articles/10.1186/1749-799X-9-18
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the bone has been taken, long operative procedure, and need for general anesthesia to transplant 

the autograft (15). 

The allograft is the bone graft taken from donors of the same species, and the most common 

source in clinical practice is cadaver bone (14). Similar to the autograft, the allograft bone acts as 

a scaffold on which the new bone can be formed and later on, the cadaver bone is completely 

replaced by the patient’s newly formed bone (14). The advantage of an allograft is that it possesses 

two properties: osteoinduction and osteoconduction of segmental bone defect healing process (19). 

It is also easy to handle allograft and the procedure of allograft transplantation can be done under 

local anesthesia (20). The disadvantage of allograft is a high risk of disease transmission so, the 

allograft bone has to be processed and sterilized (21). In addition, since the bone graft comes from 

another host, there is a high chance of immunogenic response by the host against the bone graft. 

The xenograft is bone tissue that is obtained from the source of different species (17). 

Similar to the allograft, xenograft also acts as a scaffold for the new bone regeneration; however, 

the bone has to be processed and sterilized, too. The advantage of xenograft is low cost, and it is 

readily available. The disadvantage of xenograft include a high risk of immunogenic reaction with 

xenograft and has a high chance of transmission of infection and zoonotic disease (16). 

Bone graft substitutes are synthesized from man-made materials such as ceramic, bioactive 

glasses, and biodegradable polymers. These bone graft substitutes can provide scaffold like other 

bone grafts. However, unlike autograft, the bone graft substitutes cannot provide new bone cells 

and bone growth stimulating factors. These different types of bone grafts can be used alone or even 

in combinations and that depends on type and extend of the fracture. The segmental defect bone 

fracture healing, using bone grafts, also requires some stability at the fracture site. The surgical 

procedures such as internal or external fixation can provide stability for bone healing to occur. 
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There were studies conducted, using the above mentioned three different grafts, for the 

treatment of segmental bone defects. 

Autograft: Autograft implantation is a golden standard to treat bone void non-unions, and usually 

as a positive control during research investigations. In a study (21), a segmental bone defect was 

created in the radial bone of about 20 rabbits to evaluate the healing effects of cancellous bone 

grafts. Radiographic analysis and histological analysis showed that bone grafts can promote bone 

regeneration and the complete healing of segmental bone defects. 

Xenograft: In a study (22), 19 patients were studied with segmental bone defect in tibia. These 

patients were treated using bovine cancellous xenografts. These patients were analyzed 

radiographically for the clinical and radiological bone union. The analysis showed bone union 

occurred in about 20 weeks in these patients and it was also observed that the associated 

comorbidities were dramatically reduced.  

Allograft: In a study by Faldini and colleagues (23), 14 patients with forearm non-union fractures 

were treated using bone allograft and plate. These patients were followed for a total period of two 

years. This study showed that the use of allograft led to a high rate to forearm alignment, improved 

forearm function and consequently, a better healing of the forearm. 
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Table 1: Bone grafts in segmental bone defect 

Graft type Model of segmental 
bone defect 

Model of 
study 

Outcome Ref 

Autograft Radius Rabbit Radiographic analysis and 
histological studies showed 
evidences of bone regeneration 
and the segmental bone defects 
were completely healed. 

(21) 

Xenograft: Bovine 
cancellous bone 

Tibia Human Clinical and radiological bone 
union occurred in about 20 
weeks with dramatic reduction 
of comorbidities. 

(22) 

Allograft & 
metallic plate 

Forearm Human A high rate to forearm 
alignment, improved function of 
forearm and a better healing of 
the forearm. 

(23) 

 

Bone graft substitutes: 

Bone graft substitutes can be used as a treatment option for bone defect cases instead of 

using autograft, allograft, or xenograft (24). These bone graft substitutes can be composed of 

materials that are synthetic, inorganic, or biologically organic in nature (24). One of the 

components of bone graft substitutes is ceramics, which are made from the combination of HA 

(Hydroxyapatite) and TCP (Tricalcium Phosphate) (25). The ceramics are found in various forms 

such as injectable kits, blocks, and granules (26). It has been observed that ceramics are safer and 

more effective materials as bone graft substitutes. The second component that can be used as bone 

graft substitutes is calcium phosphate cement (24). The cement is in powder which can be 

converted to a paste that can harden in about 20 minutes. This cement is used for non-load bearing 

bone defects (24, 25). The cement is biodegradable and is gradually replaced by new bone (24). 

Various types of polymers are also popular bone graft substitute (26). Natural polymers are 

biodegradable and can be absorbed as the new bone formation occurs at fracture sites. Some 
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examples of such natural polymers are ploy lactic acid (PLA), poly glycolic acid (PGA), poly- E- 

caprolactone (PCL) (25). In a study conducted to learn the biocompatibility of PCL and HA 

composite scaffolds, osteogenic cells and endothelial cells were induced from bone marrow of 

mice and seeded on the PCL-HA scaffolds (27). The scaffolds were evaluated using scanning 

electron microscopy and monitoring of osteoblast alkaline phosphatase (ALP) activity, and 

endothelial cells nitric oxide production. The results showed that there was a positive stimulation 

provided to osteoblasts and ALP activity by HA and there was an elevation in nitric oxide 

production by endothelial cells (27). 

The therapeutic methods that use grafts have some significant limitations such as very 

limited supply and these methods cannot meet the required expectations (14). These bone grafting 

treatment options need to be improved drastically as they have varying degrees of success and 

failure rates (28). Also, these treatment options are very time consuming such as it can take about 

a year or even longer for these segmental bone defects to heal (14). Since these types of segmental 

bone defects have varying degree of success and failure and also, they take a long period of time 

to heal, thus, the expense related to their treatment is very high (2). Moreover, there is a high 

mortality rate observed in elderly patients with hip fractures due to  segmental bone defects 

sequelae such as immobility, bed sores, etc. (29).  
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1.2.2 Non-surgical treatment 

Among nonsurgical treatment option, a bone stimulator has been often used. A bone 

stimulator is a small device that uses ultrasonic or electromagnetic waves that stimulates the bone 

healing process. The bone stimulator is tied around at the site of bone fracture for about 20 minutes 

to several hours daily. In a study: 44 patients with delayed union or nonunion of tibia shafts were 

treated with the use of pulsed electromagnetic fields (PEMF) stimulation (Fig. 3) (30). The result 

showed improved bony union on 34 cases of the total 44. Furthermore, longer duration of the 

PEMF stimulation treatment increased the probability of bony union. The advantage of this method 

of treatment is that it is non-invasive in nature and it is cost effective. The disadvantage of this 

method of treatment is that the successful healing rate via this method is unpredictable and 

unreliable. Furthermore, it takes a very longer duration of time to show an effect in bone healing 

process.  

 

 

 

Figure 3: Figure showing the use of pulsed electromagnetic fields (PEMF) stimulation for 

segmental bone defect. Figure adapted from 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3441225/ (30) 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3441225/
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1.2.3 Bone tissue engineering 

Bone tissue engineering is the process that involves the application of stem cells, tissue 

scaffolds, and growth factors in treating segmental bone defect fractures (31). In this process, the 

main focus is to modify the architecture and structure of any tissue, which can be viable or non-

viable, to potentiate the tissue’s effectiveness (31).  

Stem cells are the cells that can differentiate into many different types of cells and in some 

tissues, these cells can functions as a potential repair system (32). The two important features that 

distinguish stem cells from other cells are: 1. Stem cells are capable of self-renewal process to 

undergo cell division with the maintenance of undifferentiated state. 2. When induced, these stem 

cells can develop into certain cell types i.e. tissue-specific cell with specialized functions (32).  

There are three types of stem cells: 1. Embryonic stem cells, 2. Adult stem cells, and 3. 

Induced pluripotent stem cells.  

1. Embryonic stem cells: After the fertilization of an egg by a sperm and multiple stages 

later, an embryo is formed, and the cells derived from an embryo are called embryonic 

stem cells. These cells are pluripotent in nature which means that these cells can 

differentiate into any cells in all three germ layers and form any part of the tissue and organ 

(33).  

2. Induced pluripotent stem cells (iPSCs): These are specialized adult cells that have been 

genetically reprogrammed to become embryonic stem cells by external factors and 

manipulations (34).  These cells express stem cell markers and have the capability to 

differentiate into all three germ layers namely the endoderm, mesoderm, and ectoderm. 
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Since these adult cells are genetically manipulated to become stem cells with the property 

of pluripotency these cells are called iPSCs (34). 

3. Adult stem cells: In adulthood, there are some groups of cells that can still differentiate 

into specialized types of cells (35). These cells reside in various tissues remaining  in an 

undifferentiated state, and whenever the need occurs, they can differentiate into cells that 

help in repairing and maintaining tissues in an organism (35). These cells are better known 

as somatic stem cells. Adult or somatic stem cells are found in bone marrow, fat tissue, 

skin, heart, skeletal muscle, gut, liver, blood vessels, peripheral blood, brain, ovarian 

epithelium, and testis (35). 

 

With the development of bone tissue engineering, the use of stem cells in combination with 

tissue scaffolds has emerged as a new potential therapeutic strategy for segmental bone defect. 

There are various studies discussed below that have applied bone tissue engineering (the use of 

stem cells with tissue scaffolds) for the treatment of segmental bone defect fractures. The different 

types of stem cells, such as human periosteum-derived stem cells (PDSCs), bone marrow-derived 

mesenchymal stem cells (BM-MSCs), adipose-derived stem cells (ADSCs), and unrestricted 

somatic stem cells (USSCs), were used for these studies.  

In a study, PDSCs were cultured on a scaffold that was produced using collagen and 

demineralized bone powder (DBP) (36). The collagen was extracted from bovine Achilles tendon 

and bone allograft was used for DBP (36). The morphological and biochemical analysis showed 

that the periosteum-derived stem cells, when used in combination with hybrid scaffolds of collagen 

and demineralized bone powder, showed better attachment, improved differentiation capacity, and 

higher proliferation rate (36). Furthermore, the PDSCs exhibited higher amounts of calcium 
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deposition which reached the maximum amount by day 28 of culture (36). Also, the activity of 

alkaline phosphatase (ALP), which is an early marker of osteogenic differentiation, was 

significantly higher (36).  

In another study, adipose-derived stem cells (ADSCs) from rabbit were incorporated into a 

scaffold of collagen and implanted into a segmental bone defect created in radii of rabbits (24). 

After 12 weeks of implantation, the segmental bone defect site in rabbit showed that the defect 

was nearly repaired and there was the presence of cortical bone and medullary cavity (24). In the 

next study, bone marrow MSCs was used together with collagen scaffold (37). This combination 

of bone marrow MSCs (BM-MSCs) and collagen scaffold was implanted in radial defect in rabbits 

(25). Microcomputed tomography and histological analysis were done from week 12 to 36 weeks 

after the surgery (25). Both histological and radiographic analysis showed that there was the 

formation of new bone at the bone defect site and the new bone formation continued to increase 

until the whole process of remodeling was completed (25). The use of BM-MSCs in combination 

with scaffolds, made from biodegradable material, show promising results.  

  Xuan et al. performed a study in which partial sternal defect models were created in dogs 

(27). Two groups were created in this model: 1. Blank group: Only scaffold was used without any 

stem cells and 2. Both BM-MSCs and biodegradable scaffold were used. All dogs were subjected 

to radiographic examination and histological analysis to evaluate any bone formation. Their 

analysis showed that in the blank group, the scaffold alone couldn’t maintain its shape as there 

wasn’t any new bone formation and thus, no bone union occurred. In contrast, the other group, 

with both BMSCs and scaffolds used, the authors observed significant new bone formation and 

repair of the sternal defect.  
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Another study compared the repair capacity of autogenic and allogenic BM-MSCs in a 

rabbit model of radial segmental bone defects (21). Radiological and histological assessments 

showed that there was faster and better bone formation in bone defects of treatment group rabbits 

(treated with BM-MSCs and scaffold) than in the control group rabbits (treated with scaffold 

alone).  

There was a study conducted to evaluate the effectiveness of autologous BM-MSC in the 

treatment of early stage of avascular necrosis of femoral head (ANFH) in about 40 patients (38). 

While, one group of patients was treated with BM-MSCs and core decompression procedure and 

the next group was treated with only the core decompression procedure. Autologous BM-MSCs 

were transplanted into the necrotic zone in combination with core decompression procedure to the 

allotted patients. The outcome of the study was measured on the basis of MRI scans and hip 

function before and after the treatment. A continuous follow-up of patients was done with MRI 

and hip function assessments for a period of 2 years. MRI scans showed that the size of necrotic 

area decreased, and the hip function improved gradually in the patients treated with BM-MSCs 

and core decompression in comparison to those treated with core decompression alone.   

There have also been multiple studies on the potential of stem cells in the treatment of 

genetic bone defect diseases such as osteogenesis imperfecta. This disease is the result of a genetic 

disorder of bone mesenchymal cells that leads to decreased bone formation and results in short 

stature, bone deformities, and excessive fragile bone. In one of such studies, BM-MSCs were 

transplanted into 3 patients of osteogenesis imperfecta (39). After 6 months of transplantation, the 

authors examined transplanted sites for any bone structure changes. Biopsy of the new bone growth 

specimens showed that there was the presence of osteoblasts, which improved formation of new 

bone and increased bone mineralization. The new bone growth culture showed the typical 
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morphological features of osteoblasts. The test for alkaline phosphatase was positive for the new 

bone growth specimens. Furthermore, patients transplanted with BM-MSCs showed dramatic 

clinical improvement with a complete absence of fractures.  

In a study of 49 patients, BM-MSCs and demineralized bone matrix (DBM) was injected 

to treat tibial nonunion fractures (7). After 6 months of intervention, radiographic analysis showed 

that the patients had radiographic union of the fracture in which there was bridging of three cortices 

on radiographic films. In another study, BM-MSCs were injected percutaneously into 20 patients 

with non-union fractures in tibia (40). Here too, the results showed radiographic union of the 

fracture after 6 to 10 months of the procedure.  

BM-MScs were injected percutaneously in a study of 20 patients with tibial non-union 

fracture and minimal deformity (41). After 14 weeks of the procedure, the patients were evaluated 

clinically and radiographically. 15 out of 20 patients showed radiological bone union. In another 

study conducted in 10 patients with an atrophic nonunion of a long bone fracture, five of them 

were treated with BM-MSCs and hydroxyapatite (HA) granules and five of them with autograft 

and HA granules (42). The BM-MSCs treated group showed significant faster and better 

improvements on both radiographic evaluation and functional level. 

In a study (43), 10 patients with delayed union of tibia were treated with autologous BM-

MSCs. The BM-MSCs were injected percutaneously at the site of fracture. After 4 months of 

treatment, nine out of 10 patients showed callus formation at the site of delayed-union tibia 

fractures. In a study of nonunion or delayed union cases in the tibia metaphysis had been treated 

with open reduction and internal fixation with metal plates and pins (44). Then, these cases were 

treated with autologous BM-MSCs, which was injected percutaneously. There were 11 patients 

that were studied for the features of BM-MSCs for the treatment of such cases. These patients were 
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examined clinically and radiographically using computed tomography after 6 months of BM-

MSCs treatment. The result showed that nine out of 11 patients has callus formation with the union 

of tibia segments. The follow-up was done for 4.4 years for six of those 11 patients and the findings 

were very encouraging with the decrease in pain intensity and there was a lot improvement seen 

in quality-adjusted lives of these patients. 

About sixty patients with noninfected atrophic nonunion fractures of tibia were studied 

(44). BM-MSCs were aspirated from anterior iliac crests of the patients and injected at the site of 

nonunion. The results were studied using computed tomography after four months of the 

procedure. The CT scans showed that fifty-three patients had successful bone union. The main aim 

of this study was to analyze the therapeutic effect of BM-MSCs to treat delayed bone union in 

children (45). 53 patients, aged between 3-16 years of age, were selected and they had delayed 

union seen in bones like femur, tibia, humerus, radius, ulna, and fibula. All the patients were treated 

with autologous BM-MSCs that were injected percutaneously. The patients were analyzed after 2-

6 years of treatment. The result showed that 47 out of 53 total patients had bony union.  

In a study, ADSCs were derived from adipose tissue from abdominal origin (46). ADSCs 

in association with platelet rich plasma, hyaluronic acid, and calcium chloride were injected in two 

patients of right femoral head osteonecrosis. Outcomes were analyzed on the basis of MRI scans, 

physical therapy outcomes, and pain score data that were done pre-treatment and after 3 months 

of treatment. The MRI scan showed that there was a prominent bone formation at the treatment 

sites. Furthermore, both the physical therapy outcomes and pain score in the patients were 

improved significantly.  

Meshram et. al conducted a study in which ADSCs were derived from buccal fat and the 

ADSCs were used for the repair of bony defect in maxilla or mandible (47). The ADSCs were 
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harvested and cultures for 4 to 6 weeks and then, used for the bony defect’s reconstruction. The 

result showed a successful reconstruction of the maxillomandibular defects. Furthermore, the 

functional and cosmetic results in these cases were very good with dramatic decrement in 

secondary complications.  

The use of USSCs for bone regeneration can result in the formation of greater amount of 

new bone. In a study, USSCs are derived from human umbilical cord blood and are used as graft 

in segmental calvarial bone defect models in rat (48). After 28 days of grafting, the RT-PCR result 

showed the expression of osteogenic marker genes like osteonectin, osteopontin and 

glyceraldehyde 3-phosphate dehydrogenase (GADPH) (48). Furthermore, CT-scan result showed 

that there was a significant amount of bone regenerated in these bone defect models. The above 

studies provide a wide array of data supporting the rationale for the induction of adult stem cells 

to treat serious bone fractures and bone non-unions. 
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Table 2: Induced pluripotent stem cells for segmental bone defect fracture repair 

 

 

Cell type Model of segmental 
bone defect 

Model of 
study 

Outcome Ref 

ADCS with 

collagen scaffold 

Radius Rabbit The defect was nearly repaired 
after 12 weeks of implantation 

(24) 

BM-MSCs with 
collagen scaffold 

Radius Rabbit Formation of new bone and 
bone remodeling at the bone 
defect site from week 12 to 36 
after surgery. 

(25, 
37) 

BM-MSCs with 
biodegradable 
scaffold 

Sternum Dog Significant new bone formation 
and repair of the sternal defect. 

(27) 

Autogenic and 

allogenic BM-

MSCs with 

scaffold 

Radius Rabbit New bone formation. (21) 

BM-MSCs Osteogenesis 
imperfecta 

Human Increase in the number of 
osteoblasts, improved formation 
of new bone and increased bone 
mineralization with clinical 
function improvement in 
patients. 

(39) 

BM-MSCs Tibia Human Radiographic union of the 

fracture after 6 months 

(40) 

BM-MSCs Tibia Human Radiographic union of the 
fracture after 6 to 10 months 

(41) 

BM-MSCs with 
hydroxyapatite 
(HA) granules 

Long bone Human Significantly faster and better 
improvements both on 
radiographic evaluation and 
functional level. 

(42) 

Autologous BM-
MSCs 

Tibia Human Callus formation at the site of 
delayed-union tibia fractures 
after 4 months 

(43) 

Autologous BM-
MSCs 

Tibia Human Callus formation with the 

union of tibia segments in 

addition to decrease in pain 

intensity and improved quality 

of life. 

(44) 

BM-MSCs Tibia Human CT scans showed successful 
bone union. 

(44) 

BM-MSCs Femur, tibia, humerus, 
radius, ulna, and fibula 

Human Analysis after 2-6 years of 
treatment showed bony union. 

(45) 
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Table 2 (continued) 

 

 

Some of the early studies claimed the advantage of the local injection of stem cells in 

treating segmental bone defects is that the process could be performed in an outpatient setup and 

it appears to be a very simple techniques in comparison to bone grafting procedure (43). The 

complications of bone grafting techniques could be eliminated. Another potential advantage of 

stem cells is that the healing process starts earlier than those in bone grafts.  

There are some disadvantages in bone tissue engineering related to the use of stem cells, 

which include ethical issues related to the use of embryonic stem cells as a treatment option (50). 

And the other disadvantage related to stem cells which is a high risk of malignant transformation 

such as teratoma is explained further (51). In order to understand the pathological aspect related 

to stem cell in tissue engineering, the process of tissue engineering has to be understood as well. 

Cell type Model of segmental 
bone defect 

Model of 
study 

Outcome Ref 

ADSCs with platelet 

rich plasma, 

hyaluronic acid, 

and calcium 

chloride 

Femoral head 

osteonecrosis 

Human MRI scan showed a prominent 

bone formation & physical 

therapy outcomes and pain 

score were improved 

significantly. 

(46) 

ADSCs Maxilla & mandible Human Successful reconstruction of 

the maxillomandibular defects 

with good functional and 

cosmetic results & dramatic 

decrement in secondary 

complications. 

(47) 

USSCs are 

derived from 

human umbilical 

cord blood 

Calvarium Rat RT-PCR result showed the 

expression of osteogenic 

marker genes like osteonectin, 

osteopontin and GADPH. 

Significant bone regeneration 

in CT-scan. 

(49) 
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Figure 4: Figure showing human iPSC-based cell therapy. Adapted from 

https://www.nature.com/articles/nrd.2016.245?proof=t#citeas 

 

The process of tissue engineering which first begins by getting some somatic cells from 

the patient (Fig. 4) (52). Then, these terminally differentiated adult somatic cells are 

dedifferentiated into induced pluripotent stem cells (iPSCs) by the process of reprogramming. 

Reprogramming does the genome editing of somatic cells with the help of factors of either viral 

vectors or gene manipulation to perform the dedifferentiation of somatic cells to iPSCs. By the 

process of genome editing, the reprogramming process induces the somatic cells to express the 

four genes of embryonic stem cells in somatic cells namely c-Myc, Sox2, Klf4, and Oct4. Then, 

these iPSCs are further differentiated into osteoblast and chondroblasts and these newly 

differentiated cells undergo quality control check. Finally, the genetically matched healthy 
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osteoblasts and chondroblasts are transplanted into the host. The high risk of malignant 

transformation related to stem cells occurs due to the vigorous reprogramming process that does 

genome editing in somatic cells to dedifferentiate them into iPSCs.  

Keeping in mind these disadvantages related to stem cells in tissue engineering treatment 

option, the recently identified pluripotent stem cells known as “NErve-Derived Adult Pluripotent 

Stem cells” or NEDAPS cells have shown promising results in treating segmental bone defect 

fractures without any risk of malignant transformation. These NEDAPS cells are a group of 

naturally existing cells within peripheral nerves that possess pluripotent stem cell nature, and these 

cells were recently identified in our laboratory.  

NEDAPS cells can overcome the negative feature of the current bone tissue engineering 

i.e., risk of malignant transformations such as teratoma. These NEDAPS cells might be able to do 

so as the process of genome editing is not required for dedifferentiating the Schwann cell to 

NEDAPS cells (Fig. 5) (52). To elaborate further, the tissue engineering process is discussed here 

again; so, first the somatic cells are collected from a patient and the cells are exposed to the 

condition of trauma and BMP-2 growth factor. Both the effects of trauma and BMP-2 stimulate 

and proliferate the Schwann cells found in the peripheral nerve tissue to dedifferentiate into 

NEDAPS cells. Then, these NEDAPS are further induced to differentiate into osteoblasts and 

chondroblasts and these newly differentiated cells undergo quality control check. Finally, the 

healthy osteoblasts and chondroblasts are transplanted back to the patient. So, the rigorous step of 

genome editing is bypassed and thus, the high risk of malignant transformation is also significantly 

reduced. 
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Figure 5: Figure showing NEDAPS implementation in human iPSC-based cell therapy. Adapted 

from https://www.nature.com/articles/nrd.2016.245?proof=t#citeas 

 

These potential pluripotent nerve stem cells were identified in a study focused on 

understanding the impact of BMP-2 in spine fusion cases (53). Bone Morphogenetic Protein-2 

(BMP-2) is a potent growth promoter for bone that belongs to transforming growth-factor beta 

superfamily and is used in bone tissue engineering (54). However, its use was associated with 

several side effects such as bone overgrowth, local swelling and erythema, and immunologic 

reaction (14). These above mentioned side effects and other morphologic changes in spinal cord 

and nerve roots were seen when BMP-2 was used for spine fusion cases that ultimately had a 

negative impact in spinal injury recovery process (55).  
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So, the interaction of BMP-2 and peripheral nerve was studied and it was found that when 

peripheral nerve was exposed to BMP-2, there was a rapid proliferation of a group of cells and  

these cells express transcription factors of stem cells such as Sox2, KLF4, c-Myc, and Oct4 (55). 

The presence of these transcription factors of stem cells was first demonstrated in the noble prize 

winning work of Yamanaka and his team, which has further strengthened the idea that these cell 

are pluripotent in nature (56). Therefore, these cells in peripheral nerves have been named as 

“NErve-Derived Adult Pluripotent Stem cells” or NEDAPS cells (57). These NEDAPS cells in 

peripheral nerves can act as stem cell reserves in the presence of  BMP-2 or some kind of physical 

challenge (58). Since these NEDAPS cells are pluripotent in nature, there was a potential that these 

cells can be further investigated to induce them to become osteoblasts and then, use those induced-

osteoblasts as a source of self-cell therapy to heal segmental bone defect cases.  

 

 

This study was used to optimize the protocols for isolation and cultivation of nerve-derived 

adult pluripotent stem (NEDAPS) cells from the surgically traumatized sciatic nerve that was 

exposed to BMP-2 (55). Moreover, this study helped to prove that the NEDAPS cells are 

pluripotent in nature. A histological assessment of these cells showed rapid proliferating 

properties; whereas, the controls remained undisturbed and non-proliferative as seen in Fig. 6 (55). 

Immunohistochemical staining of the NEDAPS cells confirmed that there was the presence of cells 

with positive nuclei staining for transcription factors of  stem cell like c-Myc, Oct4, KLF4, and 

Sox2 (Fig. 7) (55). This helped to prove that these cells are pluripotent in nature. The next 

procedure that further helped to reinforce the pluripotent nature of NEDAPS cells is by Real-time 

Polymerase Chain Reaction (RT-PCR) in which there was over-expression of KLF4, Sox2, c-Myc, 
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and Oct4 in RNAs (Fig. 8) (55). This study also, suggested that there is a potential to use these 

NEDAPS cells in bone repair as these cells showed proliferation and differentiation in the presence 

of BMP-2 after local trauma such as a bone fracture (55). 

 

Figure 6: Figure showing the histological assessment of proliferating property of control cells 

and NEDAPS (55). 

 

 

Figure 7: Figure showing the immunohistochemical staining of Oct4, c-Myc, Klf4, & Sox2 in 

NEDAPS (55). 
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Figure 8: Figure showing RT-PCR result exhibiting the expression of Oct4, Sox2, c-Myc, & Klf4 

in NEDAPS (55). 

 

To further evaluate and characterize the significance of the NEDAPS in clinical therapies, 

this current study addresses the hypothesis that NEDAPS cells can be induced to osteoblasts and 

used as a self-cell therapy for segmental bone defects repair. In this study, after isolation and 

culture of the NEDAPS cells, we aim to perform an in vitro study of differentiation of NEDAPS 

cells to osteoblast cell. We aim to induce the NEDAPS cells to osteoblast cells using osteogenic 

medium and characterized the induced osteoblast cells.  
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CHAPTER 2 

RESEARCH OVERVIEW 

 

2.1 Introduction 

This study was designed to optimize the isolation and culture protocols for nerve-derived adult 

pluripotent stem (NEDAPS) cells from the sciatic nerve with the exposure to BMP-2, as recently 

identified in our laboratory (55). Moreover, this study helped to prove that the NEDAPS cells are 

pluripotent in nature. In histological assessment, these cells showed a rapid proliferating property 

whereas, the controls remained undisturbed as shown in Fig. 6 (55). By immunohistochemical 

staining of the NEDAPS cells, we confirmed that there were the presence of cells expressing 

multiple stem cell like transcription factors such as c-Myc, Oct4, KLF4, and Sox2 (Fig. 7) (55). 

The next procedure that further helped to reinforce the pluripotent nature of NEDAPS cells is by 

Real-time Polymerase Chain Reaction (RT-PCR) in which there was over-expression of KLF4, 

Sox2, c-Myc, and Oct4 in RNAs as shown in Fig. 8 (55). This study also, suggested that the 

potential use of these NEDAPS cells could be in bone repair as these cells showed proliferation 

and differentiation in the presence of BMP-2 after local trauma such as a bone fracture (55). 
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2.2 Summary of the project flow 

Bone tissue engineering has been considered as a better treatment option than the 

traditional grafts in segmental bone defects and the need to develop bone tissue engineering is a 

field of concern. Based on tissue engineering, this study utilizes BMP-2 to convert a group of 

quiescent cells in peripheral nerve to NEDAPS cells and then, further induce these cells to 

osteoblasts in osteogenic medium. Our overarching hypothesis is that these NEDAPS cell-induced 

osteoblasts can be used as a self-cell therapy in segmental bone defect cases like delayed-union 

and non-union fractures. To test this, we established a model of segmental bone defects in mice 

that simulated non-union fracture cases. Then, we applied NEDAPS cells in these segmental bone 

defects models and contrast these models with the negative control models in which NEDAPS 

cells were not be applied in the bone defects. We monitored the healing process of these models 

using radiographic technology such as micro-CT and portable X-ray. 

 

 

2.3 Hypothesis 

Peripheral NErve-Derived Adult Pluripotent Stem (NEDAPS) cells can be induced to 

osteoblasts for subsequent use as a self-cell therapy in segmental bone defects such as non-union 

and delayed-union fractures. 
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2.4 Specific aims of the project: 

The following specific aims and strategies have been designed to test our hypothesis: 

 

Aim 1: Induction of osteoblast cell from NEDAPS cells by using osteogenic medium and 

characterization of NEDAPS-derived osteoblasts: 

To achieve this aim, we employed and optimized an established protocol in our lab for the 

induction and characterization of osteoblast cell from NEDAPS cells. This protocol cover 3 main 

stages as follows: 

1. Standardization of the protocol for osteoblast cells induction from NEDAPS cells 

2. Alkaline phosphatase (ALP) and type I collagen stains: These tests will be performed to 

check whether there is the presence of these osteoblastic phenotypes in the induced 

osteoblast cell, such as the presence ALP enzyme and type I collagen. 

3. Real time-PCR study will be performed to determine the gene expression of  

extracellular matrix such as bone sialoprotein, osteopontin, type I collagen, osteocalcin, 

osterix, runx2, and low-density lipoprotein receptor-related protein 5 (LRP5)  by induced 

osteoblast cells.  

 

 

 

 

 

 



30 
 

Aim 2: Establish and validate a protocol for a model of segmental bone defects in mice: 

The designed protocol will be tested and optimized for the formation of segmental bone defect 

models in mice, which would be simulating the similar conditions as in delayed-union and non-

union fractures. 

1. Standardization of the protocol to make segmental bone defect models in mice. 

2. MicroComputerized tomography scan (CT) will be performed to confirm the formation 

of segmental bone defect. 

 

Aim 3: Assessment of osteoblast viability and growth in vivo: 

1. Cell membrane labelling: It will be performed to label NEDAPS cells and induced  

osteoblasts before introduction to segmental bone defect models for cell trafficking to 

distinguish these cells from the host’ cells. 

2. Hematoxylin & Eosin (H&E) staining: It will be used to evaluate new bone tissue 

formation at fracture sites. 

3. Immunohistochemistry: It will be conducted to examine if the osteoblasts are viable and 

expressing osteocalcin and collagen I throughout the bone healing period.  
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CHPATER 3 

MATERIALS AND METHODS 

3.1 Induction of osteogenic cells  

NEDAPS cells were cultured for about five days to a confluency of about 80% after which 

the NEDAPS cells were induced to osteoblastic cells. The osteoblastic cell induction medium 

consisted of 10 mM beta-sodium glycerophosphate (Sigma-Aldrich), 10% fetal bovine serum 

(Gibco), 50 g/mL ascorbic acid (Sigma-Aldrich), 100 mg/mL streptomycin, 10 nM dexamethasone 

(Sigma-Aldrich) in DMEM/F12 medium (Gibco), and 100 U/mL penicillin. The NEDAPS cells 

were exposed to the osteoblastic cell induction medium in a 12-well culture plate and the 

concentration of NEDAPS cells will be approximately 2-5 × 104 cells per culture plate well. The 

NEDAPS cells in the osteoblastic cell induction were incubated at 37oC and 5% CO2 atmosphere 

for about seven days. 

3.2 Alkaline phosphatase (ALP) and type I collagen stains  

The differentiated osteoblastic cells were then, confirmed by the presence of ALP activity, 

using a staining kit for ALP (Sigma-Aldrich). The cells were fixed in citrate buffered acetone for 

30 seconds. Then, an alkaline-dye mixture was prepared using Fast Violet B capsule, NaphtholAS-

MX alkaline phosphate, and distilled water. After fixation, these cells were incubated with the 

alkaline-dye mixture at 26o C for 30 minutes. After the incubation, the dyed osteoblastic cells were 

counterstained with Mayer hematoxylin counterstain for about 1 minute.  

The immunofluorescent staining was performed to examine for type I collagen. First, 

induced osteoblastic cells were fixed in formaldehyde. Then, the cells were incubated with 1% 

goat serum at 37o C for 1 hour. Similarly, the cells were again incubated with rabbit polyclonal 
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antibody that are against mouse type I collagen (cat#ab34710, Abcam, Cambridge, MA, USA). 

This rabbit polyclonal antibody bound with mouse type I collagen was detected using secondary 

fluorescent antibody called DyLight 650 Antibody Labeling kit (cat#84535, ThermoFischer 

Scientific). Finally, these cells were examined under a fluorescence microscope. 

3.3 Real-time polymerase chain reaction (RT-PCR) assessment 

This procedure is used to study the gene expression profiles of the induced osteoblastic cells. 

First, the solution of STAT60 (Tel-Test, Friendswood, TX, USA) was used in a 5-mLDounce glass 

homogenizer in order to homogenize the induced osteoblastic cells. Then, by the process of 

chloroform separation and isopropanol precipitation, RNA from the cells were isolated. This RNA 

was used to form complementary DNA (cDNA) by the process of reverse transcription. For the 

reverse transcription, 40 uL of PCR buffer was prepared that consisted of 5.5 mM MgCl2, 0.5 U/L 

RNase inhibitor, 500 M each of deoxynucleotide triphosphates, 2.5 M random hexamers, and 1.25 

U/L reverse transcriptase (Perkin-Elmer Cetus, Norwalk, CT, USA). The RNA and the PCR buffer 

were placed in a Veriti 96-Well Thermal Cycler (Applied Biosystems, Foster City, CA, USA) at 

three different temperature and time settings such as 25°C for 10 minutes, 48°C for 25 minutes, 

and 95°C for 5 minutes. The RT-PCR reaction mixtures consisted of SYBR Green PCR Master 

Mix (Applied Biosystems), 400 nM of gene primer pairs, and 2 uL of cDNA. The Primer3 program 

(http://bioinfo.ut.ee/ primer3-0.4.0/primer3) was used to design the primer pairs for target gene 

LRP5 and house-keeping gene 18S. Then, Sigma-Genosys (Woodlands, TX, USA) was used to 

construct the sequences. Other target gene primers were purchased from QIAGEN 

(https:\\www.qiangen.com). The transcription of the housekeeping 18 S was used to normalize the 

gene transcription. The details of the primer sequences that were used are in Table 3. 
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Table 3: Primers used for RT-PCR 

Target Forward Primer Reverse Primer 

Osteopontin QT00157724 From Qiagen 

Collagen I QT00162204 From Qiagen 

Osteocalcin QT01744330 From Qiagen 

Osterix QT00293181 From Qiagen 

Runx2 QT00102193 From Qiagen 

LRP5 cttcaccgctcacatttctc cctgctgcctccctgtaa 

18S gctggaattaccgcggct cggctaccacatccaagg 

 

3.4 Segmental bone defect models:  

10- 12 weeks Balb/c female mice were used for this study. The animals were acclimated 

to the facility for at least one week prior to the commencement of the study. On the day of surgery, 

the animals were anesthetized with intraperitoneal injection of 90 mg/kg ketamine, 8 mg/kg 

xylazine, and 1%– 2% isoflurane via nose cone. Then, both legs of each animal were shaved and 

disinfected with povidone-iodine and ethanol. A 2 mm diameter defect was made on the midshaft 

of fibula of the mouse leg, using a small longitudinal incision (Fig. 15 A&B). Since fibula is not a 

load bearing structure, we concluded that losing the function of fibula would not interfere much of 

the animal’s daily activity as there is the presence of the intact tibia. Therefore, we performed 

bilateral fibular osteotomies on the mice. Mice were divided into 3 study categories: Category 1: 

Both limbs were treated with local application of NEDAPS cells in concentrations varying from 

1x105 to 1x107 cells, Category 2: Both limbs were treated with local application of induced 
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osteoblasts from NEDAPS cells in concentrations varying from 1x105 to 1x107 cells, and Category 

3: Both limbs were treated with local application of cell free culture medium. Mice were 

maintained in the facility to assess bone growth in the defect. Healing was evaluated after humane 

euthanasia of the mice. Mice were divided into 4 groups in order to establish a timeline analysis:  

Group 1 was euthanized after 1 week of the surgery, Group 2 was euthanized after 2 weeks of 

the surgery, Group 3 was euthanized after 4 weeks of surgery, and Group 4 was sacrificed after 

6 weeks of the surgery. Operated limbs were retrieved and processed for histological and 

immunofluorescence analysis after sacrifice. 

 

3.5 Microcomputed tomography (CT) 

The micro-CT scanning of the operated legs samples with local application of NEDAPS, 

osteoblast, and cell free culture medium was performed to determine the establishment of 

segmental bone defect fracture. The leg samples were loaded on a mounting plate and placed in 

the scanning compartment. The protocol was followed to adjust the parameters. In micro-CT 

(Bruker SkyScan 1276, BlueScientific), X-ray generator emitted X-rays that traveled through the 

sample. A detector on the other side of the X-ray generator recorded the amount of X-ray passing 

through the sample and produces a projection image. Then, the sample was rotated to a new 

position by a fraction of a degree and a new projection image was taken. This process was repeated 

several times until the sample had been rotated a complete 360 degrees. The projected images were 

modified using computer software to produce reconstructed cross section images. The 

reconstructed images were analyzed for results. 
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3.6 Cell membrane labelling 

To trace the seeding NEDAPS cells and their derived osteoblasts in mice models for evaluating 

their participation and contribution in the fracture healing process, the NEDAPS cell and the 

induced osteoblasts were labelled using PKH26 Red fluorescent cell linker mini kit (Lot # 

SLBF7301V, Sigma-Aldrich, USA) prior to transferring the cells to the fibular fracture sites (59). 

Firstly, the cells were washed once using cell medium without any serum added to it. Then, the 

cells were centrifuged to get a cell pellet and Diluent C was used to suspend the cells. The PKH26 

dye solution was added to the cells and incubated for 5 minutes with periodic mixing. Then, to 

stop the staining reaction, 1% BSA was added and incubated for 1 minute and finally, the cells 

were washed to remove any unbound dye. The mice were sacrificed after 1, 2, 4 and 6 weeks of 

performing surgical procedure to locally apply the labelled NEDAPS and induced-osteoblast in 

the segmental bone defect fracture sites. Tissue at the fracture sites were harvested for frozen 

sectioning and slides were prepared from the frozen tissue sections. Finally, the slides were 

examined under a fluorescent microscope for assessment of fluorescence emitting cells with the 

regions (60). 

 

3.7 Histological analysis 

The histological analysis was done to examine for new bone tissue formation at fracture 

sites. The formalin-fixed and paraffin-embedded tissue sections were stained with hematoxylin 

and eosin (61).  
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3.8 Immunofluorescence staining (IF) & image acquisition and analyses 

The double staining of induced osteoblasts was done for type I collagen and osteocalcin in 

order to characterize the induced osteoblasts. The formalin-fixed and paraffin-embedded tissue 

sections were prepared from the fracture sites. Immunofluorescent staining for type I collagen and 

osteocalcin was performed according to a standard protocol in our laboratory (62). Briefly, the 

tissue samples were fixed in 10% buffered formalin and sent to the Pathology Service at Via Christi 

St Francis Hospital for paraffin-embedded tissue sections slides. The tissues slides were 

deparaffinized and rehydrated gradually through xylene and graded alcohols. Then, the slides were 

ready to be stained after unmasking antigens using antigen retrieval citra plus solution (BioGenex 

Cat# HK080-9k). The tissue sections were blocked with 1.5 % bovine serum for 1 hour at 37°C. 

The primary antibodies used were goat polyclonal antibody against mouse type I collagen (Lot# 

B1709, Santa Cruz Biotechnology) or goat polyclonal antibody against mouse osteocalcin 

(Lot#H2907, Santa Cruz Biotechnology). Furthermore, secondary rabbit anti-goat IgG antibodies 

conjugated with DyLight 650 (abcam, Cat#96930) was used to detect the antigen-antibody 

complexes. The tissue sections were incubated with the primary goat antibody for 60 minutes at 

37o C. Then, the tissue sections were rinsed with PBS and incubated with secondary donkey anti-

goat IgG antibody for 30 minutes at 37o C. Finally, the tissue section slides were covered with 

coverslips (Southern Biotech, BRimongham, AL, USA) and viewed with TCS SP5II confocal laser 

scanning fluorescent microscope (Leica Microsystems, Buffalo Grove, IL, USA). Captured images 

were analyzed with the LAS Image Analysis software (Leica Microsystems). Analysis was 

conducted of fracture sites images with new bone tissue formation to generate integrated optical 

densities (IOD) using and Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA) 

(60). IOD values of bone tissue distal to the fracture sites were used to normalize the IOD values 
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of fracture sites. The final IOD value was obtained after averaging four pairs of IOD values at 

various regions of each bone section (63). 

 

 

3.9 Statistics 

Assessment of the bone healing and infiltration of osteoblastic cells were determined by 

immunohistochemical staining (IHC) against osteocalcin and type I collagen. The 

photomicrographs among groups were captured and analyzed using a computerized image analysis 

system (ImagePro+, Media Cybernetics). The quantification of integrated optical density (IOD) of 

the positive staining among different treatment groups were statistically analyzed using One-way 

ANOVA with LSD Post Hoc multiple comparisons, by IBM SPSS software (Version 23, Chicago, 

IL).  p value less than 0.05 was determined as statistically significant. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Results 

4.1.1 In vitro characterization of the NEDAPS cell-derived Osteoblasts 

Previous studies from our lab established that the NEDAPS cells are spindle in shape (Fig. 

9). These NEDAPS cells started to change their morphologic appearance after being incubated in 

osteogenic medium for about 40 hours. After 7 days, the induced cells changed their morphology 

into more flat cells as shown in Fig. 9. When compared to the microscopic appearance of normal 

osteoblasts, the induced cells and normal osteoblasts have similar microscopic appearances (Fig. 

9). 

 

 

Figure 9: Microscopic appearance of NEDAPS, induced osteoblasts, & normal osteoblasts. 
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4.1.2 Alkaline phosphatase (ALP) and type I collagen stains were positive for NEDAPS-

induced osteoblasts 

The induced osteoblasts, after being cultured for 7 days in osteogenic medium, were 

examined for the enzyme, alkaline phosphatase (ALP), and the extracellular matrix protein, type I 

collagen. ALP was examined using a staining kit for ALP (Sigma-Aldrich) and 

immunofluorescence staining was used for the presence of type I collagen. As shown in the Figure 

10, the differentiated osteoblasts stained positive for ALP enzyme. Similarly, the differentiated 

osteoblasts confirmed the presence of type I collagen as shown in Figure 11.  

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Figure showing alkaline phosphatase staining on the induced osteoblastic cells. 
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Figure 11: Figure showing immunofluorescent staining of type I collagen on the induced 

osteoblastic cells. 
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4.1.3 Gene expression analysis by Real-time RT-PCR 

 

 

 

 

 

 

 

Figure 12: Figure showing the genes expressed at different stages osteoblast maturation. 

 

After 7 days of differentiation in osteogenic medium, the induced-osteoblasts were studied 

for the gene expression of osteopontin, type I collagen, osteocalcin, osterix, runx2, and LRP5. 

These genes are expressed to varying degrees throughout the different stages of osteoblast 

maturation (Fig. 12) and are used to confirm osteoblastic phenotype of the induced-osteoblasts. 

According to the vendor’s protocol, the threshold number of cycles for the PCR (Ct) was used as 

the basis of calculation for the mRNA expression levels, and the Ct readings of 36 cycles or later 

would be considered as a negative expression. The RT-PCR results for the above-mentioned genes 

induced-osteoblasts are as follows: 
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Table 4: Results of RT-PCR for induced-osteoblastic cell marker genes Osteopontin (OPN), type 

I collagen (Col I), osteocalcin, osterix, runx2, and Low-density lipoprotein receptor-related 

protein 5 (LRP5). Each target gene normalized to 18S. 

 

Target gene CT Mean 

OPN 25.93 +- 0.65 

Col I 29.23 +- 1.53 

Osteocalcin 34.37 +- 1.08 

Osterix 35.79 +-0.60 

Runx2 34.16 +- 2.99 

LRP5 39.56 +- 0 

18S 26.61 +-3.94 
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Figure 13: Results of RT-PCR for induced-osteoblastic cell marker genes Osteopontin (OPN), type 

I collagen (Col I), osteocalcin, osterix, runx2, and Low-density lipoprotein receptor-related 

protein 5 (LRP5). Each target gene normalized to 18S.  
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The results show that the CT Mean for the genes in induced-osteoblast was below 36 cycles 

except for LRP5 as shown in Table 4 and Fig. 13. Thus, the genes that are expressed by the 

induced-osteoblasts confirm the osteoblastic phenotype of the induced-osteoblasts. Furthermore, 

the agarose gel image in Fig. 14 illustrates the RT-PCR products of osteoblast marker genes that 

were obtained after PCR amplification. Interestingly, LRP-5 was also positively revealed in a batch 

of the experiment, complemented the RT-PCR (Fig. 14).  

 

 

 

 

 

 

Figure 14: Agarose gel images showing the real-time PCR products of induced-osteoblastic cell 

marker genes Osteopontin (OPN), type I collagen (Col I), osteocalcin (OSTC), osterix (OSTR), 

runx2 (RUN), Low-density lipoprotein receptor-related protein 5 (LRP5), and housekeeping (18S). 
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4.1.4 Computerized tomography (CT) 

The CT scan was done to get a radiographic evidence for the successful establishment of 

segmental bone defects in the fibula (Fig. 15 A&B). 

 

 

  

       

 

 

 

Figure 15A: Figure showing hindlimb bones of mouse, adapted from https://binged.it/2PSPSJ6 

Figure 15B: CT image showing the fracture created in fibula. 

  

4.1.5 Cell membrane labelling and trafficking 

To distinguish the locally applied therapeutic cells from the host cells in the mouse fibular 

bone void model, the cells were labeled in vitro with a fluorescent cell membrane linker (PKH26, 

Sigma-Aldrich Chemicals) 3 days before inoculation at the fracture sites. PKH26 fluorescent linker 

can label almost any cells and that property can be used as a cell trafficking (63). The induced 

osteoblasts and NEDAPS cells are cell membrane labelled, so they would be showing red 

fluorescence, whereas, the mice’s own osteoblasts, without red fluorescence, would not be visible. 

15A 15B 

https://binged.it/2PSPSJ6
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So, for this analysis, frozen sections of the fracture sites were prepared. As seen in Fig. 16, the cell 

membrane labelled NEDAPS cells and induced osteoblasts are seen in mice from week 1, 2, & 6. 

This data suggests that the NEDAPS cells and induced osteoblasts are viable at the fracture sites 

for the whole duration of observation i.e., from week 1 to week 6. So, the NEDAPS cells and 

induced osteoblasts can remain viable at fracture sites for up to 6 weeks of duration, which is the 

critical period of time during which both of these cells play vital roles in bone healing process in 

general.  
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Figure 16: NEDAPS & Induced-osteoblast cells labeled with PKH26 fluorescent dye. 

 A. Cells obtained from mice after 1 week of local application of NEDAPS & induced-osteoblasts.  

B. Cells obtained from mice after 2 weeks of local application of NEDAPS & induced-osteoblasts.  

C. Cells obtained from mice after 6 weeks of local application of NEDAPS & induced-osteoblasts.
          

 

Induced Osteoblasts NEDAPS 

W1 W1 

W2 W2 

W6 W6 
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4.1.6 Histological analysis 

Histological analysis was done using H&E stain and irregular new bone formation was 

observed in week 2 mice applied with NEDAPS cells and in week 4 mice applied with induced-

osteoblasts. In NEDAPS applied mice, homogenous light pink patches of type I collagen of newly 

formed bone are observed with osteoblasts in the periphery (Fig. 17). Induced-osteoblast applied 

mice also have patches of new bone formation and at the same time, at some sites, removal of 

senescent bone tissue is also seen and these both are prominent features of bone healing process 

(Fig. 18). 

 

 

 

 

 

 

 

 

Figure 17: Week 2 NEDAPS cell applied mice with new bone formation, type I collagen (black 

arrow) and osteoblast in the periphery (white arrow). 
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Figure 18: A (10X): Week 4 induced-osteoblast cell applied mice with new bone formation, type I 

collagen (black arrow) and removal of senescent bone tissue (white arrow). B: 50X magnification: 

Corresponding to boxed area in Fig. A. 

 

4.1.7 Immunofluorescence staining & image analysis   

The immunofluorescence staining was done to examine if the induced osteoblasts would 

express the osteocalcin and collage I. The IHC against osteocalcin or collagen I were performed 

with a secondary antibody linked to a fluorescent dye, DyLight 650, which exhibits red 

fluorescence under fluorescent microscope. The red fluorescence emitting cells were heavily 

visualized at week 1 and week 4 in mice locally applied with induced osteoblasts (Fig. 19 & 20); 

however, very weak fluorescence signals were visualized in mice applied locally with cell-free 

medium and NEDAPS cells groups. The red fluorescence means that the cells are positive 
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forosteocalcin and collagen I. In week 4 and week 6 mice, the osteocalcin and collagen I positive 

cells are seen in all categories i.e., control, those in which NEDAPS were locally applied, and 

those in which induced osteoblasts were locally applied as shown in Fig. 19 & 20. However, the 

proportion of the osteocalcin and collagen I positive cells are much greater in those mice with 

induced osteoblast local application than the other two categories. The reason why red 

fluorescence emitting cells were observed in control mice and mice with local injection of 

NEDAPS is since these mice are analyzed after 4 and 6 weeks after the formation of segmental 

bone defect in fibula, they would start to recruit their own osteoblasts to the fracture sites for bone 

healing and these osteoblasts would stain positive for osteocalcin and collagen I. However, the 

number of osteoblasts is greater in the mice with local application of induced osteoblasts than the 

other two categories of mice with local application of cell-free medium (control) and NEDAPS 

only.  

Furthermore, the quantification of expressed osteocalcin, using Image-Pro software, 

confirmed our previous qualitative observations in each of the three groups at week 2, 4, & 6 (Fig. 

21). On week 2, all mice had almost similar amount of osteocalcin as it was the early phase of 

bone healing process. Then, on week 4 and 6, mice that were locally applied with NEDAPS and 

induced osteoblasts, showed higher levels of osteocalcin than that observed in control mice. This 

finding indicates that there was significant new bone formation in mice with local application of 

NEDAPS and induced osteoblasts over that observed in control mice, applied simply with cell 

media.  
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Figure 19: Immunofluorescence staining of Type I Collagen in mice that were locally applied  

with cell-free medium only (control), NEDAPS cells, & induced-osteoblasts. The images were 

taken after 1, 2, & 4 weeks after the surgical procedure. 
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Figure 20: Immunofluorescence staining of Osteocalcin in mice that were locally applied with    

cell-free medium only (control), NEDAPS cells, & induced-osteoblasts. The images were taken  

after 1, 2, 4, & 6 weeks after the surgical procedure. 
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Figure 21: IOD of Osteocalcin in mice that were locally applied with cell-free medium only 

(control), NEDAPS cells, & induced-osteoblasts. The analysis was done 2, 4, & 6 weeks 

after the surgical procedure. 
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4.2 Discussion 

In this study, we harvested Nerve-Derived Adult Pluripotent Stem (NEDAPS) cells from 

sciatic nerves of mice after stimulating the nerves with Bone Morphogenetic protein-2 (BMP-2). 

Then, these NEDAPS cells were induced to osteoblasts in a complete osteogenic medium. These 

induced osteoblasts were examined for the phenotypic and genotypic features of a normal 

osteoblast, which confirmed a morphological appearance of normal osteoblast. Induced osteoblasts 

stained positive for the alkaline phosphatase enzyme stain and collagen I. Furthermore, induced 

osteoblasts expressed various genes that could be normally found at different stages of osteoblasts 

maturation. These genes were osteopontin, type I collagen, osteocalcin, osterix, runx2, and LRP5.  

There are many previous studies on pluripotent stem cells from various sources like bone 

marrow, adipose tissue, and periosteum for segmental bone defect fracture. However, use of 

peripheral nerves as a source of pluripotent stem cells has not been reported. The investigation of 

NEDAPS-induced osteoblasts in our study included establishing a segmental fibular bone defect 

fracture model in mice, introduction of various types of cells locally at the fracture site, and post-

mortem examinations (histological assessment). We categorized these fracture models into 3 

groups: Group 1: Controls with cell-free medium, Group 2: NEDAPS cells were locally applied, 

and Group 3: Induced osteoblasts were locally applied. These 3 groups of mice were sacrificed at 

various timeframes after the surgery. 3 mice of each group (total of 9) were sacrificed after 1 week 

of surgery, another 3 per group were sacrificed after 2 weeks of surgery, then, after 4 weeks of 

surgery, and finally after 6 weeks of surgery. Induced-osteoblasts could be found and were able to 

survive at the fracture site up to 6 weeks after their administration. This observation suggests that 

the induced-osteoblasts can survive and function normally during the critical time period of bone 

healing process. Next, we tried to see if these induced-osteoblasts were participating in the bone 
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healing process or not. The analysis of slides for mice after 1 and 2 weeks of surgery showed that 

group 1 (Control) did not have cells that were positive for osteocalcin and collagen I; however, 

group 2 (NEDAPS locally applied) and group 3 (Induced-osteoblasts locally applied) had 

osteocalcin and collagen I positive cells. This observation suggests that the NEDAPS cells and 

induced-osteoblasts are viable at fracture sites and are performing their normal function of bone 

healing. An immunofluorescence analysis of the fracture site of mice, sacrificed after 4 and 6 

weeks of surgery, showed the presence of osteocalcin and collagen I positive cells in all the 3 

groups of mice. This observation suggests that there are osteoblasts at fracture sites. The 

immunofluorescence stained osteocalcin was quantified using Image-pro software to further 

reinforce the conclusion. It was observed that week 4 and 6 mice, that were locally applied 

NEDAPS and induced-osteoblasts, had higher level of osteocalcin than control mice. This 

observation further strengthened the fact that there is the presence of functional osteoblasts at 

fracture sites. Then, we simultaneously analyzed these cells for cell membrane labelling; we came 

to observe that the osteocalcin and collagen I positive cells in group 1 (Control) and group 2 

(NEDAPS locally applied) mice, these cells didn’t have their cell membrane labelled. However, 

the cells in group 3 (Induced-osteoblast locally applied) mice had their cell membrane labelled and 

some cells didn’t have their cell membrane labelled. This shows that the osteoblasts in groups 1 & 

2 originated in mice’s body and are recruited at fracture sites after 4 to 6 of fracture injury. Whereas 

some of the osteoblasts in group 3 were derived from induced osteoblasts and some from the mice’s 

body.  
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4.3 Conclusion 

In this study, we harvested NEDAPS cells and induced these cells into osteoblasts using a 

complete osteogenic medium. Then, we studied the phenotypic and genotypic features of induced-

osteoblasts. We found that the induced-osteoblasts had morphological features of typical 

osteoblasts and these cells were positive for both alkaline phosphatase and type I collagen stains. 

The RT-PCR study of induced-osteoblasts revealed the gene expression profile of osteoblasts. 

There was a successful establishment of segmental bone defect fracture model in mice. Most 

induced osteoblasts that were locally applied at fracture sites survived throughout the study period 

and expressed osteocalcin and collagen I. Results of this study suggest that the NEDAPS-induced 

osteoblasts can be a potential self-cell therapy for segmental bone defect fractures. 
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CHAPTER 5 

CLINICAL RELEVANCE AND FUTURE DIRECTIONS 

Bone grafting is the gold standard method of treatment for segmental bone defect fractures. 

However, there are many complications associated with bone grafting such as limited source 

of supply, chronic pain at the donor sites, and immune response toward allografts and 

xenografts. Due to these circumstances, the tissue engineering holds a promising approach to 

treat segmental bone defect fractures as it provides the three critical components required for 

bone healing to occur such as stem cell, growth factors, and scaffold. In humans, we can harvest 

NEDAPS cells using non-essential peripheral nerve tissue for example sural nerve. These 

NEDAPS cells can be then, induced to osteoblasts and used as a self- cell therapy to heal 

segmental bone defect fractures. However, a better understanding and more research is still 

needed to understand about implementation of tissue engineering in clinical practice as a 

treatment option for segmental bone defect so that tissue engineering can produce more 

integrated and high-quality results.  

In our study, we found out that induced osteoblast derived from NEDAPS cells could be a 

potential source of self-cell therapy in segmental bone defect fractures. This can be further 

analyzed in future study by using CT scan images to observe for any callus formation at the 

fracture sites. Another possibility for future study would be to conduct a longitudinal study in 

a particular mouse at various allotted period of time of study so that the changes at fracture site 

can be analyzed in series. Furthermore, the use of scaffolds at fracture sites could accelerate 

and increase the possibility of callus formation.  
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APPENDIX 

List of Abbreviations 

nerve-derived adult pluripotent stem cells, NEDAPS;  bone morphogenetic proteins, 

BMPs; mesenchymal stem cells, MSC;  unrestricted somatic stem cells, USSCs; periosteum-

derived cells, PD cells; demineralized bone powder, DBP; alkaline phosphatase, ALP; adipose-

derived stem cells, ADCSs; bone marrow MSCs, BM-MSCs; avascular necrosis of femoral head, 

ANFH; hydroxyapatite, HA; glyceraldehyde 3-phosphate dehydrogenase, GADPH; tricalcium 

Phosphate, TCP; ploy lactic acid, PLA;  poly glycolic acid, PGA; poly- E- caprolactone, PCL; 

pulsed electromagnetic fields, PEMF; real-time Polymerase Chain Reaction, RT-PCR; low-

density lipoprotein receptor-related protein 5, LRP5; microComputerized tomography, CT or 

microCT; complementary DNA, cDNA; immunohistochemical staining, IHC; integrated optical 

density, IOD;  

 

 




