
MIGRATION OF DENTAL PULP STEM CELLS-DERIVED CHONDROGENIC CELLS IN 
COLLAGEN HYDROGELS  

 

 

 

 

 
A Thesis by 

Nikol Flynn 

Bachelor of Science, Park University, 2013 

 

 

 

 

 
Submitted to the Department of Biological Sciences 

and the faculty of the Graduate School of 
Wichita State University 
in partial fulfillment of 

the requirements for the degree of  
Master of Science 

 

 

 

 
 

 

December 2017 
 



 

 

 

 

 

 

 

© Copyright 2017 by Nikol Flynn 

All Rights Reserved 



	 iii	

MIGRATION OF DENTAL PULP STEM CELL-DERIVED CHONDROGENIC CELLS IN 
COLLAGEN HYDROGELS 

 
 
 
 

The following faculty members have examined the final the final copy of this thesis for form and 
content, and recommend that it be accepted in partial fulfillment of the requirement for the degree 
of Master of Science, with a major in Biological Sciences. 
 
 
 
 
 
 
 
_______________________________________ 
Li Yao, Committee Chair 
 
 
 
 
 
_______________________________________ 
David McDonald, Committee Member 
 
 
 
 
 
_______________________________________ 
James Bann, Committee Member 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



	 iv	

DEDICATION 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my family 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 v	

ACKNOWLEDGEMENTS 

During two years of my journey towards Master of Science degree my life was greatly impacted 

by people who have supported and helped me throughout this time. I would like to take an 

opportunity to thank them. 

Firstly, I would like to express my deepest gratitude to my advisor, Dr. Li Yao, for his excellent 

guidance, patience, motivation, and continuous support during my MS studies. His knowledge and 

experience has helped me tremendously in all the time of research and writing of the thesis. I feel 

honored and privileged to have been given the opportunity to learn from him.  

I would like to thank my committee members Dr. David McDonald and Dr. James Bann for their 

time to review my work and for providing valuable comments and questions.  

I want to acknowledge my lab team partner Pranita Kaphle for her assistance and all the fun we 

have had.  

I am deeply grateful to my amazing parents and brother for their moral and emotional support.  

Most importantly, I wish to express my gratitude to my loving and supportive husband and our 

wonderful children. I could not have done it without your continuous encouragement.    

 

 
 
 

	

	

	



	 vi	

ABSTRACT	

The rapidly progressing field of regenerative medicine draws attention to various sources 

of adult stem cells that can be differentiated into many cellular lineages and tissues. Human 

dental pulp stem cells (DPSCs) are found within teeth and can be harvested during extractions of 

teeth. These highly proliferative mesenchymal stem cells were shown to be differentiated into 

various cellular lineages. DPSCs encapsulated in type I and type II collagen hydrogels can be 

transplanted into degenerated nucleus pulposus (NP) to repair damaged tissue. The motility of 

transplanted cells is critical because the cells need to migrate away from the hydrogels 

containing the cells of high density and disperse into the NP tissue after implantation. 

In this research, DPSCs were differentiated into chondrogenic and neurogenic cells. 

Migration properties of DPSCs as well as DPSCs-derived chondrogenic cells were investigated 

in two- and three-dimensional environments. Collagen type I and type II were used to generate 

hydrogels with or without crosslinking by 4S-Star-PEG. Time lapse imaging was utilized to 

record and analyze the cell migration in the hydrogels. This study showed that type I and II 

collagen hydrogels can support growth and proliferation of DPSCs. The study also demonstrated 

that DPSCs migrated well in both the 2D and 3D environments and the cell migration speed was 

not significantly different in either type I collagen or type II collagen hydrogels. The migration 

speed of DPSC-derived chondrogenic cells was higher in type I collagen hydrogel compared to 

type II collagen hydrogel. Crosslinking of collagen hydrogels does not reduce cell migration 

velocity of undifferentiated DPSCs, but causes a significant decline of migration velocity of 

DPSC-derived chondrogenic cells. This study indicated that after implantation of collagen 

hydrogels encapsulating DPSCs or DPSC-derived chondrogenic cells, the cells can potentially 

migrate from the hydrogels and migrate into the NP tissue.  
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CHAPTER 1 

INTRODUCTION 

Degenerative diseases and severe injuries are among the biggest challenges faced by 

healthcare.  In many cases, available treatments only aim to cure or alleviate symptoms without 

reversing the disease.  Lost organ or tissue functions can only rarely be restored and relatively few 

options are available to slow down the deterioration process. Transplantation of healthy tissue 

provides a solution. Unfortunately there is a scarcity of adequate donor organs to provide for 

growing demand. Research in regenerative medicine is aimed at development of “repair kits” that 

allow replacement of damaged or deceased cells.  In 1998 establishment of the first human 

embryonic stem cell line was a breakthrough in the field of regenerative medicine as it provided a 

cell source that could differentiate into any tissue type. The technique of cell isolation from the 

human embryo inner cell mass caused a lot of controversy and ethical debates (Snead 2011). Not 

long after that it was discovered that some adult stem cells possess plasticity properties and can be 

differentiated into other tissue types.  Adult/somatic stem cells can be found in many organs and 

tissues including brain, heart, bone marrow, blood, teeth, adipose tissue, skin, liver, etc. Each of 

these stem cell types has their own benefits and vary in their differentiation properties. 

1.1 Mesenchymal stem cells (MSCs)  

MSCs also known as marrow stromal stem cells, are non-hematopoietic cells that were first 

discovered in bone marrow stroma. They are abundant in the body during early developmental 

stages, but their number significantly decreases with age.  MSCs are fibroblastic, spindle-shaped, 

self-renewing cells capable of multipotent differentiation into several mesenchymal lineages. 

These cells express cell-surface proteins that are known as mesenchymal markers CD105, CD90 
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and CD73, but not hematopoietic markers (Rankin 2012). The potential to differentiate into 

osteocytes, chondrocytes, myocytes, and adipocytes allows the use of MSCs for reconstructive 

purposes and makes them a valuable tool in orthopedic and plastic surgeries. One of the potential 

applications is the restoration of degenerated intervertebral discs (ID). 

1.2 Intervertebral disc injuries and nucleus pulposus  

Damage to IDs is considered to be common origin of back pain that causes chronic discomfort and 

disability (Atlas and Deyo 2001). ID is negatively affected by degenerative and aging changes at 

an accelerated rate, compared to other types of connective tissue (Urban and Roberts 2003). The 

function of the ID is to separate vertebrae and provide shock absorption through a gel-like nucleus 

pulposus (NP) center - a tissue characterized by a high concentration of type II collagen, 

proteoglycans and water. Hydrophilic hyaluronan chains provide water swelling effect against 

compressive forces exerted on spinal cord (Smith, Nerurkar et al. 2011). Dehydration and decline 

in the NP cell number and amount of proteoglycans lead to limited ability to absorb shock.  

Structure of NP’s extracellular matrix (ECM) is mostly comprised of type II collagen (20% 

of dry weight), proteoglycans (50% of dry weight), and a small amount of other collagen types 

(VI, IX, and XI) (Buckwalter 1995). The abnormal alterations of a degenerated disc include 

atypical cell death, swelling of the disc, immune privilege disruption, and deviant gene expression. 

The structure of ECM of the degenerated NP becomes dense, and the jelly-like material and 

replaced by fibrous tissue. With aging, synthesis and degradation of NP cells become unbalanced 

with decreased viability and phenotypic change which cause the destruction of the matrix structure 

(Zhao, Wang et al. 2007). When the ID is no longer able to to provide shock support to neighboring 

vertebral disks, the overall biomechanics of the spinal column are altered causing low back pain 

(Hunter, Matyas et al. 2003). There are several surgical approaches available to patients suffering 
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from ID deterioration. Procedures like discectomy, spinal fusion, or nucleotomy are invasive, can 

cause complications and generally result in restricted flexibility of the spine. Another disadvantage 

of spinal surgeries is that they only alleviate symptoms while the actual cause of ID deterioration 

remains unaffected.  The biological approach offers therapy that preserves the ID function by 

restoring cellular composition of the degenerated and damaged NP (Mern, Beierfuss et al. 2014). 

Innovations and current developments of biomaterials and stem cell therapy offer a 

promising approach to regeneration of degenerated discs. Application of tissue engineering has the 

potential to reverse the decline in NP cell number and restore ID structure and functions. This 

approach could provide long-term results and eliminate the need for complicated surgical 

intervention. Biocompatible hydrogels that imitate the NP ECM can be used as stem cell carriers 

for cell transplantation and a scaffold for replacement of the degenerated NP. Current research in 

the field of ID regeneration takes into consideration various biomaterials and stem cells (Wang, 

Zhou et al. 2014, Gan, Li et al. 2017).  

1.3 Human dental pulp stem cells (hDPSC) 

HDPSCs are ectodermal-derived, highly clonogenic, MSCs that originate in neural crest, 

like most of craniofacial bone cells (Gronthos, Brahim et al. 2002). They reside in soft connective 

tissue that is found in the central pulp cavity of a tooth and exhibit qualities typical for MSCs, for 

example immunoregulatory activities (Karamzadeh, Baghaban Eslaminejad et al. 2017). These 

cells are easily accessible and capable of abundant proliferation and differentiation into several 

cell phenotypes. It has been shown that DPSCs can differentiate into keratinocytes for corneal 

stromal regeneration (Syed-Picard, Du et al. 2015), blood vessels (Bronckaers, Hilkens et al. 

2013), myocytes (Li, Deng et al. 2015), osteocytes (Heng, Zhu et al. 2016), neurocytes, and 

adipocytes (Gronthos, Brahim et al. 2002). Autologous transplantation of these cells has potential 
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to completely regenerate pulp within a tooth in 6 months (Misako, Koichiro et al. 2017). DPSCs 

are adult stem cells and like other somatic stem cells their differentiation potential is subpar to 

embryonic. Reprograming to embryonic state is possible for some cell lines. DPSCs demonstrated 

the ability to be induced to pluripotent stem cells in 10 days after transduction (Chang, Li et al. 

2014). A newly discovered subpopulation of hDPSCs was revealed to have pluripotent 

characteristics similar to embryonic stem cells (Núñez-Toldrà, Martínez-Sarrà et al. 2017). Dental 

pulp pluripotent-like stem cells (DPPSCs) can be isolated from DPSCs by culturing cells in low-

glucose DMEM supplemented with hPDGF-BB.   

 

Figure 1. Diagram of a section through an adult human tooth (Sharpe 2016). 

 

Residing within dental pulp, DPSCs remain in a quiescent state, however they immediately 

respond to tooth injury by rapidly proliferating and differentiating into cell lineages that aid in 

repair processes. At least four possible sources of the cells have been identified within the dental 

pulp – perivascular, intranerve, perineural, and pulpocytes niches (Karbanova, Soukup et al. 2011). 
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Information about DPSCs’ niche location is imperative for future findings of new harvesting 

methods. Currently a tooth has to be extracted in order to isolate pulp. Multiple relatively 

affordable alternatives of tooth replacement are available, such as fixed or removable prosthetics 

and dental implants. Although these options restore dental functionality, occasionally they can lead 

to bone loss or gum recession. Ideal alternative harvesting method would consist of removal of 

portion of the pulp rich in stem cells without extracting the tooth. Isolation technique must be taken 

into account as it has been shown to affect cellular characteristics such as proliferation and 

differentiation capability (Megat Abdul Wahab, Mohamed Rozali et al. 2017).  

DPSCs have a high differential potential and are capable of transforming into different cell 

phenotypes up to the 9th passage. With multiple passaging the ability to develop into certain tissue 

types declines with and eventually becomes limited to osteoblasts only (Yu, He et al. 2010). Long-

term cell culturing affects their genetic stability and may cause cells to be non-transplantable. This 

phenomenon is more significant in stem cells  from human exfoliated deciduous teeth (SHED)  

compared to DPSCs (Jayaraman, Govindasamy et al. 2016). Differentiation regulators like leptin 

or nuclear receptor related 1 protein (NURR1) can influence direction of cell linage transformation 

(Um, Choi et al. 2011, Di Benedetto, Posa et al. 2017). 

An important factor for dental stem cells is their accessibility. There are several types of 

MSC-like populations in oral cavity: DPSCs and SHED cells reside in pulp, gingival mesenchymal 

stem cells (GMSCs) exist in gum, periodontal ligament stem cells (PDLSCs) can be found in the 

tissue surrounding a tooth, alveolar bone-derived mesenchymal stem cells (ABMSCs) inhabit bone 

that contains tooth sockets, follicle progenitor cells (DFPCs) inhabit sac containing developing 

unerupted tooth, stem cells from the apical papilla (SCAP). Figure 2 illustrates locations of various 

dental stem cells. 
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All these stem cell populations exhibit stem cell-like properties, however collection procedure 

depends on cite of inhabitation. The harvesting process should ideally be minimally invasive and 

potentially cause little or no complications.  DPSCs and SHED cells require less damaging 

methods. There are several methods for DPSCs isolation from pulp tissue and some of them allow 

one to obtain cells with 60% efficiency after 48 hours (Raoof, Yaghoobi et al. 2014). DPSCs can 

be isolated from both permanent and deciduous teeth (Wang, Sha et al. 2012) and undergo long-

term cryopreservation without losing their stem cell qualities (Papaccio, Graziano et al. 2006). 

Newly developed cryopreservation method allows cheaper and more simple way of DPSC 

conservation - freezing of the extracted pulp and the isolating cells after thawing delivers stem 

cells of the same quality as traditional method when cells are isolated from the tissue prior to 

cryopreservation (Takebe, Tatehara et al. 2017). 

 

Figure 2. Sources of human dental tissue-derived MSCs 
(Sharpe 2016). 
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Healthy teeth extracted during routine procedures, such as third molar extractions or 

removal of premolars during course of orthodontic treatment, can potentially be used for DPSCs 

harvesting. Another source of stem cells are deciduous or primary teeth that are usually lost during 

normal dental development and replaced by permanent dentition. Although dental diseases are 

easy to prevent with proper hygiene, caries and periodontal infections are very common (Satcher 

and Nottingham 2017). This raises the question of whether decayed teeth can be used as a source 

of DPSCs. Recent study by Werle et al (Werle, Lindemann et al. 2016) demonstrated that DPSCs 

can be collected from teeth affected by caries and undergo differentiation into osteogenic, 

chondrogenic, odontogenic and adipogenic linages. Sun et al (Sun, Chen et al. 2014) conducted a 

research on teeth extracted due to severe periodontal decease and bone resorption caused by 

inflammation. Their findings suggest that DPSCs isolated from teeth affected by periodontitis form 

colonies slower and have lower rate of proliferation, however multi-linage differential ability of 

these stem cells is unaffected and equivalent to DPSCs from healthy teeth. These findings are true 

for both adult and primary teeth, DPSCs isolated from the pulp of deciduous teeth affected by 

caries or pulpitis have lower cellular yield and decreased proliferation rate (Tsai, Hong et al. 2017). 

Differentiation to a neuronal linage is possible with stem cells harvested from carious teeth. 

However, Gnanasegaran et al (Gnanasegaran, Govindasamy et al. 2016) noted that expression of 

major neuronal markers like nestin, NURR1, and beta-III-tubulin was significantly lower 

compared to DPSC from healthy teeth.  

1.4 Chondrogenic differentiation 

The ability of hDPSCs to differentiate into chondrogenic lineage is of great importance to 

regenerative medicine and has been widely investigated. Autologous chondrocyte implantation is 

currently used to treat joint damage due to degenerative cartilage diseases. In this method, the 
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patient’s sample of cartilage cells is used to expand cell number in laboratory conditions and then 

implant more cells back at the site of injury. Often diseased cartilage cannot provide enough 

healthy cells for successful expansion. Co-culturing human chondrocytes with DPSCs can be an 

effective way to induce chondrogenic differentiation and utilize the high proliferation capacity of 

DPSCs to increase cell number (Dai, Wang et al. 2012). Chondrogenic potential of DPSCs was 

also confirmed in studies when cells were cultured in medium containing growth factors, such as 

the transforming growth factor (TGF) family, bone morphogenetic proteins (BMP), and fibroblast 

growth factors (FGF) (Rizk and Rabie 2013), (Moshaverinia, Xu et al. 2013), (Nemeth, Janebodin 

et al. 2014), (Morito, Kida et al. 2009), (Chen, Xiong et al. 2014). Studies have demonstrated that 

normal NP expresses chondrocyte markers such as sox 9, collagen type II, and aggrecan (Sive, 

Baird et al. 2002). DPSCs have potential to be a cell source that may replace chondrocytes and NP 

cells for regeneration of cartilage tissue and NP component of intervertebral disks. 

1.5 Neurogenic differentiation 

The neural crest-derived origin of DPSCs and the mRNA expression of neural crest related 

genes (Janebodin, Horst et al. 2011) suggest cellular ability to differentiate into neuronal lineages. 

There are multiple possible causes for nerve injury.  When a nerve is damaged, the passage of 

information from the brain to an organ or tissue is interrupted. The healing of a nerve depends on 

the type of injury and whether the damage occurred in the central or peripheral nervous system. 

Spinal cord injuries (SCI) most commonly result from transport accidents, falls, assault, and 

complications of medical care (Chen, Tang et al. 2015). Neuronal stem cells reside in the brain. 

Stem-cell therapy using an autologous cell source is a challenge, because cell harvesting requires 

removal of brain tissue – procedure associated with high risk. DPSCs can provide an accessible 

material for regeneration of damaged neurons. Multiple studies reported successful neurogenic 
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differentiation of dental pulp derived cells. Karaoz et al (Karaoz, Demircan et al. 2011) found that 

after culturing in medium containing brain-derived neurotropic factor (BDNF), epidermal growth 

factor (EGF), and basic fibroblast growth factor (b-FGF), hDPSCs displayed distinctive branched 

morphologies and these neuronal cells were more developed and metabolically active than 

neurocytes differentiated from bone marrow stem cells. In a study done by Kanafi et al (Kanafi, 

Majumdar et al. 2014), introduction of mid-brain cues such as sonic hedgehog, FGF-8, and bFGF 

promoted morphological changes after 72 hours together with an increase in the expression of 

dopaminergic neuronal markers. In 2014, Martens et al published results of their research in which 

hDPSC were differentiated into Schwann cells and a three-dimensional environment of collagen 

hydrogel guided their alignment and myelination (Martens, Sanen et al. 2014). 

1.6 Biological scaffolds 

In tissue engineering, scaffolds are biological constructs that allow cells to attach and 

migrate, provide mechanical support and nutrients, and deliver biochemical factors. Scaffolds can 

be used both for in vitro and in vivo stages of research. They are an important tool for transporting 

cells into organs and tissues, and providing sheltering conditions for implantation. For these 

purposes, scaffolds should be biocompatible and biodegradable. Materials used to construct a 

scaffold must not cause a local or systemic response from the organs or tissues that they were 

designed to replace. It is critical for scaffold material to have the ability to be broken down and 

excreted by natural processes. The degradation rate should be lengthy enough to allow cellular 

adaptation to a new environment and short enough to not interfere with new tissue growth. 

Hydrogels are often used as scaffold materials due to their structures that exhibit soft-

tissue-like properties and resemble the extracellular matrix. Hydrogels are rich in water content 

and they provide a three-dimensional environment that is composed of a polymer network held 
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together by intermolecular forces or crosslinking molecules (El-Sherbiny and Yacoub 2013). 

Mechanical and biochemical properties of hydrogels can be modified to increase oxygen and 

nutrient permeability and control the rate of proteolytic degradation (Zhu 2010). This type of 

scaffold has been proven to be appropriate for NP regeneration (Gan, Li et al. 2017). 

1.7 Collagen as a scaffold material 

Collagen hydrogels are widely used as scaffold biomaterial for DPSCs (Kwon, Lee et al. 2017), 

(d'Aquino, De Rosa et al. 2009). Collagen is the most abundant protein in human tissues and is the 

main component of the extracellular matrix. It provides structural integrity to tissues and supports 

the cellular microenvironment. More than 20 collagen types have been recognized in mammalian 

organisms with type I being the most prominent. Collagen types I, II, III, V, and XI assemble into 

fibrils that are composed of triple helix collagen molecules to provide structural support to 

withstand shear, tensile, and pressure forces. Studies have shown that rat MSCs or bovine NP cells 

grew and proliferated in type II collagen hydrogels. The expression of type II collagen by rat MSCs 

in collagen hydrogel increased, compared to that of cells grown in a culture dish (Calderon, Collin 

et al. 2010, Collin, Grad et al. 2011). After human-derived adipose tissue stromal cells (hADSCs) 

were cultured in hydrogel for 14 days, the expression of type II collagen and aggrecan increased 

(Kirzner, Marcolongo et al. 2012). 

In the ECM collagen fibrils are stabilized by lysyl oxidase enzyme. For tissue engineering 

purposes, various chemical and physical methods can be used to ensure stable cross-linking of 

fibers to provide control of the scaffold’s mechanical properties and achieve a desired rate of 

degradability (Depalle, Qin et al. 2015). Polyethylene glycol (PEG) can be used as a synthetic 

scaffold material and crosslinking agent for natural polymers (Zhu 2010). Collagen hydrogel used 

with PEG crosslinker provides an environment beneficial for cartillage cells – it resembles ECM 
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surrounding chondrocytes in the body, increases water uptake, and allows a slowed hydrolytic 

degradation of the scaffold (Tan, DeFail et al. 2010).    

 

Figure 3. Structures of linear PEG and 4-arm-PEG with various functional end groups. (Zhu J, 
2010). 

 

1.8 Three-dimensional cell culturing 

One of the main advantages of collagen is its ability to be transformed into many different 

shapes and structures, including 3D gels. Tridimensional environment allows cells to develop in 

layers and organize themselves into configurations similar to those found in natural settings(Figure 

4). Culturing of DPSCs in 3D scaffold made of hyaluronic acid was proven to successfully support 

formation of pulp tissue (Ferroni, Gardin et al. 2015). Multiple studies have been performed on 

osteogenic differentiation of DPSCs in 3D environments. These cells remain viable and attach to 

tested scaffolds keeping their ability to differentiate into bone tissue  (Atari, Caballé-Serrano et al. 

2012); (Niu, Sun et al. 2014); (Farea, Husein et al. 2014). The hydrogel provides a beneficial 3D 

environment for the growth of MSCs. In their study, Kim et al (Kim, Kim et al. 2009) successfully 
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differentiated MSCs into nucleus pulposus cells by culturing them in a 3D system.  The collagen 

microenvironment can affect cellular morphology, migration, and, in some cases, differentiation 

of the stem cells (Kwon, Lee et al. 2017). 3D collagen structures have the ability to direct cell 

patterns and tissue organization, and desired direction can be obtained by utilization of infrared 

laser (Hribar, Meggs et al. 2015). DPSCs demonstrated high viability and potential to proliferate 

in a 3D environment (Kanafi, Ramesh et al.). It allowed cells to form spheroids that offer an 

optimal environment for chondrogenic differentiation (Nemeth, Janebodin et al. 2014). 

 

Figure 4. Schematic representation of the cells cultured in 3-D (Dhaliwal 2012). 

 

Hydrogels fabricated of type II collagen have been studied for their ability to provide 3D 

culture for NP cells and MSCs (Calderon, Collin et al. 2010, Collin, Grad et al. 2011). Hydrogel 

scaffolds provide high water content environment that is mimicking NP tissue. Both types of 

collagen hydrogels can potentially be used as carriers for the transplantation of differentiated cells 

into degenerated NP to repair the damaged ID tissue. 
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1.9 Cell migration 

Cellular mobility has an imperative role for physiological processes. Development, 

maintenance, and healing of tissues depend on ability of cells to migrate. MSCs demonstrate the 

ability to migrate towards the destructed tissue site. Growth factors and cytokines signals 

originated in the site of a damaged tissue act as attractants for stem cells (Spaeth, Klopp et al. 

2008). MSC residing in tissues of ID display different migratory properties. Studies conducted on 

comparison of stem cells extracted from NP, AF, and cartilage endplate (CEP) showed that NP 

cells demonstrated the lowest migratory and invasion potential, with all other biological 

characteristics, such as proliferation and colony formation capacity, being the same (Liu, Liang et 

al. 2017). ID degeneration adversely affects mobility of NP MSCs. It has been reported that NP 

stem cells from degenerated ID migrate almost two times slower than healthy NPMSC and that 

can explain limited regeneration ability of the damaged ID (Zhiwei, Pushan et al. 2017).  

For regenerative medicine, cellular tropism plays a key role in determining the success of 

stem cell implantation. Injectable scaffolds act as delivery vehicles for the cells that later have to 

move to the site of injury. Cell motility involves intricate and coordinative activity of cytoskeleton 

components in order to deform the cell. Electrostatic interaction and various adhesion proteins aid 

in misplacement of cells in ECM (Trepat, Chen et al. 2012).   Migration in 3D environment utilizes 

different cellular mechanisms compared to movement on 2D surfaces. Involvement of nuclear 

cytoskeleton in cellular passage through tissue matrix adds limitations to motility in 3D (Liu, Luo 

et al. 2016). Stiffness and density of the scaffold greatly affect a cell’s ability to move within and 

outside of it. These factors also influence the character of cellular deformations necessary for 

formation of cellular protrusions and adhesion (Friedl and Wolf 2010). 
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CHAPTER 2 

RESEARCH OVERIVIEW 

2.1 Introduction 

New cell therapy treatment for ID degeneration can allow patients to avoid complicated 

surgeries and restore functionality by regeneration of deteriorated NP. Biomaterial hydrogels that 

mimic ECM of NP can serve as stem cell carriers during cell transplantation. Hydrogels that are 

formed by collagen as a main component provide a promising scaffold for NP repair due to their 

biocompatibility, biodegradability and suitable mechanical property. Type I and type II collagen 

hydrogels have been investigated for NP regeneration (Lu, Doulabi et al. 2008, Calderon, Collin 

et al. 2010, Yang, Zhao et al. 2016). Previous study showed a high efficacy of hydrogel injection 

in the treatment of ID.  It was shown that hydrogel implants remained in place after intensive 

mechanical compression  (Showalter, Elliott et al. 2015).  

DPSCs have good differentiation and proliferation capacity and can potentially be 

differentiated as NP-like chondrogenic cells. Previous studies showed the growth of DPSCs 

derived specialized cells in type I collagen gels (Yu, Deng et al. 2006, Paduano, Marrelli et al. 

2016),  however, the growth and motility of DPSCs and DPSC-derived chondrocytes in type I 

and type II collagen hydrogels and crosslinked hydrogels have not been investigated. 

In previous studies conducted by our laboratory, type I collagen and type II collagen 

hydrogels were fabricated and investigated for growth of human NP cells. It was established that 

crosslinking of collagen hydrogel with 1-ethyl-3 (3-dimethyl aminopropyl) carbodiimide (EDC) 

or poly(ethylene glycol) ether tetrasuccinimidyl glutarate (4S-StarPEG) improved stability of the 
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collagen gels and reduced collagenase digestion without affecting cellular viability. 

(Priyadarshani, Li et al. 2016). 

2.2 Hypotheses and objectives 

The purpose of this study is to investigate the migration of DPSCs and DPSCs-derived 

chondrogenic cells in type I and type II collagen hydrogels. This research is aimed to explore the 

differentiation of DPSCs to chondrogenic cells and neuronal cells and investigate the 

compatibility of differentiated and undifferentiated cells with type I and type II collagen 

hydrogels. In addition, the study investigates whether crosslinking of the hydrogels will 

significantly affect cellular behavior in the gels. The proposed research is also designed to 

answer whether cell culturing in 3D environment supports cell migration and affects cell 

phenotype. 

The hypothesis of the research is that DPSCs and DPSCs-derived chondrogenic cells can 

grow and migrate in type I and type II collagen hydrogels with and without 4S-StarPEG 

crosslinker. 

The objectives of the study are listed. 

1. The culturing of DPSCs in type I and type II collagen hydrogels and the analysis of 

cellular viability and proliferation of DPSCs in the gels.  

2. The differentiation of DPSCs to chondrogenic and neurogenic lineages.  

3. The investigation of the motility of undifferentiated DPSCs and DPSCs-derived 

chondrogenic cells in 2D and 3D environments.  

4. The investigation of DPSCs-derived chondrogenic cell proliferation and migration in type 

I and type II collagen hydrogels after long term (2week) cell culturing.  

The plan of the study is schematically demonstrated in Figure 5. 



	 16	

 

 

 

 

Figure 5. Research plan of the study 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Cell culture 

Human DPSCs were purchased from LONZA. They were collected from extracted third molars of 

donors undergoing common “wisdom teeth” extraction surgery. The cells were cultured in DPSC 

basal medium (DPSCBM LONZA). Cell cultures between the second and fourth passage were 

used for differentiation and migration studies. 

3.2 Preparation of collagen type I and type II hydrogels 

For migration studies, hydrogels were formed in 48-well plates. Type I collagen and type II 

collagen were extracted from bovine achilles tendon and bovine cartilage, respectively. 400µl of 

type I (5mg/ml, Corning, Corning, NY) or type II (5mg/ml) collagen was neutralized with 1M 

sodium hydroxide solution and phosphate-buffered saline (PBS) solution(10X). Both types of 

collagen gels were crosslinked with polyethylene glycol ether tetrasuccinimidylglutarate (4S-

StarPEG) in three concentrations: 0mM (control), 0.1mM, and 0.5mM. Subsequently, 4x104 

DPSCs were placed into each gel. Then cell medium was added into each well. Medium was then 

refreshed every 3 days. 

3.3 Migration study 

To study the 3D migration of cells in hydrogels, 4x104 cells were seeded in 400µl of hydrogel. 

Migration was recorded using time-lapse microscopy (Zeiss Axio Observer) in an environmental 

chamber with temperature kept at 37 oC and atmosphere at 5% CO2. Recordings were performed 

using ZEN 2011 imaging microscopy software and a digital camera (AxioCam MRm Rev.3 with 
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FireWire). Image snaps were taken every 5 minutes until the total number of slides reached 36 

(3hours of total recording time). For 2D migration 4 x103 cells were seeded in type I or type II 

coated 24-well plates. All migration recordings were performed after culturing for 24 hours. At 

least three independent experiments were performed in this study. 

3.4 Cell viability analysis 

40,000 DPSCs were seeded in 400µl of both types of collagen gels in three different concentration 

of 4S-StarPEG, like described previously. LIVE/DEAD® cell vitality assay (Lifetechnology, 

Grand Island, NY) protocol was used to investigate cell viability. Assay reagents were mixed with 

sterile PBS to achieve a concentration of 2mM of ethidium homodimer-1 and 4mM of calcein AM. 

After 6 days, the medium was aspirated and 200 µl live/dead assay solution was added to the cell-

containing hydrogels. To minimize exposure to light, the cell plate was covered by aluminum foil 

and incubated for 30 minutes at room temperature. Then the samples of hydrogels were placed on 

coverslips and observed under a fluorescent microscope. Three replications were made for each 

type of investigated hydrogel. The results were analyzed by calculating the ratio of live cells to the 

total number of cells and presented as percentage values. 

3.5 Proliferation of DPSCs in hydrogels analysis 

Hydrogels with DPSCs were prepared according to the previously described method. Control 

hydrogels of 0mM, and 0.5mM 4S-StarPEG concentrations were prepared without addition of 

DPSCs. Proliferation tests were performed using AlamarBlue® assay (Pierce Biotechnology, 

Rockford, IL) – non-toxic analysis that uses metabolic activity of cells to reduce non-fluorescent 

blue reagent resazurin into bright-red fluorescent resorufin. After incubation, absorbance can be 

measured to evaluate colorimetric changes of the samples. Result readings were obtained on the 
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3rd and 6th days. Three independent replications of each hydrogel type were prepared for the testing. 

On the days when readings were planned, DPSC medium containing the AlamarBlue® reagent in 

10% (v/v) concentration was prepared and warmed. Regular medium covering hydrogels was 

aspirated from the wells and replaced with 600µl of proliferation assay medium. Cell plates 

covered in aluminum foil were incubated for four hours in a humidified incubator at 37oC and 5% 

CO2. After that, the incubation medium from each well was transferred to a 96-well plate with two 

replications. Absorbance was measured on a microplate reader spectrophotometer (Synergy MX 

Monochromator-Based Multi-Mode Microplate Reader, Winooski, VT) at 570nm and 600 nm. 

Percent reduction was calculated using the following formula and constants:  

%𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = (
𝐸𝑜𝑥𝑖600 ∗ 570 − 𝐸𝑜𝑥𝑖570 ∗ 𝐴600
𝐸𝑟𝑒𝑑570 ∗ 𝐶600 − 𝐸𝑟𝑒𝑑600 ∗ 𝐶570 ) 

 

Eoxi600=117216, Eoxi570=80586, Ered600=14652, Ered570=155677 

3.6 Chondrogenic differentiation of DPSCs 

To promote differentiation of DPSCs into chondrocytes, pellets of 2.5x105 cells were formed in 

15-ml conical tubes by centrifugation at 600xG for 5 min. Pellets were cultured for 21 days in 

DMEM supplemented with TGF-β, ascorbate-2-phosphate,  dexamethasone, sodium pyruvate,  

proline and ITS premix.  The medium was changed every 3 days. During every medium 

replacement, pellet attachment to tube walls was examined and if needed pellets were detached. 

Control DPSCs pellets were prepared in an identical way, but DPSCBM was used.    
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Figure 6. Pellet formed in a 15ml tube. 

3.7 Neurogenic differentiation of DPSCs 

To support adherence of DPSCs during neuronal differentiation, polystyrene wells were 

coated with Poly-D,L-ornithine for 2 hours and 0.5% solution of  laminin in PBS for 24 hours.  

For neuronal cell differentiation, 1.5x105 hDPSCs were plated on coated wells and cultured 

for three weeks in neurobasal A medium supplemented with epidermal growth factor (EGF), basic 

fibroblast growth factor (bFGF) and B27 supplement. Every three days the medium was renewed. 

After 21 days neurogenic differentiation was evaluated by typical phenotypic changes in 

differentiated DPSCs compared to undifferentiated (Figure 7). Pictures were taken using a light 

microscope with build-in camera (Zeiss Axio Observer). 
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Figure 7. Phenotypic appearance of two different cell lineages derived from DPSCs 
(Aurrekoetxea, Garcia-Gallastegui et al. 2015) 

3.8 Immunocytochemistry  

All immunostaining analyses were performed on the sixth day of cell culturing. The ECM 

component, type II collagen, is an indicator of functional chondrocytes. The structural and 

functional component of cartilage, aggrecan, is a proteoglycan-core protein that can serve as 

another marker for chondrogenic cells. The third marker used to identify the phenotype of 

differentiated cells was high-mobility-group domain transcription factor Sox-9. This factor 

specifies chondrocyte lineage during differentiation of MSCs (Bi, Deng et al. 1999). Presence of 

the above markers indicates chondrogenic nature of the cells.   

Undifferentiated cells, cellular pellets of DPSCs derived chondrocytes, and control pellets 

were cultured in collagen type I-coated cell culture dishes for 6 days. Then the cells were prepared 
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for immunocytochemical staining by fixation in 4% (v/v) paraformaldehyde in PBS solution for 

20 minutes. This step was followed by cellular permeabilization in 0.1%(v/v) Triton X-100 in PBS 

for 15 minutes. After that, cells were blocked by 10%(v/v) fetal bovine serum in PBS solution. In 

between steps, cells were rinsed with PBS 3 times. After blocking, the cells were labeled with 

polyclonal anti-aggrecan antibody (Santa Cruz Biotechnology, Dallas, TX), monoclonal anti-type 

II collagen antibody (Santa Cruz Biotechnology, Dallas, TX), and polyclonal anti-sox 9 antibody 

(EMD Millipore, Billerica, MA). Images were taken with a fluorescent microscope (Zeiss Axio 

Observer). 

3.9 DMMB Assay 

 To measure the amount of glycosaminoglycans (GAGs) generated by the cells, the culture 

medium for control pellet growth and culture medium for pellets of chondrogenic differentiation 

were collected every week for 3 weeks. The content in the cell culture medium was concentrated 

by freeze-drying the medium overnight and reconstituting the content in 100 µl deionized water. 

The GAGs were measured by dimethylmethylene blue (DMMB) assay. A DMMB (Sigma-

Aldrich, St. Louis, MO) solution was prepared by dissolving 16 mg DMMB in 1 L water 

containing 3.04 g glycine, 1.6 g NaCl, and 95 ml of 0.1 M acetic acid. The pH of the solution was 

adjusted to 3.0. The solution was then filtered using Whattman® filter paper. The standard curve 

of chondroitin 4 sulfate solution was prepared. The mixtures of the sample solution (50 µl) and 

DMMB solution (200 µl) were measured using a plate reader at 525 nm. 

3.10 Migration of DPSC-Derived Chondrogenic Cells in Collagen Hydrogels 

DPSC-derived chondrogenic cell pellets and control pellets were cut into four pieces and seeded 

on type I collagen-coated dishes, in type I and type II collagen hydrogels or type I and type II 

collagen hydrogels crosslinked with 4S-StarPEG (0.5 mM). After culturing for 3 and 6 days, 



	 23	

images of the pellets on cell culture dishes or in the collagen hydrogels were recorded. The distance 

of cell migration from the edge of cultured cell pellets was measured and quantified. Measurements 

were obtained in four perpendicular directions (Figure 8) and the average of the four values was 

calculated and recorded. 

 

Figure 8. Measurement of cell migration distance from a pellet. 

 

 To study the motility of DPSC-derived chondrogenic cells in the hydrogels, the dissociated 

chondrogenic cells were grown in collagen hydrogels, and the cell migration was recorded with a 

time-lapse imaging system. DPSC-derived chondrogenic cell pellets were dissociated using a 

digestion solution prepared with cell culture medium containing 10% FBS, 0.15% collagenase 

type I (Thermo Fisher Scientific), and 2 mM CaCl2. The dissociated cells were cultured in cell 

culture dishes for 6 days. Then the cultured cells were harvested, and about 20,000 cells were 

seeded in 200 µl type I or type II collagen hydrogels or collagen hydrogel crosslinked with 

4S-StarPEG (0.5 mM). After the cells were cultured for 24 hours, the migration of the cells was 

recorded with a time-lapse microscope placed in a plastic incubator with 5% CO2 at 37ºC. The 
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migration of cells was recorded by capturing images every 5 minutes for 3 hours. At least three 

independent experiments were performed in this study. 

3.11 Statistical Analysis 

 Statistical analysis was conducted using a two-tailed Student’s t-test. A p-value of 0.05 was 

considered to be statistically significant. Data were expressed as means ± standard deviation. 
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CHAPTER 4 

RESULTS 

4.1 Cell viability of DPSCs in Collagen Hydrogels 

Fluorescent dyes of LIVE/DEAD assay labeled live cells as green fluorescence and dead cells as 

red fluorescence. Analysis performed allowed visualization of cells in both types of collagen 

hydrogels with and without crosslinker. After culturing for 6 days in collagen gels, most cells were 

viable. The cells showed elongated morphology with multiple-processes in the hydrogels. Figure 

9 demonstrates results for each type of cells separately without merging. Quantitative data in figure 

10 demonstrates that over 95% of DPSCs were live cells in type I and type II collagen gels and 

confirms no significant difference between hydrogel samples.  
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Figure 9. LIVE/DEAD® cell viability assay for DPSCs grown in collagen hydrogels: (A) Most 
cells grown in non-crosslinked and 4S-StarPEG crosslinked collagen hydrogels exhibiting high 
cell viability. Scale bar: 200 µm. The images of same field were taken to show the green or red 
fluorescence – labeled cells. Live cells labeled with calcein AM (green). Dead cells labeled with 
ethidium homodimer-1 (red).   
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Figure 10. Percentage of live cells in type I and type II collagen hydrogels determined by 
LIVE/DEAD ® cell assay. 

 

4.2 Proliferation of DPSCs in Collagen Hydrogels 

Metabolic activity and proliferation of hDPSCs in hydrogels analyzed by the AlamarBlue® assay 

compared results for 3 and 6 days. Figure 11 uses bar graphs for analysis of hydrogels with 0mM, 

and 0.5mM concentration of 4S-Star-PEG. For type I collagen hydrogels, after culturing for 3 

days, the reduction of AlamarBlue® reagent for DPSC in the non-crosslinked and crosslinked 

hydrogels was 48.9 ± 0.9% and 38.4 ± 1.3%, respectively. The values increased to 75.2 ± 2.9% 

and 74.2 ± 1.6% after culturing for 6 days. For type II collagen hydrogels, the values in non-

crosslinked and crosslinked hydrogels were 42.3 ± 0.7% and 31.7 ± 1.2%, respectively, after 
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culturing for 3 days, and these values increased to 64.0 ± 4.0% and 46.1 ± 3.2%, respectively, after 

culturing for 6 days. The increase in AlamarBlue® reagent reduction indicated cell proliferation 

in both type I and type II collagen hydrogels.  

 

 

  Figure 11. Results of AlamarBlue ® cell viability assay in collagen hydrogels after 3 and 6 
days of incubation. (A) type I collagen, (B) type II collagen. 
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4.3 Migration of DPSCs in Collagen Hydrogels  

 Migration of the DPSC cell culture in collagen hydrogels was studied. Recorded videos were 

analyzed and each cell’s movements were tracked. As is shown in Figure 12, the cell migration 

pathways are labeled with lines of different colors. The cell migration distance on the cell culture 

dish was greater than that in the non-crosslinked and crosslinked collagen hydrogels. In Figure 13, 

each frame shows all superimposed migration tracks of DPSCs in at least four independent 

experiments. The position of all cells at t = 0 minute is represented by the origin (0, 0). Each line 

represents the migration track of one single cell over a 3-hour period. Images depict pathways 

typical for DPSCs on a coated dish and in the hydrogels with and without 4S-StarPEG  

crosslinking. 

 The migration speed and distance of DPSCs were quantified (Figure 14). The DPSC migration 

speed in type I collagen hydrogel and type I collagen hydrogel crosslinked with 4S-StarPEG (0.5 

mM) was 0.34 ± 0.12 µm/min and 0.28 ± 0.14 µm/min, respectively, which were significantly 

lower than that on the type I collagen-coated cell culture dish of 0.6 ± 0.05 µm/min (p < 0.05). The 

DPSC migration speed in type II collagen hydrogel and type II collagen hydrogel crosslinked with 

4S-StarPEG (0.5 mM) was 0.40 ± 0.14 µm/min and 0.35 ± 0.10 µm/min, respectively, which were 

significantly lower than that on the type II collagen-coated cell culture dish of 0.62 ± 0.06 µm/min 

(p < 0.05). The migration speed of DPSC in type I and type II collagen hydrogels was not 

significantly different.  

 The DPSC 3-hour migration distance on the type I collagen-coated cell culture dish, in type I 

collagen hydrogel, and crosslinked type I collagen hydrogel was 107.1 ± 9.2 µm, 60.0 ± 22.5 µm, 

and 49.1 ± 24.6 µm, respectively. The DPSC 3-hour migration distance of the type II collagen-
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coated cell culture dish, in type II collagen hydrogel and crosslinked type II collagen hydrogel was 

109.6 ± 11.7 µm, 74.4 ± 26.8 µm, and 61.4 ± 18.1 µm, respectively.	

 

 

 

Figure 12. Migration of DPSCs on coated cell culture dish and in hydrogels (each line 
indicates one migration track of a cell). Scale bar: 100 µm. 
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Figure 13. Cell migration paths determined by video monitor tracings (position of all cells at t = 
0 min represented by origin position (center of frame), with migratory track of each cell at 3 
hours plotted as single line on graph; each axis arm represents 150 µm of translocation distance). 
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Figure 14. (A) Quantification of DPSC migration speed in hydrogels. (B) Quantification of cell 
migration distance in hydrogels. *, p < 0.05, compared with DPSC cell migration in 
corresponding type I or type II collagen hydrogel. 
 

 

 

A	

B	
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4.4 Neurogenic Differentiation of DPSCs 

Result of neurogenic differentiation was established based on phenotypic change identified in the 

cells. Microscopic images of DPSCs derived neurogenic cells and control DPSCs taken under 

light miscroscope (Zeiss Axio Observer) were compared. Figure 15 depicts undifferentiated 

DPSCs after 21 days of culturing in DMEM medium and cells cultured in neurogenic medium 

for the same amount of time. Figure 15A illustrates polygonal shape of DPSCs and figure 15B 

shows DPSCs derived neuronal cells that appear as elongated cells with long processes on both 

sides.  

   

Figure 15. Cell phenotypes for neurogenic differentiation. Undifferentiated DPSCs (A) and DPSC 
derived neurogenic (B)cells 
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4.5 Chondrogenic Differentiation of DPSCs  

 The chondrogenic differentiation of DPSCs was determined by the type II collagen antibody, 

aggrecan antibody, and sox-9 antibody. The undifferentiated DPSC cells and control pellets 

expressed aggrecan, but not type II collagen or sox 9. The chondrogenic pellets expressed type II 

collagen, aggrecan, and sox-9 (Figures 16-19). Results for glucosaminoglycan content are 

illustrated in figure 20. After the chondrogenic pellets were cultured for 1 and 2 weeks, the DMMB 

assay showed that the levels of GAGs were 17.3 ± 4.7 µg/ml and 14.5 ± 2.7 µg/ml, respectively, 

which were significantly higher than that of the control pellets (P < 0.05). However, after culturing 

for 3 weeks, the level of GAGs in the chondrogenic pellet medium was 12.2 ± 4.1 µg/ml, which is 

not significantly different from that in the control pellet medium of 7.4 ± 1.5 µg/ml. 

 

 

 

 

 



	 35	

 

Figure 16. DPSC-derived chondrogenic cells migrated out of cell pellet after culturing on 
collagen-coated cell culture dish. 
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Figure 17. Immunostaining for type II collagen marker observed with fluorescent microscope 
(B,D,F). (A, B) Undifferentiated DPSCs cultured in flask. (C,D) DPSCs pellet cultured in 
chondrogenic medium for 21 days. (C,D) Control DPSCs pellet cultured in regular DPSCBM for 
21 days.  Scale bar: 100 µm. 
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Figure 18. Immunostaining for SOX 9 marker observed with fluorescent microscope (B,D,F). 
(A, B) Undifferentiated DPSCs cultured in flask. (C,D) DPSCs pellet cultured in chondrogenic 
medium for 21 days. (C,D) Control DPSCs pellet cultured in regular DPSCBM for 21 days.  
Scale bar: 100 µm. 
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Figure 19. Immunostaining for aggrecan marker observed with fluorescent microscope (B,D,F). 
(A, B) Undifferentiated DPSCs cultured in flask. (C,D) DPSCs pellet cultured in chondrogenic 
medium for 21 days. (C,D) Control DPSCs pellet cultured in regular DPSCBM for 21 days. 
Scale bar: 100 µm. 
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Figure 20. DMMB assay of level of GAGs in cell culture medium produced by chondrogenic 
pellets and control pellets. *, p < 0.05, compared with corresponding control pellets after pellet 
culturing for 1 week and 2 weeks. 

 

 

 4.6 Migration of DPSC-Derived Chondrogenic Cells in Collagen Hydrogels 

 Analysis of differentiated cell migration from cell pellets was based on images taken with 

light microscopy. The distance that the cells migrated from the edges of the pellets was measured 

after 3 and 6 days. DPSC-derived chondrogenic cells migrated into the collagen hydrogels after 

the cell pellets were seeded in the hydrogels (Figure 21). The cell migration distance of 

chondrogenic cells in non-crosslinked type I collagen hydrogel was significantly higher (325.7 ± 

150.8 µm) than that of cells in the type II collagen hydrogel (102.5 ± 32.8 µm, p < 0.05) or 4S-
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StarPEG-crosslinked type I hydrogel (218 ± 92.5 µm, P < 0.05) after culturing for 3 days (Figure 

22). After culturing for 6 days, the cell migration distance in the non-crosslinked type I collagen 

hydrogel increased to 579.4 ± 142.5 µm, which is significantly higher than that in the type II 

collagen hydrogel (295 ± 140.4 µm, p < 0.05) and crosslinked type I collagen hydrogel (436.3 ± 

112.6 µm, p < 0.05). The cell migration distances in the crosslinked-type II collagen hydrogels 

after culturing for 3 days or 6 days were 106.5 ± 54.6 µm and 234.2 ± 71.9 µm, respectively, which 

were significantly lower than that in the corresponding crosslinked type I collagen hydrogels.  

 The migration of dissociated DPSC-derived chondrogenic cells was studied by a time-lapse 

imaging system. Figure 23 shows the cell migration pathways labeled with lines of different colors. 

The cell migration distance in type I collagen hydrogel was longer than that in type II collagen 

hydrogel. Each frame of Figure 24 shows the superimposed cell migration tracks in at least four 

independent experiments. Each line represents the migration track of one single cell over a 3-hour 

period. The cell migration speed in type I collagen hydrogel was 0.45 ± 0.12 µm/min, which was 

significantly greater than that in type II collagen hydrogel (0.19 ± 0.03 µm/min, p < 0.05) and in 

the crosslinked type I collagen hydrogel (0.27 ± 0.07 µm/min, p < 0.05) (Figure 25A). The cell 

migration distance in type I collagen hydrogel was 80.0 ± 21.2 µm, which was significantly greater 

than that in type II collagen hydrogel (34.7 ± 5.9 µm, p < 0.05) and in the crosslinked type I 

collagen hydrogel (47.1 ± 14.3 µm, p < 0.05) (Figure 25B). The cell migration speed and distance 

in crosslinked type II collagen hydrogels were 0.13 ± 0.04 µm/min and 24.1 ± 7.3 µm, respectively, 

which were significantly lower than the corresponding migration speed and distance in crosslinked 

type I collagen hydrogel. 
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Figure 21. Migration of DPSC-derived chondrogenic cells of cell pellets in collagen 
hydrogels. (A–F) DPSC-derived chondrogenic cells migrated into collagen hydrogels from cell 
pellets. (A, B) Cell migration in type I collagen hydrogel. (C, D) Cell migration in type II 
collagen hydrogel. Scale bar: 200 µm. (C) Magnified images of inset indicated in (B). (F) 
Magnified images of inset indicated in (E). Scale bar: 100 µm. 
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Figure 22. Quantification of cell migration distance in collagen hydrogels from cell pellets.  *, p < 
0.05, compared with cell migration in corresponding collagen hydrogels after cell culturing for 3 days. ^, 
p < 0.05, compared with cell migration in corresponding type II collagen hydrogels and crosslinked type 
I and type II collagen hydrogels after cell culturing for 3 days and 6 days. 
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Figure 23. Migration of DPSC-derived chondrogenic cells in hydrogels. (A) Cells migrated 
in collagen hydrogels (each line indicates one migration track of a cell). Scale bar: 100 µm. 
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Figure 24. Cell migration paths determined by video monitor tracings (position of all cells at t = 
0 minute represented by origin position (center of frame), with migratory track of each cell at 3 
hours plotted as single line on graph; each axis arm represents 150 µm of translocation distance). 
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Figure 25. (A) Quantification of cell migration speed in hydrogels. (B) Quantification of cell 
migration distance in hydrogels. *, p < 0.05, compared with cell migration in type II collagen 
hydrogel and crosslinked type I and type II collagen hydrogels. ^, p < 0.05, compared with cell 
migration crosslinked type II collagen hydrogel. 

	



	 46	

4.7 Investigation of DPSCs-derived chondrogenic cell viability and migration after long 

term cell culturing 

The migration of DPSC-derived chondrogenic cells after short and long term culturing was 

investigated. Figure 26 shows the superimposed cell migration tracks in at least four independent 

experiments with each line representing the migration trajectory of a single cell over 3-hour period. 

The cell migration speed in type I collagen hydrogel after 24-48 hours of incubation was 0.49 ± 

0.01 µm/min, which was significantly greater than that in type II collagen hydrogel (0.28 ± 0.03 

µm/min, p < 0.05). After culturing DPSCs-derived chondrogenic cells in collagen hydrogels for 

two weeks, the cell migration speed in type I collagen significantly decreased (0.32 ± 0.03 µm/min, 

p < 0.05), however it was not significantly different from  type II collagen hydrogel (0.23 ± 0.06 

µm/min, p < 0.05) (Figure 27A). The cell migration distance in type I collagen hydrogel after short 

term culturing was 85.7 ± 1.62 µm, which was significantly greater than that in type II collagen 

hydrogel (48.7 ± 5.2 µm, p < 0.05). and in the long term culturing type I collagen hydrogel (55.8 

± 5.33 µm, p < 0.05) and type II collagen hydrogel (40.4 ± 10.7 µm) (Figure 27B). 

 Figure 28 shows the results of the cell proliferation assay. For type I and type II collagen 

hydrogels, after culturing for 2 days, the reduction of AlamarBlue® reagent for DPSCs-derived 

chondrogenic cells was 29.2 ± 0.55% and 31.0 ± 0.99%, respectively. The values increased to 55.7 

± 1.8% and 55.4 ± 3.5% after culturing for 14 days.  
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Figure	26.	DPSCs	derived	chondrogenic	cell	migration	paths	determined	by	video	monitor	
tracings	(position	of	all	cells	at	t	=	0	minute	represented	by	origin	position	(center	of	frame),	
with	migratory	track	of	each	cell	at	3	hours	plotted	as	single	line	on	graph;	each	axis	arm	
represents	150	µm	of	translocation	distance)	
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Figure 27. (A) Quantification of DPSCs-derived chondrogenic cell migration speed in hydrogels 
after two-week culturing. (B) Quantification of DPSCs-derived chondrogenic cell migration 
distance in hydrogels after two-week culturing. *, p < 0.05, compared with cell migration in type 
II collagen hydrogel and type I and type II collagen hydrogels after long culturing.  
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Figure 28. Results of AlamarBlue ® cell viability assay in for DPSCs-derived chondrogenic cells 
in collagen hydrogels after 2 and 14 days of culturing. 
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CHAPTER 5 

DISCUSSION 

Regeneration of human organs and tissues is becoming an attractive alternative to 

traditional surgical treatments and use of prosthetics. While ethical debates are still taking place, 

they are less argumentative due to the significant amount of successive research discoveries in 

the field of adult stem cells. In an adult body, stem cells are used to replace worn out cells and 

provide building blocks to a site of injury requiring repair. Stem cell niches are found in many 

organs from adipose tissue to brain and many of these cell types have been proven to 

differentiate into various other cell lineages. Stem cell therapy is a potential approach for the 

repair of the NP to restore functionality of degenerated discs. MSCs isolated from bone marrow, 

cartilage endplate, umbilical cord blood, synovial tissue, and adipose tissue have been studied in 

the investigation of NP regeneration (Chun, Kim et al. 2012, Longo, Papapietro et al. 2012, Jin, 

Min et al. 2013). Conducted animal studies demonstrated that transplantation of MSCs in 

intervertebral discs can restore height of the disc, restore extracellular matrix, and improve spine 

function (Anderson, Markova et al. 2013). One of the major challenges associated with adult 

stem cells is the harvesting process – it often requires invasive procedures that can pose a 

significant threat to health or cause additional injury. DPSCs are neural crest-derived MSCs that 

are extracted from dental pulp that is present in deciduous and permanent teeth (Tsai, Hong et al. 

2017). Human DPSCs can be obtained from any extracted tooth – most commonly from 

extracted third molars or premolars during the course of orthodontic treatment. Cells are easily 

isolated from the surrounding dentin tissue by digestive enzymes and can be stored for extensive 

time by cryopreservation without losing their differentiating and proliferating properties 

(Takebe, Tatehara et al. 2017).  DPSCs demonstrated multipotency and high regenerative 
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capacity.  These cells can differentiate into neuronal, cartilage, muscle, adipose, bone, epithelial 

and other cell types (Karaoz, Demircan et al. 2011, Tatullo, Marrelli et al. 2015, Ledesma-

Martínez, Mendoza-Núñez et al. 2016). DPSCs are an attractive source of adult stem cells 

because they are relatively easy to obtain and can be easily expanded in cell culture.  

 The function of natural biomaterials such as collagen, HA, fibrin, gelatin, alginate, and 

chitosan have been investigated as the matrix for NP cell growth and the carrier for cell 

transplantation in IVD regeneration (Calderon, Collin et al. 2010, Gan, Li et al. 2017). The 

mechanical property of biomaterial hydrogel mimics that of NP, and it can potentially retain its 

original dimensions and water content after multicycle compression. Type II collagen is a major 

component of IVD, and the ratio of type II collagen and hyaluronic acid is 9:1 (w/w) in native NP 

tissue. Studies showed that type II collagen hydrogels can support bovine and human nucleus 

pulposus cell growth (Calderon, Collin et al. 2010). Crosslinking can enhance the material 

properties of collagen hydrogel against enzyme degradation. A previous study showed that 

crosslinking of collagen hydrogels with 4S-Star PEG reduced collagenase-induced type II collagen 

degradation (Collin, Grad et al. 2011).  

In this research chondrogenic and neurogenic potential of DPSCs were investigated. 

These findings were used to compare differences in two- and three-dimensional migration of 

undifferentiated and differentiated DPSCs. Growth and migration of the cells was investigated in 

in both type I and type II collagen hydrogels. Prior to investigation of migration, it was important 

to fabricate a non-toxic biomaterial matrix. Even though collagen is a natural material, 4S-

StarPEG is a synthetic compound; interaction between two materials is important for controlling 

scaffold properties, therefore ability of the cells to survive and proliferate in crosslinked 

hydrogels is of great importance. LIVE/DEAD ® cell assay confirmed high viability of DPSCs 
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in collagen type I and type II hydrogel with different concentrations of 4S-StarPEG. Over 90% 

live cells were observed under fluorescent microscopy after introduction of LIVE/DEAD ® 

reagent to hydrogels. AlamarBlue® assay showed the high rate of metabolic activity of DPSCs 

within collagen type I hydrogels. After 3 days of incubation, cells cultured in crosslinked type I 

collagen with 0.1mM and 0.5mM concentration of 4S-StarPEG had lesser proliferation rate 

compared to non-crosslinked collagen, however longer period incubation (6days) increased 

cellular activity. This data may suggest that DPSCs need time to acclimate to hydrogels with 4S-

StarPEG, but the crosslinker is not toxic to them. 

 The DPSCs demonstrated motility in type I and type II collagen hydrogels and on collagen 

coated Petri dishes. Cell migration speed was not significantly different in either hydrogel, 

however it was notably lower compared to two-dimensional migration on the dish. Results for the 

migration distance are comparable to those of speed; there was no significant difference for type I 

and type II collagen hydrogels, but the cells traveled farther on a dish. It was also observed that 

the crosslinking of collagen did not significantly affect the cell migration speed. This study 

indicates that after transplantation of DPSC cells in nucleus pulposus, the DPSC cells can 

dynamically migrate in the hydrogel, and potentially the cells can move toward the native nucleus 

pulposus and perform repair function.  

 Although no specific marker has been identified for NP cells, their traits resembles that of 

chondrocytes. A previous study showed that NP cells expressed the classical chondrocyte markers, 

including sox 9, collagen type II, and aggrecan (Sive, Baird et al. 2002). That study suggested that 

the chondrogenic differentiation of MSCs can potentially be applied to repair degenerated NP. 

Collagen has been investigated for the implantation in NP and cartilage. Cell motility is critical for 

the transplanted cells encapsulated within the hydrogel because the cells need to migrate into the 
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host NP tissue to repopulate cells in deficient areas. Studies have demonstrated the effect of 

collagen on chondrocyte and NP cell motility. A previous study showed that the presence of type 

I collagen and type II collagen in a cell culture medium promoted chondrocyte migration in a 

modified Boyden chamber (Shimizu, Minakuchi et al. 1997). When NP cells were cultured on type 

I collagen matrices, they invaded the materials. Bron et al study (Bron, Mulder et al. 2012) 

suggested that the NP cells in local NP tissue can migrate into the collagen matrices and remodel 

the biomaterial scaffolds.  

In this study, DPSCs were differentiated as chondrogenic cells. Differentiation of DPSCs 

to chondrocytes was confirmed by immunocytochemistry. The differentiation of the cells was 

confirmed by chondrogenic cell markers—type II collagen, aggrecan, and sox 9. Results 

observed under a fluorescent microscope confirm presence of all three markers in differentiated 

cells compared to control DPSCs. This differentiation protocol has been successfully used in 

other studies, the novelty of this research was to investigate migration ability of obtained 

chondrogenic cells. The cell pellets of DPSC-derived chondrogenic cells were seeded in collagen 

hydrogels, and the cells migrated into the collagen hydrogels. Pictures of pellets containing 

chondrogenic cells were used to analyze any differences in distance. It was confirmed that 

chondrogenic cells can migrate out of the pellet in 3D environment of both type I and type II 

collagen hydrogels. More cells migrated into the type I collagen hydrogels than did in type II 

collagen hydrogels. To investigate the motility of DPSC-derived chondrogenic cells in collagen 

hydrogels, the chondrogenic pellets were dissociated, and individual cell migration was recorded 

and analyzed by time-lapse imaging. Different from the findings of DPSC cell migration in 

collagen hydrogel, the DPSC-derived chondrogenic cells showed higher migration speed in type 
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I collagen hydrogels than that in type II collagen hydrogels. The single-cell migration study 

confirmed that DPSC-derived chondrogenic cells are more motile in type I collagen hydrogels.  
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CHAPTER 6 

CLINICAL RELEVANCE AND FUTURE DIRECTIONS 

Low back pain ranges from mild to severe and is experienced by 80 percent of the adult 

population at some point of their lifetime. Surgical intervention is a common treatment for these 

patients, however there is not enough evidence supporting success of surgery over non-surgical 

treatment (Andrade, Flynn et al. 2013). Biomedical intervention is getting increased attention as 

it can provide biomaterial replacements for degenerated discs. Better understanding of 

physiological and biological changes associated with deterioration of ID functions together with 

innovations in tissue engineering can offer new and highly effective treatments that recover 

ECM of NP and increase the number of functional cells in ID. Treatments using this approach 

can potentially be available for a larger number of patients compared to surgery, because it will 

require very little intervention and faster healing time.  

The use of stem cells extracted from teeth simplifies the harvesting process; this 

procedure can be done during routine dental procedures and does not require hospitalization. 

Therefore, it may eliminate hospital fees and reduce cost of overall treatment. The ability to 

cryopreserve DPSCs for future use can become an option for patients with family history of low 

back pain. Potential of DPSCs to differentiate into neural and connective tissue cells makes them 

a good choice for regeneration of various tissues. DPSCs compatibility with different 

biomaterials makes them a promising tool for tissue engineering. 

This study was aimed to investigate behavior of DPSC in type I and type II collagen 

hydrogels. Differentiation into chondrocytes was conducted as a first step towards obtaining cells 

with properties similar to NP. Migration of undifferentiated and differentiated cells in hydrogels 
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confirms cellular viability in a scaffold environment and their ability to move out of an injection 

site towards the injury. 

This research can progress in many ways. The investigation of phenotypic changes in 

different collagen types and the observations of any short term and long term changes can 

disclose optimal scaffold material and incubation time for potential implantation purposes. 

Animal models can be used in the future to evaluate cellular behavior in vivo and research the 

need for any modifications of injectable hydrogels.   
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