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Abstract 

Stem cells hold great promise for treating various degenerative diseases. However, the 

outcomes of preclinical and clinical cell therapy studies are still not close to our 

expectation. The unsatisfactory outcomes of cell therapy are at least partially due to: 1) 

insufficient homing of implanted stem cells into target organs and 2) use of 

heterogeneous cell populations for cell therapy. Therefore, there is a need to develop 

effective guiding technique for stem cells to migrate to the target organs and to isolate 

effective stem cell populations. In this project, I developed a microfluidics-based method 

for selecting chemotactic adipose-derived stem cells (ASCs) to epidermal growth factor 

(EGF). This method integrates cell patterning, chemotaxis and cell extraction on a single 

microfluidic device. Post-extraction analysis confirmed the higher chemotactic ability of 

the extracted cells to EGF. The extracted chemotactic ASCs shows up-regulated surface 

expression of EGF receptor and its downstream signaling event upon EGF stimulation.  

 

 

 

 

 



ii 
 

Acknowledgements 

 

Any successful work, small or great, requires the exhortative guidance of a mentor. I 

sincerely thank my advisor, Dr. Francis Lin, Associate Professor, Department of Physics 

and Astronomy, for being one such mentor, offering invaluable guidance and 

encouragement throughout the course of my study. As a mentor, every action of his was 

an inspiration, right from appreciating every small thing that I do, up to a greater extent 

of supporting me during difficult times and helping me regain confidence, which prodded 

me to achieve things that I normally would not have even thought about. His moral 

support and patience have undoubtedly changed my understanding of the world of 

academic research. 

I sincerely thank my committee members Dr. Ganghong Tian and Dr. Erwin Huebner for 

their support and encouragement during my study. Dr. Tian helped me with evaluating 

my work and providing critical comments on it. His encouraging words and appreciation 

and his tendency to help without hesitation whenever I approached him are to be 

remembered appreciatively. The kindness, encouragement and support of Dr. Huebner, 

backed with his ideas and advice, requires special mention. I also thank Dr. Judy 

Anderson for chairing the defense. 

Bo Xiang and Jixian Deng generously spent their valuable time and helped me with the 

RT PCR and Western blotting experiments. I extend special recognition to Bo for 

teaching me the basic techniques when I started the MS program, and also for her 



iii 
 

patience in answering all my questions. I also thank Dr. Darren H. Freed and Dr. Rakesh 

C. Arora for the research support. 

On a personal note, I owe my gratitude to my former lab members Dr. Saravanan 

Nandagopal, Dr. Dan Wu, Jing Li and Xun Wu for their help during my study. I am 

grateful to Dr. Saravanan Nandagopal, who helped me learn the basic techniques to get 

started in the lab. I was delighted to work with the current lab members Jiandong Wu, 

Jolly Hipolito and Dr. Hagit Peretz and the summer students Chantal Tian and Rundi 

Zhang. I owe thanks to them for their support and assistance. 

I remain indebted to Ms. Wanda Klassen, Ms. Susan Beshta, Ms. Maureen Foster and 

Ms. Christine McInnis for their timely assistance. 

I acknowledge the debt I owe to the Faculty of Science at the University of Manitoba, 

Natural Sciences and Engineering Research Council of Canada, National Research 

Council, Canada Foundation Innovation, Canadian Institutes of Health Research and The 

Nano Systems Fabrication Laboratory for their financial and research support. I would 

also like to thank the Department of Biological Sciences and the Faculty of Graduate 

Studies at the University of Manitoba for graduate fellowships and travel awards. 

Finally, and most intimately, I thank my family and friends for their moral support and 

encouragement. 

 

 

 



iv 
 

Table of Contents 

 

Abstract................................................................................................................................i 

Acknowledgements............................................................................................................ii 

List of Tables...................................................................................................................viii 

List of Figures....................................................................................................................ix 

List of Figures in Appendix.............................................................................................xi 

List of Copyrighted Material for which Permission was Obtained............................xii 

List of Abbreviations......................................................................................................xvi 

CHAPTER 1: INTRODUCTION.....................................................................................1  

1.1. Overview.......................................................................................................................1 

1.2. Stem cells......................................................................................................................5 

1.2.1. Types of stem cells.............................................................................................5  

 1.2.1.1. Embryonic stem cells.......................................................................5 

 1.2.1.2. Adult stem cells................................................................................6 

1.2.2. Adipose-derived stem cells................................................................................6 

1.2.3. Therapeutic potential of ASCs.........................................................................10  



v 
 

1.3. Cell migration and chemotaxis....................................................................................15 

1.3.1. Cell migration..................................................................................................15 

1.3.2. Chemotaxis......................................................................................................17   

1.4. Conventional cell-migration assays ………………………………...........................20 

1.4.1. 2D cell-migration assays .................................................................................20 

       1.4.1.1. Wound-healing assay.....................................................................20 

       1.4.1.2. Zigmond chamber and Dunn chamber...........................................20 

       1.4.1.3. Micropipette-based assay...............................................................21 

       1.4.1.4. Under agarose assay.......................................................................21 

1.4.2. 3D cell-migration assays..................................................................................22 

      1.4.2.1. Transwell assay..............................................................................22 

1.5. Microfluidic systems...................................................................................................24 

1.5.1. Microfluidics for cell culture studies...............................................................26 

1.5.2. Microfluidic gradient generation.....................................................................27 

1.5.3. Microfluidics for cell migration.......................................................................27 

1.5.4. Microfluidics for stem cell research................................................................29 

1.6. Motivation and goals for the study in this thesis........................................................38 



vi 
 

CHAPTER 2: METHODOLOGIES .............................................................................40 

2.1. Cell preparation.........................................................................................................40  

2.2. Microfluidic device preparation................................................................................40 

2.3. Cell patterning and migration experiment setup.......................................................43 

2.4. Cell extraction and validation...................................................................................46 

2.5. Cell migration data analysis......................................................................................46 

2.6. RT-PCR....................................................................................................................47 

2.7. Immunofluorescence staining for analysis of surface EGFR expression.................48  

2.8. Flow cytometry.........................................................................................................48 

2.8.1. Surface EGFR expression..........................................................................48 

2.8.2. Phospho FACS for measuring Erk1/2 phosphorylation.............................49 

CHAPTER 3: SELECTION OF CHEMOTACTIC ASCs TO EGF..........................50 

3.1. Patterning of ASCs................................................................................................50 

3.2. ASCs chemotaxis to EGF......................................................................................52 

3.3. Extraction of high- and low-chemotactic ASCs....................................................60 

CHAPTER 4: POSTSELECTION ANALYSIS............................................................62 

4.1. Retesting LC and HC migration to EGF................................................................62 

4.2. Comparison of EGFR expression by RT-PCR......................................................64 



vii 
 

4.3.   Comparison of surface EGFR expression................................................................66 

       4.3.1 Immunofluorescence staining...................................................................66 

       4.3.2 Flow cytometry..........................................................................................66 

4.4. Comparison of Erk phosphorylation......................................................................68 

CHAPTER 5: DISCUSSION AND FUTURE DIRECTIONS.....................................70 

REFERENCES.................................................................................................................74 

APPENDIX.......................................................................................................................84 

A.1. Human ASCs chemotaxis to EGF..........................................................................84 

A.2. Preliminary results of rat ASCs migration in a gradient of myocardial extraction 

from injured rat hearts using microfluidic devices............................................................88 

A.3. My relevant publications........................................................................................90 

A.4. Scholarships and awards........................................................................................91 

 

 

 

 

 

 

 



viii 
 

 

List of Tables 

 

Table 1 In vitro differential potential of ASCs................................................................8 

 

  



ix 
 

List of Figures 

Figure 1 Differentiation potential of mesenchymal stem cells........................................3 

Figure 2 Expression of chemokine and growth factor receptors in human ASCs.........13 

Figure 3 Migration of human ASCs to chemokine and growth factors.........................14 

Figure 4 Schematic illustration of cell migration...........................................................16 

Figure 5 Schematic illustration of hematopoietic stem cell migration..........................18 

Figure 6 Conventional cell-migration assays.................................................................23 

Figure 7 Illustration of microfluidic gradient generators...............................................25 

Figure 8 Proliferation of hNSCs in a microfluidic device.............................................31 

Figure 9 ASCs growth in a microfluidic device............................................................33 

Figure 10 ASCs growth in an EGF gradient in a microfluidic device...........................34 

Figure 11 ASCs migration in an EGF gradient in a microfluidic device.......................35 

Figure 12 ASCs orientation in an electric field in a microfluidic device......................37 

Figure 13 Schematic illustration of photo- and soft-lithography...................................42 

Figure 14 Schematic illustration of cell migration experiment setup............................45 

Figure 15 ASCs patterning using a microfluidic gradient-generating device................51 



x 
 

Figure 16 ASCs distribution in different regions along the length of the microfluidic 

channel at the beginning and the end of the chemotaxis experiment to 

EGF.………………………………………………………...............................................55 

Figure 17 ASCs images and migration tracks to an EGF gradient or in medium control 

in a microfluidic device.....................................................................................................56 

Figure 18 ASCs migration tracks in medium control or an EGF gradient....................57 

Figure 19 Quantitative analysis of ASCs migration in medium control or an EGF 

gradient..............................................................................................................................58 

Figure 20 Comparison of EGF-induced chemotaxis between HC and LC....................59 

Figure 21 Illustration of extraction of low- and high-chemotactic ASCs......................61 

Figure 22 Validation of the different chemotactic potential to the EGF gradient for HC 

clones and LC clones.........................................................................................................63 

Figure 23 RT-PCR analysis of EGFR expression in HC and LC..................................65 

Figure 24 Surface expression of EGFR in HC and LC..................................................67 

Figure 25 Erk1/2 activation by EGF stimulation in HC and LC...................................69 

  



xi 
 

List of Figures in Appendix 

Figure A.1 Quantitative analysis of human ASCs migration in medium control or an 

EGF gradient......................................................................................................................85 

Figure A.2 Phase contrast image of migrating human ASCs in a microfluidic device 

and surface EGFR expression in hASCs by EGFR antibody staining and confocal 

microscopy………………………………………………………….................................87 

Figure A.3 ASCs migration in a gradient of myocardial extraction from injured rat 

hearts using microfluidic devices.......................................................................................89 



xii 
 

List of Copyrighted Material for which 

Permission was Obtained 

Table 1 In vitro differential potential of ASCs. Adapted from Zuk P. Adipose-derived 

stem cells in tissue regeneration: A review. ISRN Stem Cells 2013;2013:Article ID 

713959, 35 pp. 

Figure 1 Differentiation potential of mesenchymal stem cells. Reprinted from 

Caplan AI, Bruder SP. Mesenchymal stem cells: Building blocks for molecular medicine 

in the 21st century. Trends in Molecular Medicine 2001;7:259–64, with permission from 

Elsevier, copyright 2001. 

Figure 2 Expression of chemokine and growth factor receptors in human ASCs. 

Adapted from Baek SJ, Kang SK, Ra JC. In-vitro migration capacity of human adipose 

tissue–derived mesenchymal stem cells reflects their expression of receptors for 

chemokines and growth factors. Experimental and Molecular Medicine 2011;43:596–

603, with permission from Nature Publishing Group, copyright 2011. 

Figure 3 Migration of human ASCs to chemokine and growth factors. Adapted 

from Baek SJ, Kang SK, Ra JC. In-vitro migration capacity of human adipose tissue–

derived mesenchymal stem cells reflects their expression of receptors for chemokines and 

growth factors. Experimental and Molecular Medicine 2011;43:596–603, with 

permission from Nature Publishing Group, copyright 2011. 



xiii 
 

Figure 4 Schematic illustration of cell migration. Reproduced from Mattila PK, 

Lappalainen P. Filopodia: Molecular architecture and cellular functions. Nature Reviews 

Molecular Cell Biology 2008;9(6):446–54, with permission from Nature Publishing 

Group, copyright 2008. 

Figure 5 Schematic illustration of hematopoietic stem cell migration. Reproduced 

from Fukuda S, Onishi C, Pelus LM. Trafficking of acute leukemia cells—Chemokine 

receptor pathways that modulate leukemia cell dissemination. In: Antica M, ed. Acute 

Leukemia—The Scientist’s Perspective and Challenge. Rijeka, Croatia: InTech; 

2011:137–56, ISBN:978-953-307-553-2, doi:10.5772/20448. 

Figure 6 Conventional cell-migration assays. A: Zigmond chamber. Reproduced 

from Keenan TM, Folch A. Biomolecular gradients in cell culture systems. Lab on a 

Chip 2008;8(1):34–57, with permission from The Royal Society of Chemistry. B: Dunn 

chamber. Reproduced from Toetsch S, Olwell P, Prina-Mello A, et al. The evolution of 

chemotaxis assays from static models to physiologically relevant platforms. Integrative 

Biology 2009;1(2):170–81, with permission from The Royal Society of Chemistry. C: 

Transwell assay. Reproduced from Keenan TM, Folch A. Biomolecular gradients in cell 

culture systems. Lab on a Chip 2008;8(1):34–57, with permission from The Royal 

Society of Chemistry. 

Figure 7 Illustration of microfluidic gradient generators. A: Network device. 

Reproduced from Whitesides GM. The “right” size in nanobiotechnology. Nature 

Biotechnology 2003;21(10):1161–5, with permission from Nature Publishing Group, 

copyright 2003. B: Schematic representation of a “Y”-shaped device used in the 



xiv 
 

study of this thesis. Reproduced from Li J, Lin F. Microfluidic devices for studying 

chemotaxis and electrotaxis. Trends in Cell Biology 2011;21:489–97, with permission 

from Elsevier, copyright 2011. 

Figure 8 Proliferation of hNSCs in a microfluidic device. Reproduced from Chung 

BG, Flanagan LA, Rhee SW, et al. Human neural stem cell growth and differentiation in 

a gradient-generating microfluidic device. Lab on a Chip 2005;5(4):401–6, with 

permission from The Royal Society of Chemistry. 

Figure 9 ASCs growth in a microfluidic device. Reproduced from Wadhawan N, 

Kalkat H, Natarajan K, et al. Growth and positioning of adipose-derived stem cells in 

microfluidic devices. Lab on a Chip 2012;12(22):4829–34, with permission from The 

Royal Society of Chemistry. 

Figure 10 ASCs growth in an EGF gradient in a microfluidic device. Reproduced 

from Wadhawan N, Kalkat H, Natarajan K, et al. Growth and positioning of adipose-

derived stem cells in microfluidic devices. Lab on a Chip 2012;12(22):4829–34, with 

permission from The Royal Society of Chemistry. 

Figure 11 ASCs migration in an EGF gradient in a microfluidic device. 

Reproduced from Wadhawan N, Kalkat H, Natarajan K, et al. Growth and positioning of 

adipose-derived stem cells in microfluidic devices. Lab on a Chip 2012;12(22):4829–34, 

with permission from The Royal Society of Chemistry. 

Figure 12 ASCs orientation in an electric field in a microfluidic device. Reproduced 

from Wadhawan N, Kalkat H, Natarajan K, et al. Growth and positioning of adipose-



xv 
 

derived stem cells in microfluidic devices. Lab on a Chip 2012;12(22):4829–34, with 

permission from The Royal Society of Chemistry. 

Figure 13 Schematic illustration of photo- and soft-lithography. Reproduced from 

Whitesides GM, Stroock AM. Flexible methods for microfluidics. Physics Today 

2001;54:42–8, with permission from AIP Publishing LLC, copyright 2001. 

 

 

 

 

 

 

 

 

 



xvi 
 

List of Abbreviations 

ASCs – adipose-derived stem cells 

BMSCs – bone marrow stem cells 

BSA – bovine serum albumin 

CI – chemotactic index 

dcEF – direct current electric field 

DMEM – Dulbecco’s modified Eagle’s medium 

ECM – extracellular matrix 

EGF – epidermal growth factor 

EGFR – epidermal growth factor receptor 

Erk1/2 – extracellular signal–related kinases 1/2 

ETR – extraction target region 

ESCs – embryonic stem cells 

FACS – fluorescence-activated cell sorting 

FBS – fetal bovine serum 

FITC – fluorescein isothiocyanate 

GAPDH – Glyceraldehyde-3-phosphate dehydrogenase 



xvii 
 

GPCRs – G-protein–coupled receptors 

HCs – high chemotactic cells 

hASCs – human adipose-derived stem cells 

hNSCs – human neural stem cells 

LCs – low chemotactic cells 

PBS – phosphate-buffered saline 

PDMS – polydimethylsiloxane 

PIP3 – phosphatidylinositol 3,4,5-triphosphate 

RT-PCR – reverse transcription polymerase chain reaction 

SEM – standard error of the mean 

 

 

 

 

 

 

 



1 
 

CHAPTER 1: INTRODUCTION 

1.1 OVERVIEW 

Cell migration is associated with many physiological and pathological processes.
1
 The 

physiological processes involving cell migration include gastrulation, embryonic 

morphogenesis, branching morphogenesis, placental development, nervous system 

development, wound healing, immune response and angiogenesis.
2-7

 Misregulated cell 

migration leads to pathological situations, e.g., arthritis, tumour angiogenesis and 

metastasis, multiple sclerosis, psoriasis, Crohn’s disease etc.
8-10

 When the migratory 

capacity of the cells and the underlying mechanisms are studied, advances can be made in 

cancer diagnosis, drug development and treatment. Therefore, understanding cell 

migration is critical, which could lead to a breakthrough in the treatment of migration-

related disorders and also in designing artificial tissues. 

Cells have the capacity to migrate alone or in groups, which is termed as collective cell 

migration.
11

 Various in vitro assays are in use to study the cell migration. Several 

conventional assays including Boyden chamber, Zigmond chamber, Dunn chamber, cell 

exclusion zone assay and microcarrier bead assay have been used to study the migration 

of different types of cells.
6
 However, precisely controlling and maintaining chemical 

gradients for long-time experiments is not possible using the conventional assays. 

Recently, microfluidic devices have been increasingly used for cell migration studies, 

which overcome the limitations of conventional assays. Microfluidic devices offer the 

advantage of real-time imaging, cellular environmental control, reduced reagent and 

sample consumption, and higher-throughput experimentation.
12

 Having said the 
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importance of studying cell migration and advantages of microfluidic devices, we in this 

study employed microfluidic devices to select chemotactic adipose-derived stem cells 

(ASCs) on the basis of their ability to migrate toward epidermal growth factor (EGF). 

Stem cells have the potential to proliferate and develop into a new tissue for 

transplantation therapies (Fig. 1). In particular, adipose tissue has a population of cells 

that are able to differentiate into several types of cells.
13-16
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Figure 1 Differentiation potential of mesenchymal stem cells.
17

 In vitro culture 

conditions, media and supplements influence the end-stage cell type. Reprinted from 

Caplan AI, Bruder SP. Mesenchymal stem cells: Building blocks for molecular medicine 

in the 21st century. Trends in Molecular Medicine 2001;7:259–64, with permission from 

Elsevier, copyright 2001.  
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Although stem cells are found to be promising as a source of tissue transplantation and 

regenerative medicine, the success for regenerative medicine is not as expected. This 

might be due to the lack of poor understanding of the homing mechanisms. Homing of 

transplanted stem cells to the targeted tissues depend on various factors such as age, 

passage number, dosage of cells, storage, source and culture conditions and delivery 

method.
18

 To address this issue, in this study I employed microfluidic devices to study the 

chemotaxis of ASCs toward EGF. Initially, the cells are patterned in the microfluidic 

device and allowed to migrate in the presence of an EGF gradient. By this method, the 

chemotactic ASCs could be extracted. The extracted cells are further validated by on-chip 

and off-chip methods. The ability to migrate and chemotax in response to a defined 

chemoattractant is heterogeneous within a ASCs population. This is proved by our study, 

and it also provides a method for selecting motile chemotactic ASCs to potentially 

improve the control of ASCs homing in ASCs transplantation applications. I believe that 

this study has the potential to help improve the rate of success of stem cell treatments. 

The rest of this chapter discusses stem cells and their types and the reasons for choosing 

ASCs, followed by background of cell migration and chemotaxis, an introduction of 

conventional and microfluidic cell-migration assays, and details about microfluidic 

devices and their applications. Previous studies involving ASCs migration are also 

discussed. Finally, the rationale of this study is discussed and the objectives and aims of 

the research are defined. 

Chapter 2 describes the methodologies used in this study followed by description of 

experimental results in Chapters 3 and 4. Finally, discussion and future directions are 
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discussed in Chapter 5. Detailed information about chemotaxis studies of human ASCs 

and a list of my relevant publications are provided in the appendix section at the end. 

1.2 STEM CELLS 

Stem cells are one of the key building blocks for tissue regeneration because of their self-

renewal ability and multipotential to differentiate into different specialized cell types 

such as cardiomyocytes, blood cells and nerve cells.
15-16

 

1.2.1 Types of stem cells 

There are two types of stem cells—embryonic stem cells and adult stem cells. Sources of 

stem cells include embryos, adult bone marrow, pancreatic stem cells, extra pancreatic 

(such as hepatic) cells, adipose-derived cells, umbilical cord, cord blood and placenta-

derived stem cells. 

1.2.1.1 Embryonic stem cells 

Embryonic stem cells (ESCs) are derived from inner cell mass of blastocysts of the 

embryos. They have the capability to self renew and differentiate both in vivo and in 

vitro. They are pluripotent, and this property makes them an excellent source for 

regenerative medicine and tissue replacement. It is this property that differentiates ESCs 

from adult stem cells. Embryonic stem cells remain undifferentiated as long as they do 

not form embryoid bodies. ESCs have to be tested regularly for the presence of a protein 

Oct-4 that is made by undifferentiated cells.
19

 When the cells clump together, they form 

embryoid bodies and differentiate spontaneously to other cell types such as nerve cells, 

heart cells and brain cells. So to differentiate into specific cell types, they have to be 
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stimulated accordingly.
20

 ESCs are very useful but have limitations on their use due to 

ethical considerations, cell regulations, genetic manipulation and risk of tumour 

formation.
13

 

1.2.1.2 Adult stem cells 

Adult stem cells are undifferentiated cells found among differentiated cells in an organs 

or tissues. Adult stem cells are not controversial in contrast to embryonic stem cells. 

Usage of adult stem cells avoids ethical concerns because it does not involve the 

destruction of embryos. Also the adult stem cells can be obtained from the intended 

recipient, which avoids the risk of immune rejection, i.e., no rejection of the graft if the 

cells are of autologous origin.
13

 Adult stem cells are the right source of stem cells because 

they can be isolated in adequate amounts from various sources. Adult stem cell for the 

treatments of leukemia and related bone/blood cancers through bone marrow transplants 

have been in use for many years now. Human bone marrow contains hematopoietic stem 

cells and mesenchymal stem cells. When stimulated with appropriate chemical agents, 

cytokines and hormones, they produce different cell lineages.
16

 Adipose tissues are the 

most abundant source of adult stem cells and contain significantly higher frequency of 

stem cells than does the bone marrow.
21

 

1.2.2 Adipose-derived stem cells 

Adipose-derived stem cells are a type of adult mesenchymal stem cells derived from 

adipose tissues. Adipose tissue stores energy in the form of lipids, and it consists of lipid-

filled cells known as adipocytes and stromal vascular cells.
7
 The stromal vascular cells 

harbours a heterogeneous population including pre-adipocytes, macrophages, leukocytes 
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and connective tissue cells. The stromal vascular population has the ability to 

differentiate into several cell lineages.
7
 They have extensive proliferative capacity. One 

of the main characteristic features of mesenchymal stem cells is their ability to migrate to 

the site of injury.
22

 

Several studies have shown that adipose tissue has a population of cells that are able to 

differentiate into several types of cells, i.e., adipocytes, osteoblasts, myoblasts, cartilage, 

bone, skeletal muscle, hepatocytes, endocrine pancreatic cells, neurons, cardiomyocytes, 

endothelial/vascular cells and chondrocytes, on the basis of the induction conditions 

(Table 1). 
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Table 1 In vitro differential potential of ASCs. Adapted from Zuk P. Adipose-derived 

stem cells in tissue regeneration: A review. ISRN Stem Cells 2013;2013:Article ID 

713959, 35 pp.
23-24

 

Germ layer Lineage Induction conditions 

Mesoderm Bone-2D Dexamethasone induction 

Vitamin D3 induction 

VEGF supplementation 

17β-estradiol supplementation 

Prostaglandin supplementation 

Growth factor-coupled microspheres 

BMP2 + vitamin D3 induction 

BMP2 + platelet-rich plasma 

PLGA scaffolds 

Bone-3D Tricalcium phosphate scaffolds 

PLA/Bioactive glass scaffolds 

PCL scaffolds 

Micromass culture + TGF β1 

Micromass culture + TGF β1-GFP+ve mice 

Cartilage-2D Micromass culture + TGF β2-expressing ASCs 

Micromass culture + TGF β3-expressing ASCs 

Agarose, alginate and gelatin scaffolds 

Cartilage-3D Alginate scaffolds 

Hyaluronate scaffolds 

Dexamethasone, insulin, IBMX, indomethacin 

Adipose GFP+ve mice 

Serum-free adipogenic medium + rosiglitazone 

Reduced serum, hydrocortisone induction 

Skeletal muscle ASC/myoblast co-culture, hypoxic conditions 

Myoblast fusion 

Mechanically patterned hydrogels 

Heparin induction medium 

TGF β1 + BMP4 induction 

Smooth muscle Elastic nanofibers + stress 
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Decellularized vascular grafts 

PGA mesh + pulsatile conditions 

5-azacytidine induction 

Cardiac muscle Cardiomyocyte cellular extracts 

Cardiomyocyte/ASC co-culture 

PMA treatment 

Ectoderm  Neural β-mercaptoethanol induction 

Valproic acid, butylated hydroxyanisole, 

hydrocortisone induction 

bFGF and forskolin induction 

IBMX, indomethacin, insulin induction 

Motor neuron Retinoic acid + Sonic hedgehog 

supplementation 

Neurosphere induction 

Schwann cell Glial growth factor induction (PDGF, bFGF, 

forskolin) 

Schwann cell/ASC co-culture 

Epithelial  Retinoic acid treatment 

Epithelial-vocal fold Air-liquid interface culture 

Epithelial-urothelium Epithelial/ASC co-culture 

Epithelial-retinal Retinal pigment epithelial cell-conditioned 

medium 

Epidermis Fibrin gel or pellet culture + ascorbate 

Epidermis Air-liquid interface culture 

Epidermis/dermis Self-assembly culture system 

Epithelial-endothelial VEGF supplementation 

Epithelial-endothelial Shear stress exposure 

Endoderm Pancreatic Pancreatic induction medium 

Pancreatic Pancreatic extract 

Hepatic Hepatocyte induction medium/CN-coated 

plates 

Hepatic HNF4α overexpression 

Hepatic Hepatocyte induction medium/CN-coated 

plates 

PLGA: polylactic coglycolic acid; PLA: polylactic acid, PCL: polycaprolactone; PGA: polyglycolic 

acid, CN: collagen, HNF4: hepatocyte nuclear factor 4 alpha. 
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1.2.3 Therapeutic potential of ASCs 

Following are some of the examples of therapeutic applications of cell lineages from 

ASCs. ASCs when differentiated into adipocytes find applications in soft tissue cosmesis, 

soft tissue defects, postmastectomy repair and lipodystrophy. When differentiated into 

chondrocytes, they are used in reconstructive surgery and articular cartilage trauma. 

Myocyte lineages from ASCs would treat skeletal muscle defect repair, cardiac muscle 

defect repair and smooth muscle defect repair. It has been reported that administration of 

ASCs induce the repair of muscular dystrophy, allergic rhinitis, liver injury, hypoxia-

ischemia-induced brain damage and myocardial infarction.
25-28

 

ASCs are somewhat similar to bone marrow MSCs but they differ in certain 

characteristics such as potential to differentiate, copiousness and cell surface markers. 

The highly invasive procedure, limited quantity of bone marrow obtainable from a single 

donor and low cell numbers are significant obstacles in the production of sufficient bone 

marrow mesenchymal stem cells for clinical applications. In comparison, ASCs are better 

sources than bone marrow stem cells (BMSCs) for clinical applications, owing to 

minimal invasive procedures, high proliferation and multi-differentiation potential. The 

uses of these stem cells do not provoke ethical concern. 

Gimble et al.
29

 reported that a stem cell for applications in regenerative medicine should 

possess the following characteristics: 

 Should be available in abundant quantities (millions to billions of cells) 

 Should involve minimal invasive procedure 

 Should be able to differentiate along multiple lineage pathways 
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 Should be able to be transplanted in an autologous or allogenic host in a safe 

manner 

 Should have the potential to be manufactured in accordance with current Good 

Manufacturing Practice guidelines. 

ASCs can form network structures and express vascular endothelial growth factor and 

other angiogenic factors. Furthermore, ASCs express specific markers (von Willebrand 

factor) for endothelial cells. It has been shown that transplanted ASCs were able to 

improve cardiac function of infarcted rat hearts and therefore is an effective candidate for 

treating heart failure.
30

 

On the other hand, most of stem cell–based therapeutic studies have only shown very 

moderate improvement of viability and function of targeted tissues and organs. The 

limitation of the therapeutic effects may be due to the lack of effective homing 

mechanisms to traffic and to confine the implanted stem cells in targeted organs. 

Therefore, it is critical to understand the guiding mechanisms for controlling ASCs 

trafficking. Hammerick et al.
31

 studied the electrotaxis of murine adipose-derived stromal 

cells. They used a dish-based electrotaxis chamber and reported that the murine adipose-

derived stromal cells migrated toward the cathode of the applied direct current electric 

fields (dcEFs). They observed a dose-dependent migration rate and also found that the 

cells orient perpendicularly to the field vector. A previous study by my lab shows that 

ASCs proliferated at a higher rate in the microfluidic device with continuous infusion of 

EGF. In addition, ASCs migrated toward the higher concentration of the EGF gradient 

and oriented perpendicularly to the direction of the applied dcEF. 
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From previous studies, it is known that stem cells have the ability to migrate in response 

to chemoattractants. Baek et al. used various chemokines (CXCL16, BCA-1, SDF-1α, 

MIP-3β, MCP-1) and growth factors (EGF, bFGF, HGF, TGF-β1, IGF-1, PGDF-AB, 

TNF-α) to study the migration capacity of human ASCs. In vitro migration assay was 

used to study the migration of human adipose tissue–derived mesenchymal stem cells 

(hASCs) toward various chemokines and growth factors. All the growth factors used in 

the study were able to attract hASCs (Fig. 3).
22

 PGDF-AB, TGF-β1 and TNF-α showed 

the most effective chemoattractant activity. When the hASCs were preincubated with 

TNF-α, increased migration activity was observed. Flow cytometric analysis of the 

expression of chemokine and growth factor receptors are shown in Figure 2. Modulating 

the hASCs’ homing capacity in vitro before administration could stimulate their 

migration into the injured sites and improves the therapeutic potential. 
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Figure 2 Expression of chemokine and growth factor receptors in human ASCs.
22

 

Histograms represent the surface expression of chemokine receptors (A) and growth 

factor receptors (B) in human adipose tissue–derived mesenchymal stem cells. Adapted 

from Baek SJ, Kang SK, Ra JC. In-vitro migration capacity of human adipose tissue–

derived mesenchymal stem cells reflects their expression of receptors for chemokines and 

growth factors. Experimental and Molecular Medicine 2011;43:596–603, with 

permission from Nature Publishing Group, copyright 2011. 

  



14 
 

 

Figure 3 Migration of human ASCs to chemokine and growth factors.
22

 

Unstimulated hASCs were plated and allowed to migrate toward medium containing 

various chemokine and growth factors (100 ng/mL). Adapted from Baek SJ, Kang SK, 

Ra JC. In-vitro migration capacity of human adipose tissue–derived mesenchymal stem 

cells reflects their expression of receptors for chemokines and growth factors. 

Experimental and Molecular Medicine 2011;43:596–603, with permission from Nature 

Publishing Group, copyright 2011.  
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  1.3 CELL MIGRATION AND CHEMOTAXIS 

1.3.1 Cell migration 

Cell migration is a process in which cells move from one location to another within a 

cellular environment. The ability to migrate allows the cells to change their position 

within tissues or between different organs.
6
 Cell migration analysis is a phenotypical 

assay for processes including wound healing, tumour metastasis and immune response. 

Cell migration is of two types—they move either individually, which is known as single 

cell migration, or collectively in groups, which is known as collective cell migration.
11

 

Cell migration in response to gradients in extracellular matrix (ECM) density is termed 

haptotaxis whereas that in response to ECM mechanical properties is termed durotaxis. 

Cell migration in response to soluble factor concentration and electric field are termed 

chemotaxis and electrotaxis, respectively.
1
 In this study, I focus mainly on the 

chemotaxis of ASCs. 

During migration, the morphology of cells changes depending on the adhesion receptors 

expressed by them and the microenvironment in which they are present. The first step in 

cell migration is protrusion, which occurs in response to a chemoattractant. This step is 

driven by actin polymerization resulting in lamellipodia or filopodia, and the cells are 

stabilized by attaching to the ECM. These adhesions act as traction sites for migration. 

When the cell moves forward, these adhesions are disassembled at the rear end allowing 

the cell to detach (Fig. 4). In the absence of any external signal, the cells remain 

stationary or migrate randomly. 
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Figure 4 Schematic illustration of cell migration.
32

 A: Actin polymerization leads to 

the protrusion of the leading edge, which is composed of lamellipodia and filopodia; B: 

new adhesions with the substratum are formed under the leading edge; C: nucleus and the 

cell body are translocated forward; D: retraction fibres pull the rear end of the cell 

forward. Reproduced from Mattila PK, Lappalainen P. Filopodia: Molecular architecture 

and cellular functions. Nature Reviews Molecular Cell Biology 2008;9(6):446–54, with 

permission from Nature Publishing Group, copyright 2008. 
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1.3.2 Chemotaxis 

Chemotaxis is a process in which the cells migrate in response to a chemical 

concentration gradient. Bodily cells, bacteria and other single- or multicellular organisms 

have the ability to sense the chemicals in their environment and move accordingly. 

Chemotaxis is composed of motility, directional sensing and polarity. Schematic 

illustration of hematopoietic stem cell migration is shown in Figure 5. When the cells are 

subjected to a chemoattractant gradient they move toward the higher concentration of the 

gradient, whereas when subjected to chemorepellent they move away from the gradient. 

Chemotaxis plays a vital role in all stages of life of an organism. During embryogenesis, 

chemotaxis plays a role in the formation of organs and nervous system. In the later stage, 

chemotaxis is involved in processes such as immune cell trafficking and regenerative 

processes.
33-34
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Figure 5 Schematic illustration of hematopoietic stem cell migration.
35

 Interaction 

between SDF1 and CXCR4 mediates migration and homing of hematopoietic stem cell. 

Reproduced from Fukuda S, Onishi C, Pelus LM. Trafficking of acute leukemia cells—

Chemokine receptor pathways that modulate leukemia cell dissemination. In: Antica M, 

ed. Acute Leukemia—The Scientist’s Perspective and Challenge. Rijeka, Croatia: InTech: 

2011:137–56, ISBN:978-953-307-553-2, doi:10.5772/20448.  
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Chemokines are a family of homologously related cytokines secreted by cells. They are 

divided into four families—CXC, CC, C and CX3C—on the basis of the pattern of 

cysteine residues in the ligand. Chemokines activate the G-protein–coupled receptors 

(GPCRs), which results in the accumulation of phosphatidylinositol 3,4,5-triphosphate 

(PIP3) toward the high-concentration region of the gradient. This in turn triggers 

pseudopodia extension at the leading edge of the cells, which is driven by actin 

polymerization. This mechanism varies in different cell types. For example, in the case of 

primordial germ cells, GPCRs are used to sense the chemoattractants but uniform PIP3 

levels are maintained throughout the membrane. They migrate by actin-free blebs. 

Although there are differences in the migratory behaviors, the general pathways are often 

similar, which mediate the migration of cells to the appropriate tissues or specific sites 

within the tissues.
11

 

Growth factors are peptides and proteins that induce cell proliferation, differentiation, 

migration and other functions. A concentration gradient of growth factor may stimulate 

cell migration. The growth factors released from platelets and leukocytes cause the cells 

such as fibroblasts and endothelial cells to produce growth factors and help in wound 

healing.
36

 Palmer et al. for the first time demonstrated that EGFR ligands on the 

mesothelial cells act as chemoattractants and that signaling through EGFR along with 

activation of integrin leads to mesothelial cell migration.
37

 EGFR belongs to a family of 

receptor tyrosine kinases. There are six ligands that bind to EGFR. A conformational 

change of the receptor ectodomain is induced when the ligand binds to the receptor. This 
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allows the receptor dimerization and autophosphorylation of several tyrosine residues 

within the COOH-terminal tail of the receptors.
38

 

1.4 CONVENTIONAL CELL-MIGRATION ASSAYS 

Several in vitro migration assays have been used to study the migratory potential of the 

cells. Boyden chamber (or transwell migration assay), Zigmond chamber, Dunn chamber, 

cell exclusion zone assay, fence assay and microcarrier bead assay are some examples of 

conventional in vitro cell-migration assays (Fig. 6). Some of the conventional migration 

assays are discussed below. 

1.4.1 2D cell-migration assays 

1.4.1.1 Wound-healing assay 

Wound-healing assay, also known as scratch assay, is a 2D assay to study the directional 

migration of cells. A monolayer of adherent cells grown on a surface (well plate or a 

glass slide) is taken and a scratch (wound) is made using a plastic pipette tip or a needle. 

Cells start migrating to cover the wounded area. The migration of cells is observed under 

a microscope, and images are captured at regular intervals, which are used to quantify the 

migration rate of the cells.
39

 This assay is not suitable for nonadherent cell types. 

Although the wound-healing assay is simple, cheap and allows real-time assessment, the 

limitation is that scratching can damage the cells adjacent to the wound. Moreover, 

scratching may create inconsistent wound size. 

1.4.1.2 Zigmond chamber and Dunn chamber 

Zigmond chamber consists of two channels on a glass slide that are 1 mm apart. Cells are 

seeded on a glass coverslip and placed onto the glass slide. Medium is added to one 
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channel (sink) and chemoattractant to the other channel (source) in the glass slide (Fig. 

6A).
40

 A gradient is formed between the sink and the source. Cell migration toward the 

source is observed. 

Dunn chamber, a variant of the Zigmond chamber, consists of two concentric wells 

separated by a bridge which is 1 mm wide (Fig. 6B).
41

 The inner well is filled with 

control medium and the outer well is filled with medium containing chemoattractants. 

Cells are seeded on a sterile thick coverslip and the coverslip is inverted onto the 

chamber. Hot wax mixture is applied around the chamber using a paint brush to seal it. 

The whole set up can be placed on a microscope stage and visualized. The main 

advantage of this method is that it allows direct observation of the migrating cells. 

Both Zigmond chamber and Dunn chamber can generate linear gradient. However, the 

gradient shape changes over time. 

1.4.1.3 Micropipette-based assay 

In the micropipette-based method, chemoattractants are slowly released from pipette tips 

into a medium reservoir seeded with cells. A diffusive gradient of the chemoattractant is 

formed that attracts the cells. This method allows direct visualization of single-cell 

migration in response to a locally produced chemoattractant gradient. The disadvantage 

of this assay is that it lacks reproducibility. 

1.4.1.4 Under agarose assay 

The under agarose assay consists of an agarose gel cast on a glass substrate. Wells for the 

cells and chemical solutions are punched on the gel. A gradient is created by the diffusion 

of the chemical solution through the gel. Cells migrate in response to the gradient and can 
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be quantified. This method allows configuration of multiple gradients in a 2D plane. 

However, the gradient profile varies significantly over time. 

1.4.2 3D cell-migration assays 

1.4.2.1 Transwell assay 

The transwell assay is also known as Boyden chamber. It is a 3D assay used to study both 

cell migration and invasion. Basically, the chamber consists of two compartments 

separated by a porous membrane through which the cells migrate. The pore of the 

membrane should be determined depending upon the size of the cells. The cells are 

seeded in the upper compartment, and the lower compartment would contain the medium 

with chemoattractant. A chemical gradient is established across the membrane, and cells 

can migrate vertically toward the chemoattractant in the lower compartment. At the end 

of the assay, the cells that migrated to the bottom compartment are quantified.
6
 Although 

this method is widely used and gives high throughput results, it has certain limitations 

such as difficulty in controlling the gradient and inability to visualize cell migration. 
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Figure 6 Conventional cell-migration assays. A: Zigmond chamber.
40

 Reproduced 

from Keenan TM, Folch A. Biomolecular gradients in cell culture systems. Lab on a 

Chip 2008;8(1):34–57, with permission from The Royal Society of Chemistry. B: Dunn 

chamber.
41

 Reproduced from Toetsch S, Olwell P, Prina-Mello A, et al. The evolution of 

chemotaxis assays from static models to physiologically relevant platforms. Integrative 

Biology 2009;1(2):170–81, with permission from The Royal Society of Chemistry. (C) 

Transwell assay.
40

 Reproduced from Keenan TM, Folch A. Biomolecular gradients in 

cell culture systems. Lab on a Chip 2008;8(1):34–57, with permission from The Royal 

Society of Chemistry. 



24 
 

1.5 MICROFLUIDIC SYSTEMS 

Microfluidics deals with the manipulation and control of fluids in micrometer-sized 

channels. It has drawn the attraction of people from various fields including engineering, 

physics, chemistry and biology. 

The materials that are suitable for making microfluidic devices include: (i) inorganic 

materials (e.g., silica or glass), (ii) elastomers and plastics, (iii) hydrogels and (iv) 

paper.
42

 Among these, a popular material used is the elastomer polydimethylsiloxane 

(PDMS). Due to its low surface tension, it can be easily peeled off from the templates 

after the curing step. Also, PDMS is biocompatible, permeable to gases and impermeable 

to liquids, which makes it a suitable material for biological applications. Its optical 

transparency with low autofluorescence allows real-time monitoring of the cells within 

the channel.
43-44

 However, some drawbacks such as evaporation of media, lower oxygen 

levels for specific biological studies and leaching of small molecules from PDMS into 

solution limit their use in biological applications. Several methods have been developed 

to solve these problems.
12

 

Microfluidic gradient-generating devices can be either flow based or flow-free ones (Fig. 

7). The flow-based devices use syringe pump or rotary pump to infuse the solutions into 

the channel. The flows mix by diffusion, generating a gradient that is stable over 

extended period of time. In the flow-free devices, gradient is formed by free diffusion of 

molecules in a static environment. The flow-induced shear stress can be prevented when 

flow-free devices are used. 
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Figure 7 Illustration of microfluidic gradient generators. A: Network device. 

Solutions infused through three channels (left) are combined into a single wide channel 

(right), forming a gradient.
45

 Reproduced from Whitesides GM. The “right” size in 

nanobiotechnology. Nature Biotechnology 2003;21(10):1161–5, by permission from 

Nature Publishing Group, copyright 2003. B: Schematic representation of a “Y”-

shaped device used in the study of this thesis. Solutions infused into the two channels 

formed a gradient in the main channel.
46

 Reproduced from Li J, Lin F. Microfluidic 

devices for studying chemotaxis and electrotaxis. Trends in Cell Biology 2011;21:489–

97, with permission from Elsevier, copyright 2011. 
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Microfluidic devices offer many advantages for cell-based research. Microfluidic devices 

better mimic the cellular microenvironment for living systems. It can configure two-

dimensional or three-dimensional platforms for cell experiments. Particularly, 

microfluidic devices can generate stable chemical gradients with well-defined simple or 

complex profiles. In addition, microfluidic devices reduce the reagent and cell sample 

consumption compared with conventional assays. Finally, microfluidic devices allow 

real-time quantitative analysis of cellular behaviors at the single-cell level. 

1.5.1 Microfluidics for cell culture studies 

Microfluidics has become a vital tool for cell culture applications. It helps us better 

understand the cell–substrate interactions, cell–cell interactions and cell–medium 

interactions.
47-49

 The microfluidic devices can be made high throughput for parallel 

assays on a single chip. 

Long-term cell culture can be carried out on microfluidic devices. In the cell culture 

studies using microfluidic devices, the medium in the device can be replaced periodically. 

The medium can also be supplied continuously by perfusion method, which prevents 

accumulation of cell waste products.
49

 Both 2D and 3D microfluidic devices are used for 

cell culture studies.
50

 However, a 2D microfluidic system does not mimic the in vivo 

microenvironments. This leads the researchers to employ 3D natural or synthetic 

hydrogels in the microfluidic devices. Lii et al. cultured embryonic stem cells and mouse 

embryonic fibroblasts embedded in 3D matrigel, whereas Chung et al. used collagen 

scaffolds for endothelial cells.
51-52

 Instead of culturing a single cell type, Song et al. used 

a perfusion microfluidic system for co-culturing of cells. Human embryonic germ cells 
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were added to the inlet and SKOV3 cells to the outlet. The medium was infused 

unidirectionally from inlet to the outlet. It was observed that human embryonic germ cells 

stopped the proliferation of SKOV3 cells.
53

 Qin et al. co-cultured fibroblasts and tumour 

cells in 2D or 3D microenvironments in a microfluidic device and studied their 

interaction. They found that only fibroblasts migrated toward tumour cells and advanced 

cancer invasion.
54

 

1.5.2 Microfluidic gradient generation 

Gradients either on the surface or in solution plays an important role in both biological 

and chemical processes.
55

 Although many conventional methods exist, creating well-

defined stable gradients was a challenge. Microfluidic systems offer a solution to this 

challenge. The shape of the gradient can be precisely defined and flexibly manipulated by 

laminar flow mixing.
55

 Using microfluidic devices, spatial and temporal 

microenvironments around migrating cells can be controlled.
56

 The potential to create 

gradients of proteins, growth factors, toxins, drugs and so forth in a microfluidic device 

offer great advantages in research in biology and chemistry. 

1.5.3 Microfluidics for cell migration 

Conventional cell-migration assays are unable to mimic complex environmental factors, 

3D cell migration in particular. The gradients generated change with time and position. 

Although Boyden chamber provides a 3D environment, real-time quantification of cell 

migration is not possible.
57

 Microfluidic devices offer the flexibility to create precise 

spatiotemporal concentration gradients, which allows the researchers to study the 

migratory behavior of cells to different chemokines or chemoattractants. Real-time 



28 
 

monitoring helps acquire time-lapse images of the cell migration, which are then tracked 

to obtain quantitative parameters like net cell displacement, net displacement toward the 

gradient, chemotactic index (CI), speed and migration angle.
58-59

 

Some examples of cell migration studies using microfluidic gradient generators are as 

follows. Migration of neutrophils, stem cells, bacteria, leukemia and cancer cells have 

been studied using microfluidic devices.
60-64

 Lin et al. studied the chemotaxis of T 

lymphocytes in simple and complex gradients of CCL19 and CXCL12 in a simple “Y”-

shaped microfluidic device.
65

 Nandagopal et al. used a “Y”-shaped microfluidic device to 

mimic the microenvironmets of lymph node and studied activated T-cell migration.
66

 

Neutrophil migration in single and opposing gradients of IL-8 and LTB4 was studied 

using a gradient generator by Lin et al. They reported that the presence of one 

chemotactic factor changes the way in which the neutrophils respond to a second 

chemotactic factor.
67

 Leukocytes, when exposed to chemokine gradients, exhibit different 

patterns of cell migration. Boneschansker et al. studied the migration of leukocytes in 

response to chemoattractants C5a and IL-8 and reported that the cells migrate both 

toward and away from the gradient. They designed a microfluidic platform that enabled 

them to analyze four different patterns (chemoattraction, -repulsion, -kinesis, -inhibition) 

simultaneously, and they quantified the patterns using the metrics (i) percentage of cells 

migrating in response to a chemokine, (ii) directionality, (iii) speed and (iv) persistence 

of migration.
68

 Hydrogel-based microfluidic devices help induce 3D response of the cell. 

Cheng et al. studied the chemotaxis of Escherichia coli to α-methyl-DL-aspartate and 

differentiated HL-60 cells to formyl-Met-Leu-Phe using microfluidic devices made of 

hydrogel.
69

 Jeon et al. studied the migration of neutrophils to homogeneous and 
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heterogeneous gradients of interleukin-8 in a microfluidic gradient generator. When 

exposed to linear gradient, the cells showed strong directional migration, whereas they 

pause when the chemoattractant concentration drops to zero.
60

 

1.5.4 Microfluidics for stem cell research 

The components in the stem cell microenvironment greatly influence the growth, 

proliferation and differentiation.
70

 Typically a stem cell microenvironment consists of (i) 

extracellular matrix molecules, (ii) gradients of soluble factors such as growth factors and 

glucose, (iii) biochemical factors such as cell–cell and cell–matrix interactions, (iv) 

factors such as temperature, pH and oxygen and (v) mechanical stimuli.
71-74

 A 

microfluidic device can be engineered to bring these factors together and provide a useful 

platform for stem cell–based studies. Microfluidic devices have been used as a platform 

for embryonic stem cell culture and differentiation.
75

 Mesenchymal stem cells were also 

cultured and differentiated in microfluidic-based microenvironment.
76

 Cimetta et al. used 

microfluidic devices for purifying and separating the hematopoietic stem cells from bone 

marrow.
77

 Ong et al. and Toh et al. used a 3D microfluidic device to study differentiation 

of BMSCs into osteocytes.
78-79

 In some microfluidics-based studies, temperature was 

used as a physical factor to stimulate the differentiation of embryonic stem cells. 

Lucchetta et al. used a Y-shaped device to configure temperature gradients in the fluidic 

streams and observed the effect of temperature on embryonic stem cell differentiation.
80

 

Chung et al. cultured human neural stem cells (hNSCs) in a microfluidic device by 

constantly exposing them to gradient of a mixture of the growth factors, namely, EGF, 

fibroblast growth factor 2 and platelet-derived growth factor. By providing continuous 

flow of growth factors, hNSCs can be cultured in a microfluidic device for more than a 



30 
 

week (Fig. 8). It was also observed that the hNSCs remained healthy, proliferated and 

differentiated.
61
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Figure 8 Proliferation of hNSCs in a microfluidic device.
61

 Cell images in the 

channel in the absence (A, B) or presence (C, D) of growth factors in day 1 and day 7. 

Reproduced from Chung BG, Flanagan LA, Rhee SW, et al. Human neural stem cell 

growth and differentiation in a gradient-generating microfluidic device. Lab on a Chip 

2005;5(4):401–6, with permission from The Royal Society of Chemistry. 
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In a previous study,
81

 my lab demonstrated the growth and migration of ASCs in 

microfluidic devices. The growth of ASCs was monitored in the conventional flasks and 

microfluidic device. ASCs were seeded in the microfluidic channel, and medium was 

infused continuously for 7 days (Fig. 9). By this method, the effect of paracrine and 

autocrine signals can be reduced. It was found that the rate of proliferation was higher in 

the microfluidic devices when compared with the tissue culture flasks and that EGF 

promotes proliferation rate of ASCs (Fig. 9). When ASCs were cultured in an EGF 

gradient in the microfluidic device, ASCs grew and accumulated to the high 

concentration region of the EGF gradient (Fig. 10). Further migration experiments 

showed that when exposed to an EGF gradient, ASCs migrated toward the high-

concentration region of the gradient (Fig. 11). 
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Figure 9 ASCs growth in a microfluidic device.
81

 A: Representative pictures of ASCs 

in microfluidic channels with or without EGF in day 3 and day 7. B: Confluence level of 

ASCs in microfluidic channels with or without EGF over time. The error bars indicate 

SEM. Reproduced from Wadhawan N, Kalkat H, Natarajan K, et al. Growth and 

positioning of adipose-derived stem cells in microfluidic devices. Lab on a Chip 

2012;12(22):4829–34, with permission from The Royal Society of Chemistry. 
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Figure 10 ASCs growth in an EGF gradient in a microfluidic device.
81

 A: 

Illustration of the microfluidic device for creating an EGF gradient by controlled mixing 

of laminar flows of EGF-free medium and EGF-containing medium in the microfluidic 

channel. B: Representative pictures of GFP-ASCs on day 1 and day 2 after cell loading in 

an EGF gradient (max. EGF concentration at 20 ng/mL) in a microfluidic device. C: 

Comparison of ASCs numbers in the low EGF half of the channel and the high EGF half 

of the channel in the EGF gradient on day 1 and day 2 in a microfluidic device. The error 

bars indicate SEM. Reproduced from Wadhawan N, Kalkat H, Natarajan K, et al. Growth 

and positioning of adipose-derived stem cells in microfluidic devices. Lab on a Chip 

2012;12(22):4829–34, with permission from The Royal Society of Chemistry. 
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Figure 11 ASCs migration in an EGF gradient in a microfluidic device.
81

 A, B: 

Cell migration tracks from medium control experiment and EGF gradient 

experiment, respectively (max. EGF concentration at 20 mg/mL). C: CI and speed of 

migrating cells in the medium control and in the presence of EGF gradient. 

Reproduced from Wadhawan N, Kalkat H, Natarajan K, et al. Growth and 

positioning of adipose-derived stem cells in microfluidic devices. Lab on a Chip 

2012;12(22):4829–34, with permission from The Royal Society of Chemistry. 
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When an electric field was applied, it was found that ASCs oriented perpendicularly to 

the direction of the electric field, suggesting that electric field has effects on ASCs 

positioning and orientation (Fig. 12). 
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Figure 12 ASCs orientation in an electric field in a microfluidic device.
81

 A: 

Illustration of electrotaxis device. A pair of platinum electrodes was inserted to the 

culture medium reservoirs at the two ends of the channel for applying dcEF. B: ASCs 

upon exposure to dcEF (~10V/cm) in the microfluidic device. C: Comparison of ASCs 

orientation relative to dcEF direction (measured as the long cell axis with respect to the 

dcEF direction) over the ~2-hr period with the dcEF exposure in the microfluidic device. 

The error bars indicate SEM. Measurement of cell orientation relative to the dcEF 

direction (0°–90°) is illustrated in the small figure next to Figure 12B. Reproduced from 

Wadhawan N, Kalkat H, Natarajan K, et al. Growth and positioning of adipose-derived 

stem cells in microfluidic devices. Lab on a Chip 2012;12(22):4829–34, with permission 

from The Royal Society of Chemistry. 
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1.6 Motivation and goals for the study in this thesis 

Although stem cells hold great promise for treating various degenerative diseases, the 

outcomes of clinical and therapeutic studies are not up to the mark. The reasons might be 

(i) insufficient homing of implanted cells to the target organs and (ii) the use of 

heterogeneous population for cell therapy. Chemical concentration gradients are among 

the diverse environmental factors guiding the migration of various cell types. Various in 

vivo and in vitro studies have shown that chemokines or growth factors play a role in the 

trafficking of bone-marrow derived mesenchymal stem cells to the site of injury. 

Similarly, a study by Cho et al. clearly demonstrated the homing of ASCs to the injury 

site in an allergic rhinitis animal model when administered intravenously.
25

 Because of 

the high biological and physiological relevance of chemotaxis, understanding its 

mechanisms has been a long-time focus in cell migration research. In particular, various 

types of stem cells including ASCs have been shown to engage the chemotactic 

mechanism to direct their migration, although the known effective chemoattractants are 

relatively limited for these unspecialized cells. 

A potential important player is EGF, which has been shown to enhance the growth of 

ASCs in vitro.
81

 Our previous study showed that EGF promotes the growth of ASCs and 

attracts ASCs migration in the microfluidic devices. However, these previous migration 

experiments were analyzed only for short period of time.
81

 Therefore, in this study, I am 

motivated to employ microfluidic devices to further characterize EGF-induced ASCs 

chemotaxis over a longer period of time in a controlled-gradient environment. 

Furthermore, the research aims to derive effective microfluidics-based method for 

selecting motile chemotactic ASCs with the potential to improve the control of ASCs 
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homing in ASCs transplantation applications. I used the established EGF-induced ASCs 

chemotaxis system to select and characterize chemotactic ASCs to EGF as a proof of 

concept. 
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CHAPTER 2: METHODOLOGIES 

2.1 Cell preparation 

ASCs were isolated following the method described by Zuk et al. and Elhami et al.
15, 82

 

Subcutaneous adipose tissues (3–4 g) were isolated from the inguinal and interscapular 

regions of the inbred Lewis rats. The isolated adipose tissues were washed with 

phosphate-buffered saline (PBS, HyClone, Logan, UT, USA) to get rid of debris and 

blood cells. The adipose tissue was minced and digested with collagenase I (2 mg/ml, 

Worthington Biochemical Corp., Lakewood, NJ, USA) at 37°C for 20–30 min. Activity 

of collagenase was neutralized by adding DMEM-low glucose (HyClone) containing 

10% fetal bovine serum (FBS, HyClone). The digested adipose tissue was filtered with 

100 μm strainer to eliminate undigested fragments. The cell suspension was centrifuged 

at 1,000 g for 10 min, and the cell pellets obtained were resuspended in DMEM with 10% 

FBS and stored at 37°C with 5% CO2. After about 48 hr, unattached cells and debris were 

removed and ASCs were cultured and passaged in complete culture medium (DMEM 

with 10% FBS, 1% MEM/NEAA [HyClone], and 20 ng/mL EGF [recombinant human 

EGF, Cedarlane, Burlington, Ontario]) at 37°C in the presence of 5% CO2. 

2.2 Microfluidic device preparation 

A previously developed “Y”-shaped microfluidic gradient-generating device was used for 

chemotaxis experiments in this study.
65

 The devices were prepared by the standard photo- 

and soft-lithography methods (Fig. 13). The masters were fabricated at the Nano Systems 

Fabrication Facility (NSFL) at the University of Manitoba. 
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Briefly, the device was designed using Freehand 9.0 (Macromedia) and printed on a 

transparency sheet. The photoresist (SU-8, Microchem, MA) was spin-coated to a Si 

wafer. The wafer was exposed to UV radiation through the transparency sheet. The SU-8 

pattern on the wafer was then developed using the developer solution. The baking steps 

are performed before and after UV exposure. The developed mask was used for soft-

lithography (Fig. 13). 
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Figure 13 Schematic illustration of photo- and soft-lithography.
83

 Reproduced from 

Whitesides GM, Stroock AM. Flexible methods for microfluidics. Physics Today 

2001;54:42–8, with permission from AIP Publishing LLC, copyright 2001. 
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PDMS (Sylgard 184, Dow Corning, MI) is a commonly used material for fabricating 

microfluidic devices by soft-lithography technique. PDMS is poured on the SU-8 mask 

and left for polymerization at 70°C in an oven. After 3 hr, it is cut off and peeled from the 

wafer. Two 1-mm diameter holes were punched for fluidic inlet and one 4-mm diameter 

hole was punched for the outlet. In addition to the fluidic inlets, another 1-mm diameter 

hole was punched for loading the cells. The PDMS and a clean glass slide were plasma 

treated using air plasma (PDC-32G, Harrick, NY) for 1 min, and they were immediately 

bonded to each other to form an irreversible seal. 

2.3 Cell patterning and migration experiment setup 

The microfluidic channels were coated with fibronectin (BD Biosciences, Mississauga, 

Ontario) for 1 hr at room temperature. ASCs were seeded to the device and allowed to 

settle on the fibronectin-coated channel uniformly for a few hours in an incubator at 37°C 

with 5% CO2. The seeded ASCs were then exposed to a step gradient of trypsin/EDTA 

(0.25%), which was created by infusing medium and trypsin/EDTA solution into the 

channel through separate inlets at a total flow rate of 1.2 L/min using a syringe pump 

(KDS210, KD Scientific, Holliston, MA). The ASCs exposed to trypsin/EDTA were 

washed out in 5–8 min and those subjected to medium remained firmly on one half of the 

channel. As a result, one half of the channel was loaded with the ASCs while the other 

half in general was ASCs-free. The ASCs remained in the device were then exposed to a 

smooth concentration gradient of EGF (recombinant human EGF, Cedarlane, Burlington, 

Ontario). The concentration gradient was created simply by slowly (total flow rate of 0.4 

L/min) infusing EGF-containing medium (20 ng/mL) and EGF-free medium (with two 

syringes) into the device through separate inlets. Chemotaxis of ASCs to the EGF 
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gradient in the microfluidic device was monitored using an inverted microscope (Nikon 

Ti-U system) with an environmental chamber, with its temperature and CO2 level set at 

37°C and 5%, respectively. Time-lapse images of cell migration were taken at a 

frequency of 1 frame per 20 min for up to a total of 24 hr. The experimental setup is 

illustrated in Figure 14. 
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Figure 14 Schematic illustration of cell migration experiment setup. Microfluidic 

device is placed on the microscope stage. The microscope stage is maintained at 37C 

with 5% CO2 supplied to the chamber. Solutions were infused using syringe pump. Time-

lapse images of cell migration were recorded. 
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2.4 Cell extraction and validation 

At the end of the chemotaxis experiment, cells migrated to the high-EGF concentration 

region of the channel were washed off from the channel by applying a step gradient of 

trypsin/EDTA. The ASCs being washed out were then collected at the outlet. We call 

these cells “high chemotactic cells” or “HC.” The ASCs remained in the low-EGF 

concentration region of the channel were washed off from the channel by applying a 

uniform flow of trypsin/EDTA and collected at the outlet. We call these cells “low 

chemotactic cells” or “LC.” The extracted HC and LC were cultured for subsequent 

studies. To further compare chemotaxis of the extracted HC and LC, we fluorescently 

labeled HC (or LC) with cell tracker dye (CellTracker
TM

 Orange, Life Technologies, 

Carlsbad, CA) and mixed them with LC (or HC) in 1:1 ratio. It was difficult to precisely 

control the actual HC and LC settled on the fibronectin-coated microfluidic channel in 

different experiments. Similarly, it was difficult to precisely control the number of 

remaining HC and LC in the channel after trypsin/EDTA washing. Despite this difficulty, 

I did observe comparable number of HC and LC patterned in the device before 

chemotaxis experiment. Then the cell mixture was tested for chemotaxis to the EGF 

gradient following the same procedure. 

2.5 Cell migration data analysis 

The cells in the time-lapse images were manually tracked using the “Manual Tracking” 

plug-in in the NIH ImageJ software (v.1.34s). The cell tracking data were imported to 

Chemotaxis and Migration Tool software (ibidi, Martinsried, Germany) to compute CI 

and average cell speed. CI is defined as the ratio of the displacement of cells toward the 

chemokine gradient (Δy) to the total migration distance (d), using the equation CI = Δy/d, 
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presented as the average value ± standard error of the mean (SEM). The average speed 

(V) is calculated as d/Δt and presented as the average value ± SEM of all cells. 

Furthermore, statistical analysis of migration angles was performed using Origin software 

(Origin 8.5, Northampton, MA) to examine the directionality of the cell movement. 

Specifically, migration angles, calculated from x–y coordinates at the beginning and the 

end of the cells tracks, were summarized in a direction plot, which is a rose diagram 

showing the distribution of angles grouped in defined intervals with the radius of the 

wedge indicating the cell number. The most inner circle represents 1 cell with an 

increment of 1 for the outer circles. Three independent experiments were repeated for 

each condition with similar results. The figures show the data from one representative 

experiment for each condition. 

Statistical data analysis was performed using Origin software. Two-tailed Student’s t-test 

was used for two-group data comparison. The significance level is defined as p < 0.05 

(*); p < 0.01 (**); p < 0.001 (***). A p-value of <0.05 was considered statistically 

significant. 

2.6 RT-PCR 

Total RNA of HC and LC were extracted using the trizoilation method. cDNAs were 

synthesized from the total RNA followed by reverse transcription. The cDNA was then 

used to amplify EGFR gene by PCR with 35 cycles. The sequences of the primers for rat 

EGFR were 5’ CTCCTCTAGACCCACGGGAA 3’ (Forward) and 5’ 

ATGTTCATGGTCTGGGGCAG 3’ (Reverse). Gene-bank number and product length 

are NM_031507.1 and 553 bp, respectively. The PCR products were verified on agarose 

gel. The bands were visualized using a UV illuminator, and the corrected band density 
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was measured to indicate EGFR gene expression. Glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was used as an internal control. Each RT-PCR experiment was 

performed in triplicate. The figure presents the average data from all repeats, with the 

error bar as SEM. 

2.7 Immunofluorescence staining for analysis of surface EGFR expression 

HC and LC ASCs were grown on sterile glass cover slips or slides overnight at 37°C. The 

cells were washed briefly with PBS and fixed with 4% paraformaldehyde for 10–20 min 

at room temperature. The fixed samples were washed with PBS, followed by rinsing in 

0.05% Tween20. They were then blocked with 5% BSA in PBS-Tween20 for 30 min at 

room temperature to block nonspecific binding of immunoglobulin. The blocked samples 

were stained with the primary antibody (EGFR (1005):sc-03, Santa Cruz Biotechnology, 

Dallas, TX) and left overnight at 4°C. They were rinsed with PBS-Tween20 and stained 

with the secondary antibody (Alexa Fluor 488 Goat Anti-Rabit IgG (H+L) antibody, Life 

Technologies, Carlsbad, CA) for 30 min at room temperature. The samples were rinsed 

with PBS-Tween20 and counterstained with DAPI for 15 min in dark at room 

temperature. Fluorescent images (40x) were taken using a Zeiss Axiovert 200M 

microscope. 

2.8 Flow cytometry 

2.8.1 Surface EGFR expression 

The cultured LC and HC ASCs were subjected to FBS and EGF starvation overnight. 

They were centrifuged and stimulated with 50 ng/ml EGF for 3 hr. The samples were 

centrifuged again, and the pellet was resuspended in 1X PBS. The Fc receptors in the cell 
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suspension were blocked using goat IgG for 10 min. The samples were stained with the 

primary antibody (EGFR (1005): sc-03, Santa Cruz Biotechnology, Dallas, TX) for 1 hr 

at room temperature. They were washed with 1XPBS followed by the addition of 

secondary antibody (Alexa Fluor 488 Goat Anti-Rabit IgG (H+L) antibody, Life 

Technologies, Carlsbad, CA) for 1 hr at room temperature. They were washed with 1X 

PBS, and the pellet was resuspended in 1% paraformaldehyde. The negative control 

samples were prepared without stimulation and primary antibody staining. The samples 

were analyzed using a flow cytometer (FACSCalibur, BD Biosciences, Mississauga, 

Ontario). The FACS data were further analyzed using FlowJo (7.2.5 Treestar, Ashland, 

OR). 

2.8.2 Phospho FACS for measuring Erk1/2 phosphorylation 

The cultured LC and HC ASCs were subjected to FBS and EGF starvation overnight. 

They were centrifuged and stimulated with 50 ng EGF for 3 hr. The samples were 

centrifuged again and fixed in 2% paraformaldehyde in PBS for 10 min at room 

temperature. To remove the fix before permeabilization, they were centrifuged and the 

pellets were dissolved in 100% ice-cold methanol and stored overnight at –20°C. The 

samples were washed twice with staining buffer (0.5% BSA in PBS) and the antibody 

(Alexa Fluor 647 Conjugate phospho-p44/42 MAPK (Erk1/2) Rabbit mAb, Cell 

Signaling Technology, Danvers, MA) was added at optimal titration. The negative 

control samples were prepared without stimulation. The samples were analyzed using a 

flow cytometer (BD Biosciences, Mississauga, Ontario). The FACS data were further 

analyzed using FlowJo. 
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CHAPTER 3: SELECTION OF CHEMOTACTIC ASCs TO 

EGF 

3.1 Patterning of ASCs 

We believe that separating the high-chemotactic ASCs from low-chemotactic ASCs 

would help increase the success rate of transplantation therapies. In this study, a 

microfluidic method to sort the high-chemotactic ASCs has been developed. The key 

objective of this method is to extract the cells that are able to migrate into a higher 

concentration region of the chemoattractant gradient (we can call this the target region for 

extracting high-chemotactic cells or the extraction target region [ETR]). The microfluidic 

device was coated with fibronectin for 1 hr and the cells were loaded. The cells adhere to 

the substrate and were taken for the experiment after about 3 hr. Polyethylene tubing was 

inserted into the inlet holes to connect the microfluidic device to the syringe pumps. Two 

100-µL Hamilton glass syringes with trypsin or medium were used for fluidic infusion. 

Fluorescein-isothiocyanate dextran (FITC-Dextran) was added to trypsin solution. Total 

flow rate of 1.2 µL/min was used, which produced a step-like gradient. The fluorescence 

intensity profile of FITC-Dextran was measured to confirm the gradient in the 

microfluidic channel. In our previous study, ASCs were randomly seeded in the 

microfluidic channel for chemotaxis experiment.
81

 The random cell seeding makes it 

difficult to separate the cells that migrated into the ETR from the cells that were initially 

seeded in the ETR. For this reason, we patterned ASCs on one half of the channel by 

applying a step-gradient of trypsin/EDTA to remove the cells in the other half of the 

channel, which is the ETR in this method (Fig. 15). 
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Figure 15 ASCs patterning using a microfluidic gradient-generating device. A: 

Schematics of the previously developed “Y”-shaped microfluidic device for gradient 

generation based on controlled laminar flow mixing. B: The step-gradient of 

trypsin/EDTA (as indicated by intensity of FITC-Dextran additive) in the microfluidic 

channel. C: ASCs in the microfluidic channel at the beginning of the experiment. D: 

Upon treatment with a step-gradient of trypsin/EDTA (i.e., trypsin in the bottom half of 

the channel), ASCs in the bottom half of the channel were washed off. 
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3.2 ASCs chemotaxis to EGF 

Once the cells were patterned, the tubing were removed and medium or chemoattractant 

were infused into the device. FITC-Dextran was added to the medium. The tubing were 

inserted such that the chemoattractant solution was passed through the ETR and medium 

on the other side. Total flow rate of 0.4 µL/min was used such that a continuous gradient 

is formed across the channel width. This step is to test if the seeded ASCs can migrate 

more directionally toward a chemical gradient that will allow subsequent extraction of the 

chemotactic cells from the ETR. Time-lapse images were taken to record the movement 

of cells for 17.5 to 24 hr. Movement of individual cells was tracked using NIH ImageJ, 

and cell migration parameters such as CI and speed were calculated from the tracking 

data. 

In this study, the 20-ng/mL EGF solution and media alone were infused into the 

microfluidic channel through separate inlets. Then the two flows diffuse into each other 

by continuous laminar flow mixing to develop an EGF gradient across the channel width. 

Therefore, the gradient is stable over time. The gradient stability was checked over the 

cell migration experiment. Depending on the exact position along the length of the 

channel, the gradient profile can be different. Over each 0.8-mm-length scale under our 

experimental conditions, the gradient profile was identical as characterized previously.
65

 

As shown in Figure 16 (data from a different experiment than that in Fig. 15 and Fig. 17), 

cells in most regions below the Y-junction along the 10-mm-long channel clearly 

migrated toward the EGF gradient. We chose the region between 3 mm and 3.8 mm 

below the Y-junction consistently for all analysis. 
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The results showed that the ASCs exhibited strong directional migration toward the EGF 

gradient. Because the cells were patterned in one half of the channel, the cells tend to 

spread into the ETR, where more space is available, even in the absence of a gradient. To 

reduce this bias effect on comparing cell migration with or without a gradient, we took 

the starting time point a few hours after the migration experiment when cells have more 

uniformly spread inside the channel. Comparing with medium control, we found more 

ASCs migrated toward the EGF gradient (Fig. 17). Cell migration tracks and angular 

histograms for control and chemotaxis are also shown, which indicate the direction of 

migration of cells (Fig. 18 and Fig. 19). Comparing with medium control, we found more 

ASCs migrated toward the EGF gradient as shown by the angular histogram analysis. 

Consistently, 80% of cells migrated toward the EGF gradient, whereas only 57% of cells 

migrated downward in the medium control. ASCs show a significantly higher CI in the 

EGF gradient, whereas the cell speed is comparable under both conditions (Fig. 19). 

Furthermore, many ASCs reached the bottom region of the EGF gradient, where the EGF 

concentration is higher, at the end of the chemotaxis experiment. Taken together, the 

EGF gradient effectively induced chemotaxis of a subpopulation of ASCs into the ETR. 

We call the ASCs migrated into the ETR at the end of the chemotaxis experiment the 

“high chemotactic cells” (HC). By contrast, we call the cells in the upper half of the 

channel at the end of the chemotaxis experiment the “low chemotactic cells” (LC). Three 

individual experiments were repeated for each condition, which gave similar results. Two 

sample t-test was applied to test the significance. 

To confirm that HC has higher level of chemotaxis than does LC, we compared CI 

between HC and LC with the same chemotaxis experiments. We found that HC had 
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significantly higher CI than did LC. Consistently, 100% of HC but only 40% of LC 

migrated toward the EGF gradient. However, their migration speed was comparable (Fig. 

20). 

Because cells were patterned over the upper half of the channel, their initial positions 

were not the same relative to the ETR. Therefore, it would be easier for cells initially 

seeded closer to the ETR to migrate into the ETR. If this was the case, HC or LC would 

not be truly high- or low-chemotactic cells as we expected. In this study, however, we 

found that the initial positions between HC and LC is statistically indistinguishable (p = 

0.89 in t-test). Therefore, we can rule out the possibility that the higher directional 

migration of HC to the EGF gradient than LC is due to their initial closer positions 

relative to the EGF gradient. These results proved the validity of our on-chip cell-

selection strategy. 
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Figure 16 ASCs distribution in different regions along the length of the 

microfluidic channel at the beginning and the end of the chemotaxis experiment to 

EGF. The left panel shows the patterned ASCs at 0 hr of the chemotaxis experiment in 

different regions below the Y-junction in the microfluidic channel. The right panel shows 

the corresponding regions at the end of the 24-hr chemotaxis experiment. 
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Figure 17 ASCs images and migration tracks to an EGF gradient or in medium 

control in a microfluidic device. A, B: ASCs in EGF-free medium at 24 hr and 

migration tracks superimposed with the cell image at 24 hr. C, D: ASCs in an EGF 

gradient at 24 hr and migration tracks superimposed with the cell image at 24 hr. Cell 

tracks moving upward are shown in red; cell tracks moving downward are shown in blue. 
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Figure 18 ASCs migration tracks in medium control (A) or an EGF gradient (B). 

Cell tracks moving upward are shown in red; cell tracks moving downward are shown in 

green. 
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Figure 19 Quantitative analysis of ASCs migration in medium control or an EGF 

gradient. A, B: Angular histograms show ASCs migrate randomly in medium control 

and toward EGF in the presence of gradient. C: CI and migration speed of ASCs in 

medium control or EGF gradient. Cells in the presence of EGF gradient show high CI 

compared with the control. The error bars represent SEM. 
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Figure 20 Comparison of EGF-induced chemotaxis between HC and LC. HC has 

higher CI to the EGF gradient than does LC. The cell migration speed is comparable 

between HC and LC. 

 



60 
 

3.3 Extraction of high- and low-chemotactic ASCs 

The chemotaxis experiment proved that EGF serves as an effective chemoattractant for 

ASCs. Our aim was to separate the cells that have high chemotactic capacity. Toward this 

direction, the technique that was used to pattern the cells was applied here again. To 

extract HC, a step gradient of trypsin/EDTA was applied to wash off cells in the ETR 

from the channel and these cells were then collected at the outlet. Afterward, LC in the 

low-EGF concentration region of the gradient (upper half of the channel) were washed 

off from the channel by applying a uniform flow of trypsin/EDTA and collected at the 

outlet. The extracted HC and LC were cultured for further studies. Thus, this step-

gradient of trypsin/EDTA-based method is effective for both cell patterning and cell 

extraction. The extracted cells were transferred to the cell culture flasks and grown under 

suitable conditions. After few days, the flasks reached confluency and the cells looked 

normal and healthy (Fig. 21). The flasks were split and used for further analysis. 
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Figure 21 Illustration of extraction of low- and high-chemotactic ASCs. Low-

chemotactic cells (left side of the channel) and high-chemotactic cells (right side of the 

channel) were selectively extracted by applying a step-like trypsin/EDTA gradient in 

microfluidic devices after the chemotaxis experiment to an EGF gradient on the same 

device (i.e., chemotactic ASCs migrated to the EGF gradient on the right side of the 

channel). The pictures at the bottom show that the extracted low- and high-chemotactic 

cells grew well in culture. 
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CHAPTER 4: POSTSELECTION ANALYSIS 

 

4.1 Retesting LC and HC migration to EGF 

The results described above demonstrated that chemotactic cells could be readily 

separated from nonchemotactic ones and harvested with our microfluidic platform. 

However, since the extracted cells went through multiple steps during separation and 

extraction procedures in microfluidic device, their viability and chemotactic property 

may be lost. Therefore, we performed experiments to further assess the proliferation and 

chemotactic movement of the extracted ASCs. We found that the extracted HC and LC 

proliferated well under the normal culture condition and were able to produce sufficient 

clones for further experiments. Next, we tested the migration of mixture of HC and LC to 

the EGF gradient using the microfluidic device. Fluorescent labeling of one cell 

population (HC or LC) allowed us to distinguish HC and LC in the cell mixture (Fig. 

22A). This design avoided possible variations (e.g., device, gradient condition, growth 

phase of cells, etc.) between separate experiments to test HC and LC. We found that the 

expanded HC clones maintain the higher chemotactic ability to the EGF gradient 

comparing with the expanded LC clones. This is shown by the angular histogram analysis 

and CI (Fig. 22B–D). Seventy-six percent of HC and 48% of LC migrated toward the 

EGF gradient, respectively. The cell speed was comparable between HC clones and LC 

clones (Fig. 22B). 
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Figure 22 Validation of the different chemotactic potential to the EGF gradient for 

HC clones and LC clones. A: A representative image of mixed HC clones (labeled with 

cell tracker) and LC clones patterned in a microfluidic channel for chemotaxis 

experiment to an EGF gradient. B: HC clones have a higher CI to the EGF gradient than 

do the LC clones. The cell migration speed is comparable between HC clones and LC 

clones. C, D: Angular histogram show more HC clones migrated toward the EGF 

gradient and comparable number of LC clones moving toward and away from the EGF 

gradient.  
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4.2 Comparison of EGFR expression by RT-PCR 

This on-chip method successfully identified and selected the cell population with higher 

chemotactic ability to an EGF gradient. Next, it would be useful to elucidate the potential 

mechanisms underlying the chemotactic ability of HC. The comparable migration speed 

of HC and LC suggests that the more effective chemotactic migration of HC could not be 

simply due to the higher motility of HC. Instead, it was our hypothesis that HC have a 

higher level of messengers and receptors involving in chemotactic signaling than do LC 

in response to the chemoattractant gradient. Since EGF was used as the chemoattractant 

in this study, we examined the level of EGF receptor in HC and LC. However, RT-PCR 

results showed no significant difference of EGFR gene expression between HC and LC 

(Fig. 23). 
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Figure 23 RT-PCR analysis of EGFR expression in HC and LC. A: Image shows 

the expression of EGFR and the control GAPDH on the agarose gel. B: Bar graph 

showing the expression of EGFR is higher in HC ASCs when compared with LC ASCs. 
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4.3 Comparison of surface EGFR expression 

4.3.1 Immunofluorescence staining 

Although RT-PCR results showed no significant difference of EGFR gene expression 

between HC and LC, I decided to examine the cell-surface EGF receptor expression in 

HC and LC. I chose to perform both a qualitative test (i.e., immunofluorescence staining 

and imaging) and a quantitative test (i.e., immunofluorescence staining and flow 

cytometry). For the EGFR imaging, the cells were grown on the slides overnight and 

stained using antibodies as described in the Methodologies section. The images of stained 

HC and LC ASCs were taken using a fluorescence microscope. As seen in Figure 24A, 

the staining shows the qualitative difference in EGFR expression between the HC and LC 

ASCs by visualization. 

4.3.2 Flow cytometry 

Flow cytometry more quantitatively determines the difference in the expression of EGFR 

between HC and LC ASCs. The HC and LC ASCs were starved overnight and stimulated 

with EGF. Unstimulated samples were used as control. They were stained using the 

primary and secondary antibodies and analyzed by flow cytometry. HC ASCs stimulated 

with EGF showed higher level of surface EGFR expression when compared with the LC 

ASCs (Fig. 24B). 
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Figure 24 Surface expression of EGFR in HC and LC. A: Immunofluorescence 

staining images of HC and LC. The extracted HC ASCs show higher surface EGFR 

expression than do the extracted LC ASCs. B: Surface EGFR staining as determined by 

flow cytometry. Stimulated HC ASCs show higher EGFR expression compared with the 

stimulated LC ASCs. The results are presented as the average fold change of the surface 

EGFR expression relative to the control. The error bars represent SEM. 
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4.4 Comparison of Erk phosphorylation 

The Erk signaling pathway can be activated in response to EGF stimulation through 

EGFR activation. Therefore, comparing EGF-stimulated Erk phosphorylation between 

HC and LC ASCs will reveal possible difference in EGFR signaling between the two cell 

populations. The HC and LC ASCs were EGF and serum starved and then stimulated 

using EGF. They were fixed using paraformaldehyde and permeabilized in methanol 

followed by staining. The stained HC and LC ASCs were analyzed by flow cytometry. 

The results showed that HC trigger higher phosphorylation level of extracellular signal-

regulated kinases 1/2 (Erk1/2) than LC upon EGF stimulation (Fig. 25). 

Taking together, the stronger EGFR signaling may be responsible for the higher 

chemotactic ability of HC to the EGF gradient. 
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Figure 25 Erk1/2 activation by EGF stimulation in HC and LC. Downstream EGFR 

signaling is more strongly activated upon EGF stimulation in HC than LC as measured by 

Erk1/2 phosphorylation. 
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CHAPTER 5: DISCUSSION AND FUTURE DIRECTIONS 

ASCs are typically defined by a panel of protein markers.
84

 Previous study showed that 

human ASCs express the receptors for a range of chemotactic factors ranging from 

growth factors to chemokines, and chemotaxis of ASCs to these chemotactic factors was 

demonstrated in vitro using conventional transwell assays.
22

 Similar chemotactic 

potential may be shared by ASCs from vertebrate and rodent origins. However, the 

migratory properties of ASCs used for transplantation are not characterized and it is 

likely that these ASCs consist of highly heterogeneous migratory and chemotactic 

phenotypes. Therefore, a method that can select well-characterized chemotactic ASCs 

will have the potential to improve the homing of transplanted ASCs to target organs. 

Compared with conventional assays, microfluidic devices offer an excellent platform for 

cell migration studies with various advantages. It is an excellent platform that helps 

mimic the physiological microenvironments, provides better gradient control and offers 

the advantages of real-time imaging and quantitative analysis. Microfluidic devices are 

suitable for long-term cell culture and analysis. Previously,  my lab has demonstrated the 

growth and positioning of ASCs in the microfluidic devices.
81

 In this study, I studied the 

migration of ASCs in the presence of EGF gradient. In addition to demonstrating 

chemotaxis, for the first time I have successfully developed a method for sorting the 

chemotactic ASCs using microfluidic devices. In addition, the cells were extracted and 

also retested using microfluidic device. Off-chip analyses of the extracted cells were also 

performed. The results suggested that high-chemotactic ASCs migrate faster and show 

higher EGFR expression when compared with the low-chemotactic cells. The simple 
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microfluidic gradient generator used in this study can flexibly produce step gradient of 

trypsin/EDTA for cell patterning and extraction, or smooth chemoattractant gradient for 

chemotaxis experiment by using different flow speed. I am encouraged to see that even 

such a simple method can effectively select chemotactic cells to a defined 

chemoattractant gradient. The selected cells preserve their chemotactic property over 

clonal expansion, making them promising cell source for future use. EGFR signaling 

analysis provided an enabling mechanism at the molecular level for different chemotactic 

cell populations. 

In addition to the rat ASCs, we also tried chemotaxis of human ASCs in response to EGF. 

The human ASCs also exhibited similar results as rat ASCs (Appendix A.1). When 

exposed to an EGF gradient, the human ASCs showed higher CI compared with the 

control experiments. Immunostaining results showed the expression of EGF receptors. 

High-chemotactic human ASCs in principle can be obtained by following the same on-

chip cell-selection technique I developed. 

In the future, it will be interesting to test the migration of LC and HC to a range of 

chemoattractants and to test the migration of LC and HC to relevant target tissue samples 

in in vitro and in vivo models. The knowledge about these would help us to increase the 

success of transplantation treatments and bring a breakthrough in the medical field. The 

microfluidic device used in this study is a simple Y-shaped device. We also developed a 

device that has three Y-shaped channels on a single chip to make it a high-throughput 

device. Using this device, we could run multiple experiments at the same time. We could 

also try loading different cells in each channel, e.g., the rat ASCs and human ASCs, and 

compare the migration and speed. 
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Although I have demonstrated the extraction of high-chemotactic cells, the ASCs used 

are not a homogeneous population. Guillaume-Gentil et al. have demonstrated the use of 

fluidic force microscopy to deliver trypsin and detach the target cell.
85

 The detached cell 

is aspirated by a microfluidic probe and transferred to a new substrate. They have also 

proved that the survival rate of the cells is greater than 95%. This method could be used 

to isolate single ASCs with high chemotactic ability and culture it to obtain homogeneous 

population. 

In the current study, I used the previously characterized EGF gradient to demonstrate this 

on-chip chemotactic ASCs selection method. This method can be broadly applied to 

select chemotactic ASCs to other chemoattractants or other types of chemotactic stem 

cells. In additional to using known chemoattractants, unknown attractant sources such as 

supernatant derived from injured tissues can be used in this method to select chemotactic 

stem cells specific to target organs. This developed cell-selection method should be 

ultimately tested for transplantation studies to validate its therapeutic benefits. 

The current method can be further developed to improve its performance and capability. 

First, the cell-patterning technique should be optimized (e.g., determine the optimal 

trypsin/EDTA concentration and application time for the step trypsin/EDTA gradient) to 

ensure complete removal of cells in the ETR. Second, the same cell-selection method can 

be repeated to further select the high-chemotactic cells. In addition, this method can be 

modified to select chemotactic cells to multiple chemotactic factors through different 

logic selection designs such as AND logic gate (using a sequential selection design, i.e., 

select chemotactic cells to one chemotactic factor first; then use these selected cells to 

further select chemotactic cells to a second chemotactic factor). Third, the microfluidic 
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chip should be improved to increase the throughput of cell selection, which can be 

achieved by integrating a large number of cell-selection modules on a single chip. This 

will allow large-scale cell selection and thus avoid possible phenotypic or/and genotypic 

changes of the selected cells during expansion. In addition, it will permit parallel 

selection of different cell populations. 
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APPENDIX 

A.1 Human ASCs chemotaxis to EGF 

The human ASCs (hASCs) study was part of a research project by a high school student 

in the lab, Rundi Zhang. I helped supervise Rundi’s experiments and analysis. In this 

study, we analyzed the migration of hASCs in response to EGF. The hASCs were 

isolated from the mediastinal fat deposits excised from patients during cardiac surgery at 

St. Boniface Hospital, Winnipeg, Manitoba. The same method of patterning and 

chemotaxis as described in Section 2.3 was followed. Time-lapse images were taken 

every 2 min for 7.5 hr. The human ASCs also exhibited similar results as rat ASCs. When 

exposed to an EGF gradient, the human ASCs showed significantly higher C.I. compared 

with the control experiments whereas the migratory speed was comparable. Directionality 

of the cell movement was plotted using Origin software. More ASCs migrated toward the 

EGF gradient as shown by the angular histogram analysis (Fig. A.1). Three independent 

experiments were repeated for each condition and similar results were obtained. Of the 

cells, 79% migrated toward the EGF gradient whereas only 50% migrated downward in 

the control experiments. Thus, EGF gradient induced chemotaxis of hASCs. 

.  
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Figure A.1 Quantitative analysis of human ASCs migration in medium control or 

an EGF gradient. A, B: Angular histograms show hASCs migrating randomly in 

medium control and toward EGF in the presence of gradient. C: Percentage of cells 

moving toward the gradient, CI and migration speed of ASCs in medium control or EGF 

gradient. 
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Phase contrast image of migrating hASCs in a microfluidic device and surface expression 

of EGFR in hASCs are shown in Figure A.2. The hASCs were stained using Alexa Fluor 

488 anti–human EGFR antibody, and confocal images were taken. 
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Figure A.2 Phase contrast image of migrating human ASCs in a microfluidic device 

(top). Surface EGFR expression in hASCs by EGFR antibody staining and confocal 

microscopy (bottom). 
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A.2 Preliminary results of rat ASCs migration in a gradient of myocardial 

extraction from injured rat hearts using microfluidic devices 

The migration of rat ASCs in a gradient of myocardial extraction from injured rat hearts 

was studied using microfluidic devices in collaboration with Chao Chi from Dr. Tian’s 

lab at National Research Council (NRC), Winnipeg, Manitoba. I worked on the 

microfluidic experiments. In this study, instead of using EGF as the chemoattractant, we 

tested rat ASCs migration in response to a gradient of myocardial extraction from 

globally injured rat hearts using microfluidic devices. To prepare the myocardial 

extraction, Sprague-Dawley rats were euthanized with overdose of isoflurane. The 

resulting cardiac arrest was maintained for 2 hr to ensure global and irreversible 

myocardial injury. The injured rat hearts were then removed from animals and rinsed 

with PBS three times at 4C. Left ventricular myocardium was minced into small pieces 

in Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies, Inc., Burlington, 

Ontario) at 4C. After homogenization with a handheld glass–glass Dounce tissue 

grinder, the suspension was centrifuged at 12,000 g for 15 min. The supernatant was 

subsequently concentrated with Amicon Ultra-15 Centrifugal Filter Units (Millipore 

Corporation, Billerica, MA). The concentrated extraction was stored at –80C till usage. 

Immediately before chemotaxis experiments, the concentrated extraction was diluted 10 

times with complete medium. Chemotaxis experiments (two independent experiments) 

were performed for 23 hr using the microfluidic method, and the cell migration data were 

analyzed. Our current results show that more cells migrated toward the myocardium 

extraction gradient (Fig. A.3.), suggesting the potential of the microfluidic methods for 

studying ASCs migration to target tissues and selecting target-directed ASCs. 
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Figure A.3 ASCs migration in a gradient of myocardial extraction from injured 

rat hearts using microfluidic devices. A: Cell tracks with the starting positions 

normalized to a common origin. Red tracks are cells migrated toward the gradient; black 

tracks are cells migrated away from the gradient. B: Angular histogram of the cells in 

(A). 
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