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Abstract: 

Wound healing and tissue regeneration proceed via fibroblast migration along three 

dimensional scaffolds composed of fibers with different diameters, spacing, and junction angles.  

In order to understand how each of these factors influences fibroblast migration, a technique for 

preparation of three dimensional fibrillar scaffolds was developed where the fiber diameters and 

the angles between adjacent fiber layers could be precisely controlled. In order to study the en-

mass migration process, the agarose droplet method was chosen since it enabled accurate 

determinations of the dependence of the migration speed, focal adhesion distribution, and 

nuclear deformation on the fiber structures. Results showed that on oriented single fiber layers, 

if the fiber diameters exceeded 1µm, large focal adhesion complexes formed in a linear 

arrangement along the fiber axis and cell motion was highly correlated.  For fibers 1µm or less, 
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some cell alignment along the fiber direction was measured, but no correlation between the 

distribution of focal adhesion points and fiber orientation was found.  

On multi layered scaffolds the focal adhesion sites were found to concentrate at the 

junction points and the migration speed followed a parabolic function with a distinct minimum at 

35°. When compared to fibroblasts plated on 90° fibers, fibroblasts plated on 30° fibers showed 

a decrease of 25% in the degree of nuclear deformation and an increase of 25% in the number 

of focal adhesion sites, indicating that cell migration speed was correlated to the angle and 

distance of approach to the junction point.  

The time dependence of the migration velocity on oriented fibers was measured for four 

days and compared to the value measured on flat surfaces. After the initial 24 hour incubation 

period, the cells on both the 8µm fibers and flat surfaces migrated with a similar speed. During 

the next three days the migration speed for the cells on the fibrillar surfaces doubled in 

magnitude, while remained constant for the cells on the flat surfaces. The increased speed on 

the 8µm fiber surfaces could be correlated with a 20% increase in the nuclear deformation, and 

a decrease around 30% in the number of focal adhesion during the same observation period. 

RNA expression of Myosin IIA, a protein which complexes to the actin and is responsible for 

exertion of traction forces during migration was not upregulated during this process. On the 

other hand, histochemical staining of Myosin IIA showed that the protein had re-organized into 

large fibers which spanned the length of the cells. Observation of the cell morphology indicated 

that a new mode of motion had been established. Rather than the classical retraction of the 

cytoplasm followed by center of mass translation, which was observed on the flat surfaces, the 

cells were now moving by a contractile motion around the nucleus similar to that found in 

muscular motion. This mode was found to be more efficient when undergoing oriented motion.  



 

v 
 

In addition to orientation, surface mechanics are also important in the tissue 

regeneration process. This study demonstrated that mechanical factors are important 

for the maintenance of pluripotency and control of proliferation rates. CD34+ 

hematopoietic stem cells (HSCs) were transduced with ICD (intracellular domain)-Notch 

and plated on gelatin hydrogels, whose moduli were controlled by the crosslinking ratio. 

On the softer hydrogel,  a synergy was achieved which resulted in more than a five-fold 

increase in proliferation and a four-fold increase in the preservation of stemness, while 

HSCs maintained their ability to differentiate into multiple blood cell lineages. These 

results point the way for achieving clinically significant expansion of human HSCs. 
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Chapter 1 Introduction  

 

 

 

 



 

2 
 

1.1 Biomaterials 

A biomaterial is any matter, surface, or construct that interacts with biological 

systems. As a science, the biomaterials research has been developed for about fifty 

years, and has experienced steady and strong growth over its history [1-4]. Biomaterials 

sciences consists the knowledge of medicine, chemistry, biology, materials sciences 

and engineering (Figure 1.1).  

 

 

Figure 1.1 Illustration of the interdisciplinary study of biomaterials and their application. 
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It involves the study of the composition and properties of different materials and 

the interactions with their environment.  Biomaterials are usually integrated into devices 

and implants other than presence on their own [5-11].  Although biomaterials are 

primarily used in medical applications, they have also been widely seen in the usage of 

cell growth, clinical laboratory blood test, biotechnology, biosensors and biochips [12-

16]. Biomaterials have been an exciting and novel field for scientists, and the application 

of the technology is limitless. 

The study of biomaterials has some unique characterizations compared to other 

science. For example, it’s a very interdisciplinary science including the study of 

bioengineering, chemistry, electrical engineering, mechanical engineering, materials 

sciences, biology, microbiology, and physics. In some occasions, researchers also have 

to consider the ethics, regulations, and economy issues involved in the study. Secondly, 

the variety of materials can be used is diversified, where it could be synthetic such as 

polymers and metals, and it could also made from natural materials or a combination of 

the two. Finally, the end product of this science is the development of devices. 

Biomaterials need to be fabricated into devices in order to make a useful clinical therapy 

[17].  

This dissertation focused on the fabrication of polymeric biomaterials of 

electrospun fibers and synthesized hydrogel, their enhancement of cell function, and the 

possible applications in the fast wound healing and in vitro expansion of hematopoietic 

stem cells. It showed that substrates topography and mechanics play an important role 

in cell migration, cell proliferation and cell differentiation. 

 



 

4 
 

1.2 Wound healing 

 One of the most common applications of biomaterials is to address fast wound 

healing via quick delivery of fibroblasts into the wound. Fibroblast is one of the most 

important cell types in wound healing since it’s responsible for laying down the proper 

extra cellular matrix (ECM) and collagen in order for other cells to migrate into the 

wound [18-21]. The wound healing process consists with three major steps: 

inflammation, granulation tissue formation and scar constitution [22-24]. The fibroblasts 

activation and migration is the time-limiting steps in granulation tissue formation [25]. 

First, the wounded area forms fibrin clots together with the re-epithelialization which 

occurs within minutes and hours. At day 4-6, the granulation tissue begins to form and 

finally, the wound starts to remodel which takes place around day 7-10.  

 Various cell types are involved in the migration of the wound. One category of 

cells is the “fibroblast-like” cells such as pre-adipotye and fibroblasts, where they prefer 

to reduce crowding and cell-cell contact and migrate individually. The “colony-forming” 

cells, including endothelial cells and keratinocytes, rather maintain attachment in order 

to survive. The migration mechanism is expected to be very different for different types 

of cells. In this study, I focused on the cell migration study on fibroblasts.  
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1.3 Fibroblast cell migration 

The classic mechanism of fibroblast cell migration consists of three steps: 

extension, attachment, and contraction. The whole process repeats itself so that the cell 

is able to move forward. First, when the cell senses a signal, it becomes polarized and 

extends its protrusion at the front end. Second, integrins, which are normally free of 

cytoskeletal attachments, attach to the retrograde-moving actin filaments after binding 

to ligand presented on the substrate. And then, cells contract from the rare ends in 

towards the nucleus while releasing attachment from the receptor accompanied, 

resulting a translocation of the cell. There are two major mechanisms of release: (i) a 

mechanical release and (ii) enzymatic release. Recycling of the above process is 

continuous and cell migration is in progress [26-28]. 

 

1.4 Factors affecting cell migration 

Different Extracellular Matrix (ECM) environment provides with different chemical 

or mechanical cues and hence affect cell behaviors [29-31]. Varies factors are included 

during cell migration such as: growth factor, integrins, and substrate properties [Figure 

1.2].  

Growth factor: Cell migration starts with a signaling of growth factor that directs 

cell extension and protrusion. With patterned growth factor, cells are capable to 

migration under certain guidance. The amount of growth factor can also affect the cell 

dynamics such as cell migration velocity on the ECM [32]. 
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Figure 1.2 Illustration of cell-ECM interactions. 

 

Proteins: Cells can bind to the proteins in the extracellular matrix and interact 

with it. Important proteins including fibronectin, laminin and collagen can interact with 

the cells in multiple ways and change cell migration behaviors. Proteins inside the cells 

such as vinculin, paxillin, F-actin, myosin, and microtubules can also alter fibroblast cell 

functions and change cell adhesions, cell proliferations and cell migration [33-40]. 

One of the most important proteins in fibroblast cell migration – fibronectin can 

binds to ECM macromolecules and facilitates their binding to transmembrane integrins. 

The attachment of fibronectin to the extracellular domain initiates intracellular signaling 

pathways as well as association with the cellular cytoskeleton via a set of adaptor 

molecules such as actin [40].  

Substrate properties: Substrate mechanics can affect cell dynamics in many 

ways. For example, the rigidity of substrate can determine cell morphology and 

Soluble 
factors 

Cell-cell 
contact 

Cell-ECM interactions 
-Topography 
-Matrix stiffness 
-Physiochemical 
factors 
-Shape 
-Mechanical properties 

Cell renewal, cell differentiation, cell migration, 
apoptosis 

http://en.wikipedia.org/wiki/Extracellular_matrix#cite_note-ECB-1
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dynamics. It has been reported that decrease rigidity of substratum is associated with 

enhanced cellular motility [41]. Another important affect results from the substrate 

topology. Jeon et al. found that with different topology or pattern of substrate, cell 

migration motility, migration angle, and migration speed could be changed [42]. The cell 

migration behavior is very different for cells interacting with flat, nano-size and micron-

size substrates [Figure1.3]. 

 

Figure 1.3 Illustration of cell interact with different sizes of ECM fibers. 

Since in vivo, cell migration occurs along fibers, not flat surfaces, therefore it is 

important to have models of cell motion on fibers in order to understand the process in 

vivo.  Also, since there are multiple fiber sizes, depending on the tissue and process in 

the real ECM, it is critical to find out how cells behave on different sizes of fibers and to 

understand what fiber structure is more effective.  

The objectives of this research are to: 

(1) Fabricate a proper scaffold structure that assist in quick delivery of cells into the 

wound and aim at fast wound healing. 
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(2) Study the interactions between fibrillar substrates and the cell migration behavior 

which in return provide fundamental understanding in the wound healing. 

(3) Explore the role of important factors associate with cell migration including focal 

adhesion, nucleus, and cytoskeleton.  

 

1.5 Bone marrow hematopoietic stem cell 

 Stem cells are the special cells that possess the capability to differentiate into 

other different cells types in the body. Also, in many tissues, they can serve as internal 

repair systems [43, 44]. When a stem cell divides, it can remain as a stem cell or 

becomes more specialized cell. The stem cell therapy is very important since it has a 

great potential in treating various disease such as spinal cord injury, burns, heart 

disease, and bone marrow transplantation. However, the number of people needing a 

transplant nowadays far exceeds the number of organs available for transplantation, so 

it will be a tremendous break through if these cells can be cultured in-vitro, and still be 

able to transplant  back into human body without causing long-term problems. 

 The bone marrow is one of the richest sources of adult stem cells, and the bone 

marrow hematopoietic stem cells (HSCs) are considered as “non-adherent” cells [45, 

46], as oppose to fibroblasts, which can generate strong interactions with the substrate 

and sense the properties of underlying surface. However, we want to study whether 

HSCs sense polymeric substrates and change behaviors accordingly.  
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Most of the stem cell researches nowadays only focus on how to differentiate 

stem cells into different types of special cells [47-50] as shown in figure 1.4. However, in 

this research, I aim at the pluripotency preservation of stem cells for bone marrow 

transplantations, and for the optimum usage of stem cell, it is crucial to maximize its 

proliferation and minimize its differentiation during cell culture. The current culturing 

method is usually accomplished in-vivo, which costs a great deal of trouble, so I 

investigated whether the HSCs can be directly cultured on polymeric substrates, in the 

absence of additional factors. 

 

 

 

 

 

 

Figure 1.4 Stem cell differentiations on different stiffness surfaces. 
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Chapter 2 Experimental techniques 
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2.1 Spin-casting 

 

 

 

 

 

 

 

 

Figure 2.1 Diagram of spin-casting. 

Spin casting offers a rapid, reliable method of depositing thin films from solution. 

It produces films in which molecular order is non-controllable (and in fact, usually 

produces disordered films) [1]. This method is widely employed in industry for 

deposition of photoresists, and more recently, active layers in organic light emitting 

diodes. 

A few drops of solution are placed on to the surface of the substrate. The amount 

of solution and rate of dropping, have little effect on the final film properties (Figure 2.1). 

The substrate is rotated at several thousand rpm. Film thickness is determined 

by the spinning speed (faster speeds result in thinner films) and the solution viscosity 

(lower viscosity gives thinner films) [2, 3]. Scientists have been studying the factors 

Polymer solution droplets 
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influencing the final thin film thickness and structure such as solution concentration, 

humidity, polymer properties, and glass transition, with various polymers [4-10]. 

 

2. 2 Electrospinning 

Electrospinning is a crucial technique in this research. It transforms liquid 

polymer solutions into submicron-scale fibers, and provides special properties that are 

desired in the experiment.  

Polymers must be well dissolved before electrospinning, and a homogeneous 

solvent is crucial for making uniform fibers. The polymer fluid is then introduced into 

spinneret. After that, a high voltage electric field is applied to the tip of the spinneret, 

and counteracts with the surface tension of the solvent within. When it reaches a certain 

point, the repulsive electrical force overcomes the surface tension, and a charged jet of 

solution will be ejected from the tip of needle. After the solvent evaporated, desired 

polymer fibers will be left on the grounded collector (Figure 2.2). Since polymer trains 

are usually entangled with each other, it is possible to form a long enough polymer 

fibers and the whole process is continuous. 
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Figure 2.2 Set up of electrospinning. 

 

2. 3 AFM 

Atomic force microscopy (AFM) or scanning force microscopy (SFM) is a very 

high-resolution type of scanning probe microscopy, with demonstrated resolution on the 

order of fractions of a nanometer, more than 1000 times better than the optical 

diffraction limit. The AFM is one of the foremost tools for imaging, measuring, and 

manipulating matter at the nanoscale. The information is gathered by "feeling" the 

surface with a mechanical probe. Piezoelectric elements that facilitate tiny but accurate 

and precise movements on (electronic) command enable the very precise scanning [11]. 
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Figure 2.3 Illustration of AFM. 

AFM has found itself a prominent future in the study of polymer thin films and 

biological performance of live cells [12, 13]. It has been widely used in the study of cell 

membranes, cell mechanics, biosensors, microbiology, cancerology, and also the 

intermolecular interactions and cell surface morphology [14-21]. 

In this research, a Dimension 3000 (Digital Instruments, Santa Barbara, CA) 

shear modulation force microscopy is used which also equipped with a standard 100 

ímXY and 10 ímZ piezo scanner. As simply illustrated in Figure 2.3, a sinusoidal drive 

signal is applied to the X-piezo with a frequency of 1400 Hz, resulting a small oscillatory 
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motion of the AFM tip. The tip is laterally modulated and its response is recorded by a 

dual phase lock-in amplifier. When measuring the sample, a normal force of 25 nN is 

applied to the tip in order to maintain the contact between surface and the tip. The 

response amplitude (mV) of the cantilever is measured and be plotted against the drive 

amplitude (mV), giving a proportional reading.  

 

2. 4 Confocal microscopy 

Confocal microscopy is an optical imaging technique used to increase optical 

resolution and contrast of a micrograph by using point illumination and a spatial pinhole 

to eliminate out-of-focus light in specimens that are thicker than the focal plane (Figure 

2.4).  It enables the reconstruction of three-dimensional structures from the obtained 

images. This technique has gained popularity in the scientific and industrial 

communities and typical applications are in life sciences, semiconductor inspection and 

material science [22-24]. 

By using confocal microscope, the morphology of cells on different planes can be 

clearly detected, and with multiple layers scanning, a 3-D image of cells can be taken 

and gives people a better understanding of cell morphology in three dimension matrix 

[25-28]. 
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Figure 2.4 Layout of confocal microscopy. 

 

2. 5 MetaMorph®-operated CoolSNAP™HQ camera 

attached to a Nikon Diaphot-TMD inverted microscope 

 

Fluorescent dyes used for staining cells are detected with the aid of fluorescence 

microscope. This microscope is similar to an ordinary light microscope except that the 

illuminating light is passed through two sets of filter. The first filters the light before it 
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reaches the specimen, passing only those wavelengths that excite the particular 

fluorescent dye. The second blocks out this light and passes only those wavelengths 

emitted when the dye fluoresces. Dyed objects show up in bright color on a dark 

background [29]. 

Metamorph imaging system can be used to acquire pictures over time and edited 

into a movie. It is also capable in the field of morphometric study, region measurement, 

multi-dimensional imaging, and distance analyzing. This time-lapse imaging is a very 

powerful tool in cell dynamics study [30-33]. 

 

2.6 Flow cytometer 

Flow cytometry is a commonly used technology that can measure and analyze 

multiple physical and chemical characteristics of single particles simultaneously for up 

to thousands particles per second. It has been widely applied in biology studies and 

medical analysis when cells are suspended in a flow steam of fluid and detected and 

analyzed by an electronic detection apparatus [34]. Flow cytometer is routinely used in 

cell counting, cell sorting, biomarker detection, protein engineering and in the diagnosis 

of health disorders, especially blood cancers [35-38]. After the flow cytometer 

measurements, the particle’s relative size, relative granularity or internal complexity, 

and relative fluorescence intensity can be identified.  

A flow cytometer is usually made up of three main systems: fluidics, optics, and 

electronics. As shown in Figure 2.5, the fluidics system is aimed to transport particles 

(commonly cells in biological use) in a stream of fluid to the laser beam for further 

http://en.wikipedia.org/wiki/Hematological_malignancy
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detection. Particles are focused as single particle when go through the fluidics system 

when they are confined by hydrodynamic focusing.  

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Illustration of flow cytometer. 

There are two parts in the optical system, where one is the excitation optics and 

the other is the collection optics. The excitation optics includes the laser and lenses 

which can be used to shape and focus the laser beam. The collections optics has a 

collection lens to collect the emitted lights, and a system of optical mirrors and filters. 

Two types of light scattering occur when particle interacts with the light. Side-scattered 

light (SSC) is proportional to cell granularity or internal complexity and is usually 

Samples  
(Stained cells in 
suspension) 

Hydrodynamic 
focusing 

Laser light source 
Detector of 
fluorescent emitted 
from the cell   

Detector of SSC 
and FSC 



 

25 
 

collected at approximately 90 degrees to the laser beam, while Forward-scattered light 

(FSC) is proportional to cell-surface area or size. Fluorescence labeled particles can 

also be detected by the flow cytometer. When a fluorescent dye is conjugated to an 

antibody, it can be used to identify a particular character of a cell based on the antigenic 

surface markers [39]. 

 The above techniques had been fully applied in the study of biomaterials and the 

biological system that they encountered. The detailed procedure of each equipment will be 

further discussed in each chapter.  
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3.1 Introduction 
 

It is well-established that in vivo cell migration occurs on fibrillar rather than flat 

surfaces [1-3] and the migration process is a critical step in the wound healing process 

[4, 5]. Collective migration where cells migrate together while maintaining cell-cell 

contacts has been studied extensively [6-10], yet only few studies have been reported 

regarding en-mass migration [11, 12] or the process preferred by fibroblasts. In this 

case most studies have focused on the dynamics of isolated cells, which given that cell-

cell interactions are also important among fibroblasts, and hence the results on single 

cells may be different than those obtained from multi-cell studies. For example, Liu et al. 

[11] compared en-mass migration of fibroblasts out of an agarose droplet to single cell 

migration onto flat and fibrillar surfaces. On flat surfaces, fibroblasts migrated outward 

into a “sunburst’ type pattern in a  trajectory aimed increasing the separation between 

adjacent cells while  the speed of the cells decreased with increasing distance from the 

droplet, reaching the single cell migration value after 24 hours. In contrast, cells 

migrating outward from droplets placed on fibers experienced a “bottleneck” effect, as 

they emerged en–mass with the single cell velocity which remained unchanged for the 

first 24 hours. It has also been shown that three dimensional migration of human dermal 

fibroblasts on a fibrous scaffolds, having diameters one micron or larger, did not 

proceed via cell migration within the pores of the scaffold [13]. Rather, the migration 

occurred only along the fibers, where motion from one layer to the next involved a 

sudden change in trajectory at the junction of fibers in different layers. Hence it 

appeared that the major factors determining the magnitude and direction of the 
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migration speed were the nature of the fiber junctions, rather than the porous structure 

of the scaffold.  

It has been shown in several studies that cell migration was affected by the 

topography of the underlying substrate [14-20], which in turn determined other 

parameters such as density and distribution of the focal adhesion points [21-25] the 

degree of nuclear deformation [26-29].  In the case of en-mass migration of cells on 

scaffolds, the angle between fibers, or the angle at the junction points, can also be 

element determining the substrate topography. Hence the question arises whether cells 

could discriminate between junction points having different angles and exhibit a 

preference for migration in a specific direction.   

In order to address these questions, I have devised a technique for producing a 

multi-layered scaffold where the angle between fibers can be precisely controlled and 

the influence of the three dimensional substrate morphology on the migration behavior 

determined.  I chose to use the well-established droplet technique [30-32] for studying 

en-mass migration behavior  rather than scratch assays [33-35] since it allows for better 

quantification of the cell migration trajectories and the behavior  of individual cells  within 

the migrating ensemble. The answers to these questions can further our understanding 

of the elements within the substrate that control outward cell migration and can enhance 

our ability to engineer structures essential for wound healing applications.  
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3.2 Materials and Methods 

3.2.1 Fabrication of electrospun PMMA scaffolds of variable 

angle 

The application of the multilayered scaffold is preceded by preparation of the 

substrate with a flat spun cast film. The film allows for adhesion of the scaffold, as well 

as for a direct comparison between cells on flat vs fibrillar surfaces. Poly (methyl 

methacrylate) (PMMA) (Mw=120,000 Da, Sigma-Aldrich) was dissolved in toluene 

((Fisher Scientific, Pittsburgh, PA) at 30mg/mL, and then spin-casted on 1.5 cm 

diameter glass cover slips at 2500PRM for 30 seconds.  

Electrospun fibers of different diameters were produced by dissolving PMMA in 

different solvents, as listed in table 3.1, where the solvent and concentrations were 

optimized to minimize beading and produce fibers of the desired diameters.  

Concentration of PMMA Solvent Results 

30% THF + DMF (1:1) 1μm fibers 

30% DMF + Chloroform(1:1) 4μm fibers 

20% Chloroform 8μm fibers 

 

Table 3.1 Solvent and concentration of PMMA for producing different sizes of 
electrospun fibers. 
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The set up for obtaining oriented multi layered scaffolds is illustrated in figure 

3.1a.  Fiber alignment was accomplished by placing the PMMA coated cover slips on a 

drum whose diameter, 10 cm, was much larger than that of the cover slips, and which 

was rotating at a speed of 6750 r/min.  The distance between adjacent fibers was 

controlled by the electrospinning time, where mean distances of 30, 50, and 100µm 

were achieved with spinning times of 1, 2.5, and 5 min. The angular orientation of the 

cover slips was marked by fiduciary on the drum as shown. The angle between different 

layers could then be precisely controlled via rotation of the cover slip after deposition of 

each layer.  The samples were then annealed in a vacuum of 10−7 Torr at 120°C 

overnight to remove the remaining solvent and sterilize the samples.  

a 
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Figure 3.1 Electrospun PMMA scaffolds. (a) Illustration of electrospinning setup for 
fabricating designed angle scaffolds. (b) 15˚, (c) 30 ˚, (d) 45 ˚, (e) 75 ˚, and (f) 90 ˚ 
(Scale bar=100 μm).  

 

Figure 3.1b-3.1f shows the phase contrast images of samples with angles of 15˚, 

30˚, 45˚, 75˚, and 90˚ between adjacent layers of fibers.  From the figure one can see 

that even though the spacing between fibers has a large variation, the angle between 

fibers in adjacent layers is uniform. I have previously shown that for an orthogonal 

scaffold, the spacing between fibers need only be large enough to allow cells attached 

to fibers to penetrate, and hence did not affect the migration when they were in a range  

from 10-100 microns. The spacing between the fibers shown in figure 3.1b-3.1f was 

easily controlled within this range and hence no further processing [36, 37] was applied 

to try to reduce the variation.   
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3.2.2 Cell culture  
 

Adult Human Fibroblast Cell (CF29) was purchased from ATCC (Manassas, VA), 

and cultured in Dulbecco’s Modified Eagle Medium (DMEM), together with 10% fetal 

bovine serum (Hyclone, Logan, UT), 1% antibiotic mix of penicillin, streptomycin, and L-

glutamine (GIBCO BRL/Life Technologies, Grand Island, NY), (referred to as full-

DMEM), in a humidified incubator at 37°C with 5% CO2. Before seeding the cells, the 

samples were further sterilized by exposure to the UV within the BSL-2 enclosure for 20 

min, and then coated with 30mg/mL of intact human plasma fibronectin (Calbiochem, 

San Diego, CA) in serum-free DMEM for 2 hours in the incubator. Sterilization with 

alcohol was avoided since it pitted the PMMA surfaces.  

 

3.2.3 Cell membrane staining  
 

Fibroblasts cell membranes were live stained with 1, 1′- dioctadecyl-3, 3, 3′, 3′-

tetramethylindodicarbocyanine perchlorate (DiD, Invitrogen, Carlsbad, CA). Cells were 

washed with phosphate buffer saline (PBS), and suspended in the 3.5 μg/ml DiD-serum 

free DMEM solution at a density of 1×106 cells/mL, then incubated at 37°C for 30 min. 

The suspension tubes were then centrifuged at 1500RPM for 5 min, and the 

supernatant was removed. 
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3.2.4 Droplet migration method 
 

After staining the membrane, the fibroblasts were re-suspended in a volume of 

0.2% (w/v) agarose solution to obtain a final cell density of 1.5×107 cells/ml.  Several 

droplets of the agarose / cell suspension, each 1.25 μL in volume, were seeded onto the 

substrates, and solidified by placing at 4 °C for 10 min.  Full- DMEM, warmed to 37C 

was then slowly added to the sample in order to avoid displacement.  

 

3.2.5 Measurement of cell migration  
 

After cell seeding, samples were incubated in the humidified incubator, with 5% 

CO2, at 37°C for 24 hrs. The migration velocity was measured via time lapse 

photography  by placing the samples on a 37 °C incubator stage attached to a Nikon 

Diaphot-TMD inverted microscope and fitted with a  MetaMorph®-operated 

CoolSNAP™HQ camera (Universal Imaging Corporation, Downingtown, PA).  Images 

were automatically taken every 15 min over the period of one hour, and the migration 

velocity of the cells was calculated using MetaMorph. Only the cells that were migrating 

at the leading edge were chosen for the measurement in order to avoid cell-cell 

interference. In order to determine the location of the moving front relative to the initial 

droplet position, fluorescent microscope pictures were overlapped by the images of cells 

incubated for 4 hours, stained with DiD (red) and the cells incubated for 24 hours, fixed, 

and stained with Alexa-fluor 488 (green). 
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3.2.6 Immunofluorescent staining  
 

Location of vinculin was visualized by a Leica TCS SP2 laser scanning confocal 

microscope (Leica Microsystems, Bannockburn, IL). After incubation, cells were fixed 

with 3.7% formaldehyde for 20 min, permeabilized with 0.4% Triton for 7 min, and 

blocked with 2% BSA in PBS for 30 min at room temperature. Immunofluorescent 

staining for vinculin (Sigma, Saint Louis, MO) was performed at a 1:600 dilution for 1 h 

then incubated with the Oregan Green 488 goat anti-mouse secondary antibody 

(Invitrogen, Carlsbad, CA) with the same procedure. To observe the nuclei, cells were 

stained with 4’,6-diamiadino-2-phenylindole (DAPI, Sigma-Aldrich, Inc., St. Louis, USA) 

for 10 min at room temperature, and the results were quantified using Image J software. 

 

3.2.7 Statistical Analysis 
 

Twenty cells were measured in each sample, and 3 replicate samples were 

prepared for each condition.  Each data point then signified an average over at least 60 

cells. Statistical analysis was performed using GraphPad5 software to calculate the 

statistical significance level using Tukey’s HSD test.   
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3.3 Results and discussion 

3.3.1 Dependence on fiber diameter 
 

The en-mass migration profile of cells emerging from droplets positioned on 

fibers of different diameters is shown in figure 3.2a-3.2c. The figures were obtained by 

superimposing the image of the droplet taken after four hours of incubation on top of the 

image obtained after incubation for 24 hours. The edges of the droplet at the two time 

points are delineated by the solid lines. From the figure one can see that as the fiber 

diameter increases from 1, 4 to 8 microns the aspect ratio of the migration front 

increases. Closer examination of the area along the shorter axis shows that most of the 

cells comprising the front are migrating along the direction of the fiber orientation, hence 

the non-spherical distribution.  As the fiber diameter increases one can see that the 

amount of cells migrating in a direction perpendicular to the fiber orientation decreases 

(inserts to figure 3.2a-3.2c), indicating that cell alignment along the fiber direction 

becomes easier as the fiber diameter increases.   

 

Figure 3.2 Fluorescent microscope overlap images of cells on different diameters of 
fibers. (Scale bar=400 μm) 
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In figure 3.3a-3.3c I show confocal microscopy of the cells migrating on fibers of 

different diameters where the focal adhesion points are imaged after complexing to an 

immunoflorescent stain for vinculin proteins. From the figure one can see that on the 

one micron fibers many cells are attached to more than one fiber.  The focal adhesions 

seem to be distributed randomly on the cytoplasm, without regard to the underlying 

fibrillar structure.  On the substrates with larger fiber diameters the cells are clearly 

oriented along the fiber direction, with nearly all the cells firmly attached to one fiber 

(figure 3.3d). A well-defined line of focal adhesion points is observed on most cells, 

which follows the contour of the fiber to which the cells are attached. The degree of 

orientation of the cells and the number of aligned focal adhesions increases with 

increasing fiber diameter.    

In figure 3.3e I plot the migration velocity after 24 hours of incubation on fibers of 

different diameters. From the figure one can see that despite the lower number of focal 

adhesion points on the larger fibers, the migration speed decreases with increasing 

alignment along the fibers. Hence increased orientation also hinders the initial speed 

with which the cells emerge en mass from the droplet.  This is consistent with the 

previous observation [11] where they reported that cells emerged en mass on oriented 

fibers at a lower speed than those on flat substrates as the cells waited in an orderly 

manner to find a place on the fiber.  
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Figure 3.3 Cell migration on different diameter fibers. Confocal images of vinclulin on (a) 
1μm, (b) 4μm, and (c) 8μm fibers. (d) Nuclei location on 8μm fibers (Scale bar=100 μ 
m). (e) Cell migration velocity of on different diameter fibers.  
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3.3.2 Distance between fibers 

 

The ability of all cells to find a position on a fiber when they emerge from the 

droplet can be thwarted if the distance between fibers is increased. In this case the 

pressure from other cells forces them out of the droplet in the space between fibers. In 

figure 3.4a I show a typical image of cells emerging on 8 micron fibers, approximately 

100μm apart. From the figure one can see that a large number of cells are now in 

between fibers. In figure 3.4b I plot the number of cells between fibers at a fixed 

distance of 500-900μm from the droplet, as a function of the mean distance between 

fibers. From the figure one see that this number decreases with decreasing spacing and 

increasing distance from the edge of the droplet.  In figure 3.4b I plot the migration 

speed of cells in the flat areas between fibers, as a function of inter fiber distance. From 

the figure I find that as the number of cells increases the migration speed decreases. 

This is in complete contrast with the behavior reported for en-mass migration of 

fibroblasts from a droplet, where the chosen trajectory is such as to maximize the 

distance between adjacent cells and to where the migration speed is highest at the 

largest cell densities.  A closer observation of the cell migration dynamics in the space 

between fibers offers a possible explanation for this effect.  
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Figure 3.4 Cell migration on different spacing of fibers. (a) Phase contrast image of cells 
plated on 100 μm spacing fibers. (Scale bar=100 μm) (b) Cell migration velocity and 
number of cells as a function of spacing between fibers. 

 

Fibroblasts extend long processes emanating from the cells on the fibers, where 

the process senses the local environment. As a result, cells on fibers will move in 

tandem, where table 3.2 lists the amount of neighboring cells whose motion may be 

correlated along one fiber or along adjacent fibers. Observation of the motion of the 

cells was shown in figure 3.5 and [supplementary material] that, in contrast to a flat 

open space where cells can move in random directions, the cells in the space between 

fibers also undergo correlated motion with a correlation number of approximately 3 

cells. It is interesting to note that despite having emerged on the flat region of the 

sample, the cells somehow are aware of the presence of the fibers, and migrate 

towards the fibers. At that point, they slow down and wait for a space to present itself 

where they can attach to the fibers. As a result, the cell density on the flat areas 

decreases quickly with increasing incubation time and distance from the edge of the 

droplet.  
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 On the same fiber On adjacent fibers 

Spacing between fibers Number of cells in correlation Number of cells in correlation 

~10μm 6.25±1.56 4.05±1.18 

~30μm 4.05±0.93 2.93±1.53 

~50μm 4.20±1.61 2.47±0.72 

 

Table 3.2 Correlation distance of cells migrating on the same fiber and adjacent fibers.  

 

 

 

 

 

 

 

Figure 3.5 Number of cells migrate in correlation on the flat film between adjacent fibers.  
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3.3.3 Pattern formation 
 

In order to migrate in three dimensions, cells must also be able to change course 

from fiber to fiber. I therefore also placed the agarose droplet on scaffolds where the 

fiber layers were arranged at a fixed angle relative to each other and observed the 

fraction of cells moving along the initial fiber direction relative to those which switched 

fibers and moved into another layer after 24 hours incubation (figure 3.6a).  The 

geometry of the scaffolds was shown in figure 3.6b, where the distance between the 

aligned fibers was chosen to be approximately 30 microns.  

From the figure one can see that the majority of the cells preferred continuing 

straight on the oriented fibers. Approximately 30% switched layers, when the scaffold 

angles were 30 and 45 degrees and slightly more, 35%, switched on scaffolds with a 90 

degree angle.  This can be seen even more clearly in figure 3.7 where I superimpose 

the initial droplet over the migration pattern that evolved after 24 hours.  From the figure 

one can see that the patterns traced out reflect the ratio of cells emerging on layers 

placed at different angles.  Clearly the cells chose to follow the fibers and move 

between layers only at junction points on the fibers, rather than coming off one fiber and 

moving onto the next in between junctions by extending on two fibers or  via  the flat 

spaces between fibers.  



 

46 
 

 

 

Figure 3.6 Cell migration on two layers of fibers. (a) Residence of cells on 30 ˚, 45˚, and 
90 ˚ scaffolds. (b) Illustration and confocal images of cell migrating on 30 ˚, 45 ˚, and 90 
˚ scaffolds. (Green: F-actin, and red: nuclei).  
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Figure 3.7 The overlapped image of en-mass cell migration of live cells stained with DiD 
(red), and incubated for four hours,  onto the image of cells incubated for 24h, fixed and 
stained for F-actin with Alexa Fluor (green) on (a) 0˚, (b) 15˚, (c) 30˚, (d) 45˚, (e) 75˚ and 
(f) 90˚ scaffolds. (Scale bar: 400 μm)  

 

3.3.4 Migration velocity 
 

In figure 3.8a I plot the en-mass migration speed as a function of the angle 

between fibers in adjacent layers in the different scaffolds. From the figure I see that the 

migration speed has a parabolic form with respect to angle, with the maximum reduction 

in speed occurring at 30 degrees. This result was quite unexpected since one would 

predict that the degree with which the cells would slow down should scale with the 

deformation they would encounter in switching between fibers at the junction points. I 

therefore explored this phenomenon in more detail by observing the migration speed of 

individual cells as they approached a fiber/fiber junction and switched fibers, for the 30 
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and 90 degree scaffolds. From figure 3.8b one can see that on the 30 degree scaffold 

when the cells come within approximately 40 microns, they begin to slow down till they 

reach a value nearly half of their original speed at the junction itself. In contrast the cells 

on the 90 degree scaffolds migrate from one fiber to the next, undisturbed, at the same 

speed.  

In figure 3.8c-3.8h I show confocal images of the cells 24 hours after emerging 

from an agarose droplet onto scaffolds with fibers oriented at 30, 45 and 90 degrees. In 

the inset I also plot SEM images of cells at the 30 and 90 degree junction points which 

show that they are well extended along the two fibers forming the junction with long 

processes extended along the fibers. Comparing these images with those shown above 

in figure 3.3c of the cells incubated for 24 hours on the oriented single layer substrate 

one can immediately see that the cells on the single layer substrate have more focal 

adhesion sites per cell. In the case of the cells migrating on the multi-layers substrates 

there are far fewer focal adhesions along the fiber perimeter and most seem localized 

along the junction region. This is consistent with the breaking of the focal adhesions on 

one fiber and reforming at the junction point in preparation of the cells changing 

direction. The spacing of junction points, approximately 40 microns, is roughly the same 

as the length of the cells, and hence the cells are constantly choosing their orientation 

direction, which may prevent the formation of the focal adhesion sites along the fiber 

perimeter and concentrating them at the junction.  The number of focal adhesion sites 

per cell was plotted in figure 3.9a for 0, 30, and 90 degree scaffolds. From the figure 

one can also see that the number of focal adhesions is about 25% larger on the 30 

degree scaffold than on the 90 degree scaffold (p<0.01)  which is consistent with the 
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cells moving faster at the 90 degree junctions, having fewer focal adhesion complex to 

break as they change direction.  

Nuclear deformation has also been reported as a driver for cell migration [26-29]. 

On flat surfaces migration was shown to occur as a consequence of redistribution of the 

traction forces as the cells attempted to reduce nuclear deformation. On fibers a 

permanent deformation is imposed via the orientation of the cells along the fiber axis. 

This is shown in figure 3.9b where the nuclei of the cells on the single layer substrate 

have an aspect ratio of 2.0. Measurement of the nuclear deformation of the cells at the 

junction points on the multilayer substrates shows that the nuclear deformation is 

maintained on the 90 degree scaffold, as the cells are changing direction, while it is 

reduced by 25% on the 30 degree scaffold while the cells are resident on the junction 

point indicating that the distribution of traction forces exerted by cells to change 

direction may also be a function of angle.  
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Figure 3.8 Cell migration on different angle scaffolds. (a) Cell migration velocity on 
electrospun fibers with different angles. (b) Migration velocity of cells approaching the 
junction on 30˚ and 90˚ surfaces. (c, d) Confocal images of vinculin on 30˚, (e, f) on 45˚ 
surfaces, (g, h) 90 ˚ surfaces (Inserts: SEM images of cells at fiber junction). 

 

Figure 3.9 (a) Number of vinculin per cell on 30˚ and 90˚ surfaces. (b) Aspect ratio of 
nucleus on the surfaces. 
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3.4 Discussion 

I have shown that dermal fibroblast cells strongly prefer migrating along fibers 

even when executing en-mass migration from an agarose droplet. This preference is 

established as soon as the cells emerged onto the fibers. Observation of the cells after 

24 hours shows that   the cells formed strong focal adhesion sites and are oriented 

along the fibers. The most pronounced degree of orientation occurred on fibers of 

diameter greater than 1 micron. Even though some degree of orientation was also 

observed on fibers one micron in diameter, rather than forming along the fiber, focal 

adhesions were observed throughout the cytoplasm and the degree of orientation was 

lower than on the larger diameter fibers.  Measurements of the migration speed 

indicated that the cells migrated slower as the degree of orientation along the fiber 

increased. SEM images of the cells on the fibers showed large process also formed 

which extended large distances from the cytoplasm. These processes were very thin 

and were difficult to image using florescent stains. Nevertheless, these processes 

allowed the cells to sense the presence of other cells and resulted in highly correlated 

en-mass motion pattern. For cells emerging on flat films even though I observed en 

mass migration, no correlations were observed between individual cells, which migrated 

independently of each other. For cells migrating on the fibrillar surfaces  a correlation 

length extending over approximately 4-6 cells along the fiber and approximately 2-4  

cells in adjacent fibers  was observed where the cells moved in a lock-step fashion. 

These multiple correlations were also thought to be responsible for the initial lower 

migration speed of the cells on the fibers relative to those on the flat films.   
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  As the spacing between adjacent fibers increased, cells were forced to emerge 

from the droplet onto the flat films, in the space between the fibers. The number of cells 

in this region increased as the spacing between fibers increased but their migration 

speed decreased. This was in sharp contrast with the en-mass migration of cells on flat 

surfaces, without fibers, where the migration speed increased as the cell density 

increased. Closer observation of the migration pattern revealed that when fibers were 

present, even at a large distance, the cells in the flat regions migrated along a trajectory 

which eventually ended onto attachment to a fiber. In contrast to those cells migrating 

on the completely flat surfaces, the motion of these cells was highly correlated as well, 

with a correlation of approximately three cells. Hence in this case the long processes 

enabled the cells to sense the location of the fiber and coordinate the motion of nearby 

cells such that an orderly procession took place, where most of the cells in the flat 

space eventually attached to the fiber.  

In order to observe three dimensional diffusion scaffolds with well defined angles 

between the fibers were formed and the en-mass migration out of the droplet was 

measured as a function of fiber angle. For fiber spacing less than 50 microns, nearly all 

the cells emerged on the fibers, regardless of direction, and moved vertically within the 

scaffolds by changing from one layer to the next only along the fiber junction points. 

Motion in three dimensions gave rise to distinct differences in the cell behavior. The 

frequent presence of the fiber junctions forced the cells along multiple migration 

trajectories, which interfered with the correlated behavior observed on the single layer 

scaffold. Furthermore, the frequent changes in orientation imposed at the junction 

points, also interfered with the formation of the long lines of focal adhesions which 
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formed along the oriented fibers. Instead, the focal adhesions were now concentrated 

along the junction points and long processes were observed to attach to the junctions 

allowing the cells to alter their migration speed or orientation in preparation of the 

approach.   . 

 A very surprising detail was the observation that the migration speed on the 

multi-layer scaffold was a parabolic function of the angle between fibers in adjacent 

layers, with a distinct minimum in speed observed at an angle of 30 degrees. This 

minimum was consistent with the measurement with a 25 % increase in both numbers 

of focal adhesion points as well as a 25 % decrease in nuclear aspect ratio for cells 

migrating on the 30 degree scaffolds relative to those migrating on the 90 degree 

scaffolds. Cell migration has been shown to proceed via polymerization and de-

polymerization of filaments followed by placement of focal adhesions [38-44]. 

Preferential angles involved in actin filament orientation have been reported by several 

groups where it has been shown that dendrites polymerizing on actin filaments form at a 

distinct angle of 70 degrees from the main filament backbone [45]. Recently it was also 

shown that cells subjected to cyclic stress deformation react by forming actin stress 

fibers oriented at 60 degrees to the stress direction [46, 47]. Hence, even though I do 

not have a model as yet, it is not surprising to  find that cell re-orientation during 

migration should also have a pronounced angular dependence since it too is  a process 

which also involves directional actin polymerization. 
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3.5 Conclusion 

En-mass migration on fibrillar surfaces is an essential component of the wound 

healing process. I have therefore concentrated on studying the en-mass behavior of 

cells emerging from an agarose droplet onto single and multi- layered scaffolds of 

oriented fibers.  On the single layered substrates I found that, for fibers with diameters 

greater than one micron, the cells formed focal adhesions oriented on the fiber axis and 

migrated along the fibers in a highly correlated manner.  On the multi-layered scaffolds 

the en-mass migration speed was found to be a parabolic function of the angle between 

adjacent layers, with a well-defined minimum occurring at an angle of 30 degrees 

between adjacent layers. In this case the focal adhesions were concentrated at the 

fiber/fiber junctions  with the number of adhesions being larger and  the nuclear 

deformation being smaller than the corresponding values  for those migrating on the 30 

degree scaffolds relative those migrating on the 90 degree scaffolds, underscoring the 

role of fibrillar substrate alignment in orienting the collective migration  of cells in three 

dimensions.  
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4.1 Introduction 
 

It has been nearly 20 years since Grinnell et al [1-4] first proposed that cell 

migration studies be performed in a 3-D collagen environment which mimics the human 

skin ECM. The ECM is a very complex system of fibers composed of a variety of 

different proteins such as collagen and fibronectin, whose sizes range from nanometer 

to micrometer. Cell migration, a critical process in wound healing, [5, 6] has been shown 

by numerous groups to be a function of substrate topography [7-12]. The micro-droplet 

technique is an accepted method for measuring cell migration, simulating wound 

healing, and allowing for the study of chemotaxis and haptotaxis. Yet, most studies, 

utilizing this method were performed on flat surfaces. In the case of fibroblasts, the 

sunburst patterns observed were shown to result from haptotaxis as the cells try to 

maximize the distance between adjacent cells. Liu et al [13] compared the migration of 

cells on flat surfaces to that on fibrous mats and found some fundamental differences. 

Measuring the migration velocity as a function of distance from the droplet, over a 

period of 24 hours, they found that on flat surfaces, the cells move fastest as they exit 

the droplet, but slow down as the distance between them increases, reaching a terminal 

velocity similar to the single cell value. When the droplets were placed on a mat of 

parallel fibers with diameters greater than 8 microns, the cells organized to form a ring 

around the perimeter of the droplet, and exited by moving only along the fibers. 

Therefore, for the first 24 hours, the distance between cells remained constant with 

time, being determined by the fiber pattern rather than the cell trajectory. The cell 

velocity also remained constant at the single cell value, which was much lower than the 

exit velocity on the flat film.    
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McClain et al studied the time scale for healing of punch wounds in a Yorkshire 

pig model and found a three day lag period before the onset of granulation tissue 

formation [14]. Since granulation tissue forms via en mass fibroblast cell migration, I 

wanted to investigate the nature of the cell velocity on different substrates after the first 

24 hours. Even though the in-vivo process is more complex, being the result of multiple 

factors, here I focused on the influence of substrate morphology by measuring the 

migration for up to seven days and correlating the results with changes in cell and 

nuclear morphology, cell metabolism, and expression of vinculin and myosin IIA.  

 

4.2 Materials and Methods 

4.2.1 Hydrogel substrates preparation 

Clean glass coverslips were coated with a thin film of PMMA (Mw=120,000 Da, 

Mw/Mn = 3; Sigma-Aldrich inc., St Louis, MO) which were spun cast from toluene 

solution ((Fisher Scientific, Pittsburgh, PA) at a concentration of 30mg/mL by at 

2500PRM for 30 seconds. Samples were then annealed at 120°C in a vacuum of 10−7 

Torr overnight to remove the remaining solvent, remove stress in the film, and sterilize 

the substrates. Fiber scaffolds were generated by electrospinning different PMMA 

solution and colleting by a rotating drum at 6750 r/min. Before seeding the cells, all 

samples had been sterilized under ultraviolet (UV) light for 20 min. Then, a solution of 

30μg/ml intact human plasma fibronectin (Fn) ( Millipore, Temecula, CA) solution in 

serum free Dulbecco’s Modified Eagle medium (DMEM) was added at 37°C for 2 h. 
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4.2.2 Cell culture and cell migration assay  

Adult Human Dermal Fibroblasts (CF29) were purchased from ATCC, and the 

experiment only used cell passages from ten to twelve. Cells had been routinely 

cultured in Dulbecco’s Modified Eagle medium (DMEM), with 10% fetal bovine serum 

(Hyclone, Logan, UT) and antibiotic mix of penicillin, treptomycin, and L-glutamine 

(GIBCO BRL/Life Technologies, Grand Island, NY) in a humidified incubator at 37°C. 

The traditional agarose gel migration assessment was performed. The membranes of 

fibroblasts were stained with DiD dye, and then re-suspended in a volume of 0.2% (w/v) 

agarose solution to obtain the final cell density of 1.5×107 cells/ml. The agarose droplet 

was then introduced to the sterilized sample with micropipette, and each droplet was of 

1.25μL. Samples with cells were then placed at 4 °C for 10 min to allow the agarose to 

solidify. After cooling, full- DMEM was added to each sample. Cells were then cultured 

in the 37°C incubator with 5% CO2 for 4 days.  

 

4.2.3 Measurement of cell migration speed 

Time-lapse images of fibroblasts cell migration are recorded by MetaMorph®-

operated CoolSNAP™HQ camera (Universal Imaging Corporation, Downingtown, PA) 

attached to a Nikon Diaphot-TMD inverted microscope fitted with a 37 °C incubator 

stage and a 10× objective lens. Images were automatically taken each 15 min and for 

total 60 min, so 5 pictures were taken every time. Migration velocity could be calculated 

by measuring the total migration distance divided by migration time. Single cells that 

were at the leading edge of migration were chosen because they there are no cell-cell 
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interference. Dividing cells and those that were out of focus plane are excluded. Final 

data was calculated after repeating the above experiment for at least 4 times and 

measuring at least 20 cells, with 3 replicates.  

 

4.2.4 Immunofluoresent staining  

Cells were rinsed with PBS, fixed with 3.7% formaldehyde for 20 min, then 

permeabilized with 0.4% Triton for 7 min, and blocked with 2% BSA in PBS for 30 min 

at room temperature. Focal adhesions were visualized by immunostaining for vinculin 

(Sigma, Saint Louis, MO), at a 1:600 dilution for 1 h then incubated with the Oregan 

Green 488 goat anti-mouse secondary antibody ( Invitrogen, Carlsbad, CA) at a 1:600 

dilution for 1 h at room temperature. Similar method was used for the myosin IIA (Cell 

Signaling Technology, Danvers, MA) staining. Nuclei were stained with 4’,6-diamiadino-

2-phenylindole (DAPI, Sigma-Aldrich, Inc., St. Louis, USA) for 10 min at room 

temperature. F-actin was stained with phalloidin ( Invitrogen, Carlsbad, CA) for 20 min. 

Samples were then imaged by a Leica TCS SP2 laser scanning confocal microscope 

(Leica Microsystems, Bannockburn, IL) with water objective lens. The number of 

vinculin-positive focal adhesion sites, the aspect ratio of nuclear, and the intensity of 

mysion IIA staining were quantified by Image J.  

 

https://www.google.com/search?espv=2&biw=1422&bih=692&q=phalloidin&spell=1&sa=X&ei=fPAJVO-7JufbsATd1YKwAQ&ved=0CBoQvwUoAA
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4.2.5 XTT assay for cell metabolism 

The standard XTT assay kit was purchased from Roche (Indianapolis, IN), and 

followed the company procedure. The initial cell density was 2500cells/well with 400 μL 

medium. After 4 days incubation, a mixture with 50:1 ratio of labeling reagent and 

electron-coupling reagent was added to the medium and detected by an Bio-RAD 

microplate reader (Hercules, CA) at 450 nm after 4 hrs in a humidified incubator.  

 

4.3 Results and discussion 

4.3.1 Migration Speed 

In figure 4.1a, 4.1b I show fluorescent microscope images of the droplet and the 

cells emanating from the droplet onto spun cast flat PMMA film substrates and parallel 

electrospun PMMA fibers, both coated with fibronectin. The images are formed by a 

superposition of the image taken after four hours (red, DiD), onto the image of cells 

obtained after incubation for an additional 24 hours, after which the cells are fixed and 

stained for F-actin with Alexa Fluor (Green). From the figures one can see that 

immediately upon emergence, the pattern of the migration differs between the cells on 

the flat film and the cells placed on the fibers. Since the chemical composition of the two 

types of substrates is the same, the differences reflect primarily substrate topography 

and are a consequence of the confinement of the cells. The cells on the flat film form a 

sunburst pattern as they emanate from the droplet (figure 4.1a), where their trajectories 

reflect a tendency of fibroblasts to migrate away from each other. In contrast, those 
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coming out from the droplet placed on the fibers (Figure 4.1b), orient themselves along 

the fibers and migrate only in the fiber direction. The velocity, as measured from the 

distance traveled from the droplet edge to the perimeter of the migrating cells, is plotted 

as a function of time in figure 4.1c. From the figure I find that the cells emerge from the 

droplet with an initial velocity which is approximately 60% greater on the flat than on the 

fibrillar surface. With increasing time, the distance between cells increases and the 

migration velocity decreases, approaching the single cell value after 24 hours.  In 

contrast, the cells placed on the fibrillar substrate emerge from the droplet with the 

single cell migration velocity, which remains constant for the first 24 hours. These 

results are consistent with those previously reported study [13] where they explained 

their results in terms of a haptotaxis like phenomenon due to cell crowding, as opposed 

to a chemotaxix effect where soluble factors were present. Fibroblasts put out cell 

processes which can sense adjacent cells. On the flat surface, the cells chose a 

trajectory which would continuously increase the distance between cells. The largest 

speed was observed at the smallest cell-cell distance. On micron sized fibers, once the 

cells emerged from the droplet, the cell-cell distance was determined by the fibers which 

on the oriented fiber surface remained constant with minimal cell-cell contact. Hence in 

the absence of a haptotaxic gradient, the cell migration speed remained constant at the 

value of the single isolated cell for the first 24 hours.  
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Figure 4.1 En-mass cell migration within 24 hours. The overlapped image of en-mass 
cell migration of live cells stained with DiD (red), and incubated for four hours,  onto the 
image of cells incubated for 24h, fixed and stained for F-actin with Alexa Fluor (green)  
(a) On a spun cast, FN coated PMMA thin film and (b) On electrospun FN coated, 
PMMA microfibers. The lines are drawn to guide the eye towards the perimeter of the 
migration front at 4 and 24 hours, respectively. Error Bar= 250 μm. (c) The en-mass cell 
migration velocity, as measured from the motion of the front,  on the thin film (black) and 
8µm fibers (red) as a function of time.  
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Figure 4.2 Cell migration velocity after 24 hours under different conditions. (a) En-mass 
cell migration velocity on FN coated thin film and 8µm fibers. (b) Single cell migration 
velocity on FN coated thin film and 8µm fibers for 4 days. (c) En-mass cell migration 
velocity on collagen coated thin film and 8µm fibers for 4 days.  

 

In figure 4.2a I plot the migration speed, measured at 24 hour intervals, during 

the subsequent three days following the initial 24 hours. From the figure one see a 

dramatic reversal of the response.  The cells migrating on the flat films are now moving 

at the constant single cell velocity, while those in the fibrillar surfaces are accelerating at 

a constant rate of |a|=4.3×10-5nm/sec2, reaching, by the fourth day, a velocity nearly 

double the single cell value of v=68.5 µm/h, and exceeding the initial velocity of those 

on the flat surfaces.  Further measurements from day 4 to day 7, show that no further 

change in the velocity on both flat and micron fiber substrates.  

In order to rule out any chemotaxic or haptotaxic effects from the droplet, I also 

measured the single cell migration speed with incubation time, where cells were plated 
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directly on the substrate at an initial cell density of 2500cells/well without the agarose 

droplet. The results are shown in figure 4.2b, where I find that on the flat surfaces the 

magnitude of migration speed after 24 hours is the same as which achieved by the cells 

that had migrated out of the droplet, confirming that the cells migrating on the perimeter 

of the droplet had achieved single cell behavior. The response of the cells to increasing 

incubation time is also similar to that observed when the cells are initially plated within 

the droplet, namely the migration speed of the cells plated on the flat films remains 

constant for the four day observation period, while the speed of the cells plated on the 

fibrillar surface increases with the same constant rate of |a|=4.5×10-5nm/sec2. The only 

difference between the cells plated directly on the substrate and those emanating from 

the droplet, is the magnitude of the plateau speed=59.1µm/h which is reached at day 3, 

rather than day 4, and is similar to the value 52.2µm/h of the cells existing the droplet on 

the flat surface. Hence the increase in migration speed appears to be caused by the 

fibrillar topography of the substrate rather than a consequence of the en-mass behavior 

of the migration imposed by the crowded condition in the droplet.  

In order to rule out any effects specific to fibronectin, the fibers were also coated 

with collagen and the en mass velocity of the cells emanating from a droplet was 

measured as a function of time. From the results are plotted in figure 4.2c, where one 

can see that even though the initial velocity is somewhat lower, the functional behavior 

is similar to the single cell response shown in figure 4.2b. The migration velocity 

increases linearly, reaching a plateau at v=60.0µm/h on the third day, and hence the 

phenomenon is not related to activation via any functional domains specific to 

fibronectin.  
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4.3.2 Morphology and metabolic activity 

Observation of the morphology of the cells plated on the flat and fiber surfaces 

shows that the cells on the flat surface have multiple orientations, which are 

continuously changing during the migration process, while those on the fibers remain 

orientated along the fiber direction. In figure 4.3a I plot the time averaged aspect ratio of 

the cells at day 4 on the flat and fibrillar surfaces, where I see that the value on the 

fibrillar surfaces is significantly larger, 7.1 vs 5.1 (p<0.001).  

In order to determine whether placement of the cells on the fibers affects the rate 

of metabolism, an XTT assay, was performed on day 4, and as shown in figure 4.3b, no 

significant differences were observed between the cells plated either on the flat surfaces 

versus the electrospun fiber surfaces. Hence no additional mitochondrial activity occurs 

as a result of the cell continuously conforming to the three dimensional topography of 

the fibers.  

 

 

Figure 4.3 Cell aspect ratio and ID50 per cell reading on thin film and microfibers at day 
4. (a) Cell aspect ratio was calculated as: the length of the cell/width of the cell plated 
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on thin film and micron fiber surfaces. (b) The XTT assay at day 4 was performed and 
followed with a DAPI nuclear staining. The reading of ID50 value reflects the metabolism 
level of all the cells at day 4. However, the cell proliferation varied on different surfaces. 
As a result, I divided the ID50 value by the actual nuclear number counted after DAPI 
staining, and evaluate the metabolism level per cell.  

 

4.3.3 Localization of vinculin 

The migration velocity is closely related to the number and size of focal adhesion 

sites for the cells on the substrate [11, 15, 16]. To achieve the maximum velocity, cells 

must be able to form optimal strength of focal adhesions. If the adhesion is too strong 

cells will migrate at a low speed, and if the adhesion is too weak, cells will not be able to 

exert adequate traction forces and will be unable to migrate. A recent study has shown 

that the size of the focal adhesions may be correlated to the cell migration [17].  I 

therefore, stained the cells with immunoflorescent antibodies against vinculin, obtained 

images with confocal microscopy, and the results are shown on figure 4.4a, and 4.4b. 

From the figures, one can immediately see that the pattern of focal adhesion contacts, 

as determined from the vinculin stain, varies drastically between the cells plated on the 

flat films and those plated on the 8μm fibers. On the flat films one can see focal 

adhesions distributed both at the periphery of the cells as well as on the interior, 

whereas on the 8μm fibers the focal adhesions were clustered only along the edges, 

following the contours of the fibers. The distribution of the focal adhesion points can be 

quantified by plotting the percentage of the focal adhesions present at different 

distances from the cell edge. The results are shown in figure 4.4c, where one can see 

that on the flat surface only approximately 20% are within 5μm of the cell edge, with the 

remainder distributed almost uniformly up to 35μm from the edge. On the fibers more 
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than 60% are within 5μm, with a sharp decrease to only a few percent at 10μm from the 

edge. The distribution of loci of the focal adhesions may reflect the mechanism of 

motion of the cells. On the flat surfaces the cells migrate either radially outward from the 

droplet or along random directions, following processes which may be extend in all 

directions. On the fibers though, motion occurs in only along the fiber, and the cell 

shape is defined by the edge of the fiber.  

 

Figure 4.4 Vinculin distribution on flat film and 8µm fibers. (a) Confocal images of 
vinculin distribution on thin film at day 4 (b) Vinculin distribution on 8µm fibers at day 4. 
(c) The distribution of vinculin as a function of distance from cell boundary at day 4. The 
percentage of vinculin number was plotted as a function of the distance between 
vinculin locations to the edge of the cell. (d) The number of vinculin per cell on different 
surface for 4 days. 
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The number of focal adhesion points per cells was also counted and the results 

are plotted in figure 4.4d as function of incubation time. From the figure we see that the 

number of focal adhesion per cell on day one is 70 on the flat films vs. only 50 on the 

8μm fibers, even though at this time the migration velocities on the two substrates are 

nearly the same. With increasing incubation time the number on the flat films remains 

constant while the number on the 8μm fibers decreases gradually to 35 by the fourth 

day. The decrease in focal adhesion number is consistent with the increase in migration 

speed during the same period of time on the 8μm fibers. The lack of change in number 

on the flat surface is consistent with the lack of change in the speed of migration on 

these substrates.  

 

4.3.4 Aspect ratio of the nucleus 

In the previous study, I have shown that on flat surfaces, migration was triggered 

by nuclear deformation [18], which initiated a cycle of traction force exertion to reduce 

deformation and ultimately resulted in center of mass translocation. Conversely, it was 

recently shown that inhibition of nuclear deformation via physical constraints led to 

complete cessation of cell migration [19]. I therefore investigated whether nuclear 

deformation may also be involved in triggering the enhanced migration on the fibrillar 

surfaces.  

In order to observe the nuclear structure I stained the nucleus of cells cultured on 

the different substrates with DAPI, and their aspect ratio was measured (figure 4.5a-

4.5d).  



 

76 
 

 

 

Figure 4.5 Nuclei morphology on different surfaces. The nuclei morphology at day 1 on 
(a) thin film (b) 8µm fibers, (c) Nuclei morphology at day 4 on thin film (d) 8µm fibers. (e) 
Measurement of cell aspect ratio on different surfaces for 4 days.  

 

From figure 4.5e, I found that the nuclei of the cells on the flat films ranged from 

spherical to slightly (Rmax~2.1) elongated, with the mean elongation R~1.4 remaining 

constant over the four day observation period. The relatively large dispersion reflects 
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the fluctuation in nuclear aspect ratio previously reported by Pan et al to be associated 

with different stages of the migration process on flat surfaces. On the fibrillar surfaces 

the aspect ratio was larger immediately after the cells exited from the droplet, with an 

average value of R=2.0 after 24 hours. This value increased gradually reaching a 

plateau of R=2.5 on the third day. Since nuclear deformation is a vital part in cell 

migration, [20-22] it is tempting to postulate that it may be responsible for the 

acceleration of the cells on the fibers, where nuclear deformation is observed to 

increase during the same period as the cell migration velocity increases. In contrast, on 

the flat surfaces, both the mean velocity and the mean nuclear deformation remain 

constant over this period of time.  

 

4.3.5 Intensity of myosin IIA and cell contraction 

Myosin IIA is another important protein associated with cell migration since it 

plays a large role in transmitting the traction forces responsible for cell contraction as 

well as nuclear deformation [23, 24] during migration. Traction forces are transmitted via 

fiber bundles consisting of actin/myosin complexes where the actin fibers are contracted 

via connections to the myosin, hence transmitting forces due to focal adhesions with the 

surface [25-29]. In addition Myosin II also regulates vinculin recruitment and focal 

adhesions, which in turn determine migration velocity [30]. In order to observe Myosin 

fiber formation I stained the cells with immunofluorescent antibodies against Myosin IIA. 

I chose Myosin IIA over Myosin IIB since it is more prominent [31] in generating forces 

in nonmuscle cells. The results are shown in figure 4.6a for cells on the 8μm fibers and 

on flat substrates. In all images I found uniform myosin staining across the cell 
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cytoplasm, where the intensity does not vary significantly between cells plated on flat or 

fiber surfaces that incubated for one or four days. This finding is consistent with the RT-

PCR data (figure 4.6b) where no significant differences were detected in the levels of 

Myosin IIA RNA.  

Closer examination of the images (expanded segment of typical cells) show that 

on day one the myosin is organized into thin fibrils, approximately 0.7µm in diameter, 

which are extended across the long axis of the cell. These fibrils appear on all samples 

but are more pronounced on the flat surfaces. In figure 4.6a I show the corresponding 

images for the cells, which also stained for F-actin. Comparing the figures, one can see 

that the distribution of the thin myosin fibers parallels that of the actin fibers which is 

consistent with the formation of the actin/myosin complexes reviewed in the literature 

[24, 32].  

The appearance of the cells on the flat substrates does not change much 

between days 1 and 4. On the other hand, on the fibrillar surfaces, much thicker fibers 

become visible which span the length of the cells, and are oriented parallel to the 

underlying direction of the 8μm fibers.  Even though these fibers appear brighter, the 

intensity ratio of actin to myosin is not significantly different from the thinner fibers, 

indicating that they consist of similar actin/myosin complexes. The average diameters 

measured for the actin/myosin complies on the flat and fibrillar surfaces on days 1 and 4 

are compared in figure 4.6c. 

It has been demonstrated by numerous groups [32-34] that actin/myosin fibers 

are responsible for the exertion of traction forces which in turn mediate the process of 
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cell contraction and translocation of the cell center of mass. I therefore measured the 

average amount of cell contraction on day 1 associated with migration and the degree 

of contraction associated with the migration on day 4 (figure 4.7a). From the figure one 

can see that the degree of contraction on day 1 on the fibrillar surface resembles that on 

the flat surface, but by the fourth day the degree of contraction on the fibers had nearly 

doubled, while the one on the flat surfaces remains unchanged. 

Examination of the moving images of the cells taken on days 1 and 4 

(supplementary materials) shows that this difference in contraction is a result of a 

complex set of motions which the cells undergo and which ultimately result in nuclear 

translocation or cell migration. In figure 4.7c, I illustrate the processes that are observed 

in the supplementary videos of the migrating cells. The motion on the flat surface was 

observed a “fluttering” of the cytoplasm as the cell extends processes in multiple 

directions. Then as discussed in previous paper [18] I find that the nuclear shape 

changes abruptly, becoming more symmetric, which then causes retraction of the rear 

of the cell and nuclear translocation. Initially similar type of motion is observed on the 

fibrillar surface. On this surface one sees that most cells have one side attached to the 

sides of the fibers, while the other side is fluctuating freely. Initially, (first 24 hours) cell 

migration is similar on both types of surfaces but with increasing time the cells on the 

electrospun fibers appear to switch to a different mode. Instead of putting out processes 

in random directions, they are committed to following the direction of the fiber, and 

fluctuations of the periphery of the cytoplasm are no longer apparent. Hence the 

appearance of the large diameter of actin/myosin fibers also coincides with the increase 

in cell contraction and the rapid highly oriented motion.  
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Figure 4.6  Immunofluorescent staining, RNA expression, and fiber diameter of Myosin 
IIA at day 1 and day 4. (a) Confocal images of cells stained with myosin IIA (green), F-
actin (red), and the merged pictures on thin film and 8µm fibers. Error bar=75µm. (b) 
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RT-PCR result of MyosinIIA (2208F-2440R) expression on thin film and 8µm fibers.  (c) 
Myosin fiber diameter on thin film and 8µm fibers. 

 

 

 

Figure 4.7 Cell contraction associated with migration on thin film and 8µm fiber - (a) 
Measurement of cell contraction on micron fibers and flat films at day 1 and day 4. Cell 
contraction on micron fiber is defined as: (cell length at t0- cell length at t1)/cell length at 
t1. (b) Illustration of cell contraction when migration on 8µm fibers at day 4. 

 

4.4 Discussion 

Cell migration on fibrillar substrates appears to differ in a fundamental fashion 

from migration on planar surfaces. Since cells rarely migrate on flat planes in vivo, it is 

important to understand the changes induced on fibrillar surfaces. Two types of 

surfaces were prepared for these experiments, a flat spun cast PMMA film and 8μ 
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diameter electrospun fibers. Both types of surfaces are not particularly cell adhesive, 

and therefore they were coated with fibronectin for 2 hours prior to plating the cells or 

the cell laden droplets. Hence the surfaces had identical chemical composition, but 

differed mostly in topography. On the flat surface the cells emerged en-mass from the 

droplet in a star burst trajectory with a velocity that decreased over the next 24 hours to 

the single cell value, as the cells separated. This value remained unchanged over the 

next seven days. For droplets placed on the fibrillar surfaces, the cells emerged only 

along the fibers. Careful examination indicated that most of the cells were attached on 

one side to the edge of the fibers with the other side of the cell on the adjacent flat 

surface. Immunohistochemical staining of vinculin proteins showed that on the fiber 

surfaces, the majority of the focal adhesions were concentrated in a straight line along 

the contact area with the fiber and along the periphery of the cell adherent to the flat 

surface. Very few focal adhesions were detected in the center of the cell. On the flat 

surfaces, on the other hand, even though some focal adhesions were seen along the 

leading and trailing edges, focal adhesions were distributed throughout the cell’s plasma 

membrane. As a result cells on flat surfaces had approximately 40% more focal 

adhesions after 24 hours. On the flat surfaces the number remained constant, while on 

the fibrillar surfaces they decreased by approximately 30% on day 4.  

Focal adhesions are also responsible for anchoring the actin fibers and 

transmission of traction forces across the cytoplasm. Pan et al. [18] had shown that the 

distribution of the traction forces was also responsible for causing nuclear deformation, 

and initiating cellular translocation. Hence I postulated that the differences in focal 

adhesion distribution would also results in differences in the traction forces exerted and 
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hence migration velocities and modes of cellular locomotion. Measurements of the cell 

migration velocity indeed showed that while the migration velocity remained constant on 

the flat surfaces, the velocity increased, nearly doubling, over the next four days for the 

cells on the fibrillar surface. This increase mirrored the decrease in focal adhesions, 

possibly enabling the faster motion. Another interesting observation though was the 

difference in nuclear deformation. The mean deformation on the fibrillar surfaces was 

nearly twice as large as on the flat surfaces, which was consistent with previous reports 

where cells were confined in porous substrates and migration was interrupted when the 

degree of confinement prevented nuclear deformation [18]. Furthermore, the nuclear 

deformation increased between days one and four, also mirroring the increase in cell 

migration velocity.  

Observation of the mode of migration also showed differences between the flat 

and the fibrillar surfaces, where the differences were initially small on day 1, but 

increased and became very noticeable by day 4. On the flat surfaces migration was 

accompanied by a series of fluid deformations of the cytoplasm due to extension of 

lamellipodia, nuclear deformation and retraction of the rear of the cell. This mechanism 

was also observed initially on the fibers, on the first day, when the magnitude of the 

speed for cells migrating on both surfaces was similar. As the cells accelerated over the 

next three days on the fibrillar surfaces a different mode of migration started to spread. 

The cytoplasm contracted and expanded, in a manner similar to muscle cells, while the 

nucleus remained highly deformed. While RT-PCR and immunofluorescence indicated 

that the amount of myosin did not change for the cells on the fibrillar surface during the 

four day observation period, immunofluorescence images showed that large 
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myosin/actin fibers had formed.  Measurements of the cell contraction also showed that 

during this time the contraction amplitude doubled for cell migrating on the fibers, while 

remaining unchanged for those migrating on the flat surface, suggesting that these 

larger fibers, were more efficient at contracting the cells.  

Taken together, these results indicate that the continual deformation of the cells 

imposed by the fiber topography was responsible for triggering a different mode of 

migration, which is more oriented, faster, and more efficient than that observed on flat 

surfaces.  
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5.1 Introduction 

Hematopoietic stem cells (HSCs) are rare cells capable of differentiating into all 

three blood lineages identified in bone marrow and liver, umbilical cord blood, and 

peripheral blood. HSCs are used in clinical transplantation protocols to treat a variety of 

diseases [1, 2]. Although bone marrow transplantation has been applied clinically for 

more than three decades, the use of HSCs remains limited due to the difficulty in finding 

matching donors and limited ability to expand these cells ex vivo [3-7]. The biggest 

challenge is to maximize HSCs expansion without impairing their pluripotency. 

Notch is a critical signaling pathway in the HSCs niche, and has the potential to 

increase ex vivo cord blood cell expansion [8-14]. Besides biochemical factors, the 

mechanics and biophysical cues can also affect stem cell proliferation [15-20]. 

Hydrogels are low cost, easily produced, biocompatible substrates, whose moduli are 

easily controlled by varying the degree of cross-linking [21-25]. Here I demonstrate that 

a synergy can be achieved between Notch signaling and hydrogel mechanics to 

successfully expand and maintain stemness of HSCs over a short culture period. 

 

5.2 Materials and Methods 

5.2.1 Hydrogel substrates preparation 

Hydrogels were prepared with microbial transglutaminase (mTG) cross-linked 

gelatin. 0.1g/ml (10 %( w/v)) gelatin was first dissolved in DPBS at 70-80oC and filtered 

through 0.22 µm SteriFlip media filters. After sitting at room temperature overnight, 
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gelatin was then mixed with sterilized 0.1g/ml (10 %( w/v)) mTG which acted as a cross-

linker. Two different ratio solutions yielded hard (gelatin: mTG=3:1) and soft (gelatin: 

mTG=125:1) hydrogels respectively. Solutions were then incubated at 37oC for 24hrs 

followed by a re-heating at 65oC for 5-7 min to deactivate mTG. 

 

5.2.2 Stem cell culture 

Human cord blood CD34+ cells were purchased from AllCells LLC and cultured 

in StemSpan SFEM media, 10% FBS, 100 ng/ml each of human SCF, TPO, and Flt-3L. 

Cells were infected with ICD-Notch or GFP control lentiviral particles then plated on 

hydrogels for 6 days. The cells were then counted and stained for CD34 and CD38 for 

flow cytometry.  

 

5.2.3 Proliferation and phenotype detection  

Samples were also viewed under a MetaMorph®-operated CoolSNAP™HQ 

camera attached to a Nikon Diaphot-TMD inverted microscope fitted with a 37 °C 

incubator stage, where time-lapse images were taken automatically. SMFM were used 

to measure the cell modulus on different hydrogels. CFU assays were carried out as per 

the manufacturer’s protocol on 6-day old NOTCH-induced HSCs grown on soft 

hydrogels. The NOTCH-induced HSCs were plated in MethoCult and observed for CFU 

colonies. 
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5.3 Results and discussion 

5.3.1 Organization of stem cell on different substrates 

In figure 5.1a-5.1c, the phase-contrast images of the cord blood HSCs after 

incubation on the two types of hydrogels and untreated cell culture petri dish (TCP) 

showed diverse cell growth patterns. The cells have agglomerated on both types of gels 

into a central pellet of densely packed cells, whereas in the control dish, they are 

randomly dispersed throughout the dish. Closer examination also indicated differences 

in the appearance of the pellet for the hard and soft gels. On the hard gel (Figure 5.1b), 

the edge of the pellet is diffuse and small clusters of cells were present which have 

nucleated outside the main pellet. In contrast, the edges of the pellet on the soft 

hydrogels were sharp and well ordered (Figure 5.1c). The insets in figures 1b and 1c 

showed a larger magnification image of the cells in the interior of each pellet. The cells 

on the softer hydrogel displayed an ordered nearly perfect hexagonal close packed 

structure, whereas multiple defects in the packing are observed on the harder gel.  

The structure of the pellets was similar for transduced and non-transduced cells, 

but the influence of the substrate adhesion became apparent immediately. It was 

previously shown by Pan [26] et al that adherent dermal fibroblast cells exert traction 

forces which deform hydrogels. Since the HSCs have much smaller adhesion forces 

than dermal fibroblasts, they also exert lower traction forces, and hence prefer softer 

gels, which are more susceptible to deformation. This ability to sense the local structure 

becomes apparent in the images of the cells approaching the edge of the pellet. In the 

case of the softer gels, cells formed small adjustments as the edge was approached 
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and then fit in perfectly into the hexagonal close packed structure. On the harder gels, 

the cell motion was more random as the edge was approached and it appeared to be 

more difficult for the cells to maintain an organized structure. 

 

 

 

Figure 5.1 Dispersion and cell modulii of HSCs at day 6. (a) Phase-contrast images 
(25x) of HSCs cultured on control tissue culture petri dish (TCP), (b) HSCs cultured on 
hard hydrogel, and (c) HSCs cultured on soft hydrogel. (d) HSCs modulii on TCP 
(control), hard and soft hydrogels with transduced (+) and non-transduced (-) HSCs at 
day 6. *p< 0.05 on soft hydrogel. 
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5.3.2 Cell modulus  

In order to determine whether the HSCs were able to interact and respond to 

their culture environment, the relative modulii of the cells were recorded on hydrogel 

surfaces and TCP +/- notch (Fig. 1d).  I demonstrated that transduction with Notch did 

not have any effect on the modulii of cells plated on the TCP. It is interesting to note that 

the modulii of the cells plated on the soft hydrogels are slightly larger than those of the 

cells on the much harder TCP, suggesting partial adhesion was occurring. In the 

absence of notch, the modulii of the HSCs were insensitive to the mechanics of the gel, 

whereas the transduced cells were significantly softer on the soft gels compared to the 

hard ones. This indicated that in the presence of Notch, the HSCs were responding to 

the mechanics of the substrate. 

 

5.3.3 HSCs expansion ex-vivo 

In order to examine the possible synergistic effects of overexpressing Notch in 

HSCs coupled with cell culture on hydrogels, I plated transduced (+) and non-

transduced (-) cells on TCP, hard, and soft hydrogel substrates. After six days of 

incubation, I saw a large difference in the number of cells (246750cells/well) for the 

HSCs with Notch overexpression and grown on a soft hydrogel (Fig. 5.2a), following an 

initial plating of the same number of cells, 10000 in each well. Overexpression of notch 

increased the number of cells by nearly a factor of two on both TCP and hard hydrogel, 

while a greater than 5-fold increase was observed on the soft hydrogel.  

As shown in the modulus data, only the transduced cells were able to differentiate 

between the modulii of the underlying gel substrates and adjust their modulii 
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accordingly. It has previously been shown that cell proliferation could be a function of 

substrate modulus [27]. In the case of dermal fibroblasts, which are responsible for gel 

contraction and hence are callable of exerting large traction forces, the proliferation rate 

was larger on hydrogels with higher modulii. HSC adhere only weakly, and the traction 

forces which they are capable of exerting are much weaker. Hence in order to organize 

and sense gradients produced by other cells, they may prefer more deformable 

substrates. Furthermore, since cell division also involves exertion of traction forces, 

proliferation may be more favorable on the softer substrates.  From figure 5.2a I find 

that expression of Notch alone is responsible for an increase in nearly a factor of two on 

both control and hard hydrogels. On the soft hydrogel, an increase of nearly a factor of 

5 is observed when notch is introduced. This data shows that a resonance can result 

when both factors favoring proliferation are present, where the combined effect is much 

larger than the individual enhancements. 

 

5.3.4 Preservation of HSCs pluripotency 

In order to identify if the combination of the overexpression of Notch and utilizing 

an mTG-hydrogel had an effect on the pluripotency preservation, similar experiment 

was conducted and cells were then labeled with CD34 and CD38 markers. The flow 

cytometry results of +/- Notch on three different substrates are shown in figure 5.2b. I 

find that the amounts of progenitor and stem cells were not significantly affect by the 

addition of Notch on both control and hard gel surfaces, while on the other hand a large 

enhancement is observed on the soft hydrogel. Hence the increase in proliferation is not 

associated with increased differentiation. It is contrast to previous works where 
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substrate mechanics was shown to induce differentiation along multiple lineages, [28, 

29] and in this case I find that mechanics can also be an important factor in preservation 

of stemness.  These results underscore the important role that mechanics plays in the 

control of stem cell fate within the stem cell niche. 

 

 

Figure 5.2 Proliferation and pluripotency tests of HSCs. (a) cell count on TCP (control), 
hard and soft hydrogels with transduced (+) and non-transduced (-) HSCs at day 6 with 
an  initial 10000 cells per well.  (b) flow cytometry result at day 6 on the same samples. 
(c) CFU assays of NOTCH-transduced HSCs cultured on soft hydrogels and phase 
contrast images (40x) of BFU-E, CFU-GM, and CFU-GEMM colonies. 
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5.3.5 Downstream CFU test 

In order to demonstrate the Notch-induced cells had the capacity to differentiate 

into various lineages, CFU assays were conducted. Various CFU colonies were able to 

differentiate from NOTCH-induced HSCs grown on soft hydrogels (Fig. 5.2c). Numerous 

lineages were observed in CFU assays using the NOTCH-induced HSCs, including 

BFU-E, CFU-GM, and CFU-GEMM colonies (40×) (Fig. 5.2c). These data demonstrated 

that the HSCs transduced with NOTCH and cultured on soft hydrogels were capable of 

differentiating into different blood cell lineages. 

A culture system that closely recapitulates marrow physiology is essential to 

study the niche mediated regulation of hematopoietic stem cell fate at a molecular level 

[30-32]. It has previously been demonstrated how substrate mechanics can be tuned to 

determine differentiation linage [28, 29]. Here I focused on the role of mechanics in 

preserving stemness and enabling proliferation. This illustrated the complex interactions 

that occur between stem cells and their microenvironment, where a synergy of multiple 

factors was required to affect a dramatic increase in both proliferation and maintenance 

of stemness. I believe our ICD-Notch-transduced stem cells combined with an mTG 

crosslinked hydrogel may serve as the foundation for further success in ex vivo 

expansion of HSCs. 

The results in this thesis showed that the surface topography, chemistry, and 

mechanics all played critical roles in interacting and influencing biological systems, and 

they provided a novel aspect in designing biomaterials whose property could be 

precisely engineered for different applications. 
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Appendix 

 

 

Cell migration on nanoscale fibers 

 

In this thesis I focused primarily on micron scale fibers, where I was able to propose 
models explaining the cell migration. Submicron fibers were studied as well, but the behavior of 
the cells on these fibers is not well understood. It is of note though that the response of the cells 
to nanofibers is significantly different from that to the micron fibers and hence these results are 
presented here, but without a model.  

In figure Appendix 1a we show histochemical staining of vinculin in the focal adhesion 
points for dermal fibroblasts plated on 0.7 micron fibers incubated for four days. From the figure 
we can see that the cells do not align along the fiber directions. Fibroblasts typically have an 
aspect ratio of 4 when plated on a thin film, with the long axis being approximately 20-30 
microns. As we showed in the previous chapters, the cells will orient along fibers whose 
diameters are four microns or larger, but orientation along fibers whose diameters are much 
smaller probably requires too much confinement. Rather on these fibers the cell tend to spread 
such that they contact multiple fibers and have an appearance similar to the cells plated on flat 
surfaces. The aspect ratio of the cells on nanofibers is plotted in figure Appendix 1b and 
compared to the aspect ratio of cells plated on microfiber and flat surfaces. The distribution of 
the focal adhesion points of the dermal fibroblasts plated on the submicron fibers is shown in 
Appendix 1c, where we could see that it appears more similar to that on the flat films, than the 
highly oriented placement of focal adhesions on the eight micron diameter fibers. The number of 
focal adhesions is plotted in figure Appendix 1d for 1 to 4 days after plating, where we see, and 
is intermediate between the number on the eight micron fibers and the flat films. More important 
though, we also see that the number of focal adhesions remains contestant in time over the next 
three days similar to the behavior of the cells on flat films and in contrast to the decrease in 
number observed on the eight micron fibers. Finally, in figure Appendix 2a we plot the migration 
speed of the dermal fibroblasts plated on the submicron fibers, together with those plated on flat 
films, oriented single layer scaffolds and scaffolds forming angles of 90 and 30 degrees.  From 
the figure we conclude that the behavior of the cells on the two layer and one layer scaffolds are 
similar namely, they increase over a period of three days by nearly the same amount. The 
migration speed on the flat films remains constant, and the migration on the submicron films 
follows the pattern of the flat film, indicating that the diameter of the fibers, rather than the 
number of layers determines the functional dependence. The similarity of the functional form on 
submicron fibers reflects the similarity in the distribution of focal adhesion points.   

In figure Appendix 2b we also plot the XTT for the cells migrating on the flat and fibrillar 
films. From the figure we find that no significant difference exists between the metabolic function 
of the cells on the eight micron fibers and those on the flat films. Yet the metabolic function of 
the cells on the submicron fibers is nearly twice that of the cells on the other substrates. On flat 
films the focal adhesions are clearly placed at the perimeter of the cells and are correlated to 
cell polarization in the direction of motion. On the eight micron fibers, the focal adhesions are 
located along the fibers and at the unction points and therefore are also correlated to the 
direction of motion. On the nanoscale fibers the focal adhesions seems to be randomly located 
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relative the direction of motion, hence it is possible that more energy exerted by the cells in 
finding a unique direction .    

 

 

 

 

 

Figure Appendix 1. Focal adhesion and nuclear deformation on different substrates. (a) 

Immunofluorescent staining of vinculin on 700nm fibers. (b) Aspect ratio of nucleus, (c) Vinculin 

distribution, (d) Number of vinculin on thin film, microfibers, and nanofibers. 

 



 

105 
 

 

 

Figure Appendix 2. (a) Cell migration velocity on different surfaces. (b) XTT results on thin film, 

microfibers and nanofibers surfaces. 

 


