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Abstract 
 

Eukaryotic cell chemotaxis, or directed cell migration in response to a chemoeffector gradient, 

plays a central role in many important biological process such as wound healing, cancer metastasis, 

and embryogenesis. In vivo, cells migrate on fibrous ECM, but chemotaxis studies are typically 

conducted on flat substrates which fail to recapitulate ECM or 3D gel environments with 

heterogeneous and poorly defined biophysical properties.  

To address these challenges, this thesis focused on developing a microfluidic assay device which 

utilizes a reductionist approach to study single cell chemotaxis on aligned, suspended ECM-

mimicking nanofibers. The device is comprised of a network of microfluidic mixing channels 

which produce a temporally invariant, linear chemical gradient over nanofiber scaffolds in an 

observation channel. The microfluidic device design was guided by a numerical model and 

validated with experimental testing. This device was used to study mouse embryonic fibroblast 

NIH/3T3 response to platelet derived growth factor (PDGF) on flat polystyrene and suspended, 

polystyrene nanofibers with small (15 μm), and large (25 μm) spacing. Cell aspect ratio is lowest 

for flat polystyrene (spread morphology) and highest for large-spaced fibers (spindle morphology). 

Cells migrating on fibers begin to show a chemotaxis response to a PDGF gradient 10 times 

shallower than that required for chemotaxis response on a flat substrate. Furthermore, cells with 

spindle morphology maintain a robust and strong response over a broad range of chemoattractant 

concentration. These cells also had a 45% increase in speed and 26% increase in persistence over 

cells on flat polystyrene. The findings of this thesis suggest that 2D substrates may not be sufficient 

for studying physiologically relevant chemotaxis.
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Chapter 1. Introduction 

1.1 Motivation 

Many in vivo biological processes including wound healing[1], cancer metastasis[2], and 

embryogenesis[3] are driven by chemotaxis and guided by the fibrous network of the extracellular 

matrix (ECM). Chemotaxis has long been observed and studied in eukaryotic cells, but these 

studies are typically conducted on flat, 2D substrates. While these studies have been vital in 

understanding the fundamentals of chemotaxis and overall cell migration, they fail to represent the 

intricate, 3D in vivo environment.[4] More recently, there has been a push to better understand the 

mechanisms of cell migration on more physiologically relevant topography. That is, topography 

that attempts to replicate one or more aspects of the ECM that cells migrate upon in vivo. The 

majority of these studies utilize 3D gels made of either ECM proteins such as collagen and fibrin 

or non-biological materials such as hydrogels.[5], [6] A few utilize a reductionist approach to study 

cell migration on single fibers. The single-fiber reductionist approach can be employed to mitigate 

the challenges of studying 3D migration while still capturing the effects of physiologically relevant 

surface topography. Among these challenges is the difficulty of high-resolution imaging in a 3D 

environment and thus the tracking of individual cells which is important for understanding cell 

migration on a fundamental level.[7]–[9] Some of the migration studies in 3D environments 

incorporate migration due to chemotaxis, but since the beginning of chemotaxis studies, it has been 

a challenge to establish gradients that are both measurable and stable over long periods of time. 

This has been overcome through the development of microfluidic devices that create stable 

gradients through diffusion-based mixing.[10] Thus, an in vitro microfluidic assay which 

combines a stable and quantifiable chemical gradient with single, aligned fibers could aid in the 

fundamental understanding of cell chemotactic behavior in vivo. 
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1.2 Background 

1.2.1 Cell Migration upon 1D, 2D, and 3D substrates 

While the details of how eukaryotic cells migrate are complex and can vary among cell types, the 

general process is the same and can be divided into four steps: protrusion, adhesion, translocation, 

and posterior retraction.[11] Protrusions are extensions of the cell membrane developed either 

through polymerization of F-actin or intracellular pressure. Two types of actin-based protrusions 

are filopodia, thin bundles of actin, and lamellipodia, wide sheets of cross-linked actin. An 

example of protrusions generated by intercellular pressure are lobopodia. Protrusions are formed 

as a result of internal molecular asymmetries, described as cell polarization, which can occur either 

through thermal fluctuations or as a response to an external stimulus.[12] Integrins, transmembrane 

proteins that facilitate attachment between the cell membrane and substrate, aggregate in 

protrusions, forming nascent adhesions. Some of these aggregates continue to increase in size and 

form stable focal adhesions which the cell will utilize to translocate.  More specifically, utilizing 

the focal adhesions at the leading edge of the cell as an anchor point, the cell body translocates via 

myosin II-mediated contraction of actin stress fibers.[13] Finally, the posterior of the cell is 

released through the dissociation of focal adhesions which can be either ripped from the cell, 

leaving behind a trail of cellular debris, or dispersed through the membrane and recycled. It should 

be noted that all of these steps may be occuring simultaneously at any time.[11], [13] An 

illustration of the migration process is shown in Figure 1.1.  

 

Typically, migration studies are conducted on 2D substrates, but increasingly studies in fibrous 

3D environments that better mimic physiological conditions show that there are several key 

differences between migration on 2D substrates and in 3D environments. The most obvious of 

these differences is the spindle-like morphology cells adopt when migrating in 3D environments 
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compared to the flat, spread morphology observed on 2D substrates.[4] Beyond the morphology, 

cells migrating in 3D dermal explants and cell-derived matrix have been shown to extend entirely 

different protrusions, lobopodia, that are not actin-based. Lobopodia are formed by intracellular 

pressure developed through actomyosin contraction and small blebs located on the lobopodia are 

areas where the intracellular pressure has temporarily ruptured the actin cortex.[14] The 

morphology of a cell migrating in a 3D environment using lobopodia protrusions is depicted in 

Figure 1.2. Additionally, it has been observed that cells migrating in 3D collagen matrices do not 

follow the traditional random walk commonly used to describe cell migration on 2D substrates.[6] 

Therefore, it appears that entirely new migration models may need to be developed for cells 

migrating in 3D environments.[6], [15]  

 

While recent studies have shown the importance of studying cell migration in 3D environments, 

there are several challenges associated with using 3D environments including narrow planes of 

focus for imaging and uncertainty in the exact structure of the matrices. To overcome these 

challenges, yet mimic the behavior observed in a 3D environment, some groups have observed 

 
Figure 1.1. The four main steps in the migration process of eukaryotic cells. The cell first 

produces actin-based protrusions which then attach to the substrate through focal adhesions. 

The cell undergoes translocation through actomyosin contraction and releases the posterior 

edge through dissociation of focal adhesions. 

Protrusion Adhesion

Translocation
Posterior Retraction

Focal Adhesion
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cell migration on 1D aligned tracks or fibers.[7], [8] Several similarities between 1D and 3D 

migration such as cell morphology, phenotype, and migration mechanisms are observed that 

contrast with migration on 2D, suggesting that 1D migration could be an adequate representation 

of 3D migration depending on what parameters are being studied.[9] There are also instances in 

vivo where cells migrate along aligned ECM fibers during embryogenesis[3] and cancer 

metastasis[2], [16] which makes 1D migration studies directly relevant. 

 

1.2.2 Cell Chemotaxis 

As previously mentioned, cells migrate either due to random spatial fluctuations or due to an 

external stimulus. There are many types of migration in response to external stimuli including 

durotaxis (i.e. directed migration in response to mechanical stiffness), haptotaxis (i.e. directed 

migration in response to substrate-bound chemical gradient), and electrotaxis (i.e. directed 

migration in response to an electric field).[17], but chemotaxis will be focused on for the purposes 

of this thesis. Chemotaxis is directed migration in response to a soluble chemical gradient which 

cells sense via receptors spread throughout the membrane. A cell will exhibit biased migration in 

 
Figure 1.2. A cell migrating in a 3D fibrous matrix utilizing lobopodia protrusions. The 

morphology of the cell is elongated and spindle-like. The lobopodia protrusions have small 

blebs where the intracellular pressure that created the lobopodia has caused a rupture in the 

actin cortex. 
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the direction in which more soluble chemoattractant binds to the receptors, as shown in Figure 

1.3a. Traditionally, the amoeba Dictyostelium discoideum has been the model for studying the 

signaling pathways involved in eukaryotic chemotaxis and researchers continue to make new 

discoveries.[18], [19] However, as recent, similar research has been conducted with other cell 

types, it has been discovered that the signaling pathways required for chemotaxis differ at least 

between amoeba, leukocytes, and mesenchymal cell types and may differ with even finer grouping.  

Little is known specifically about the chemotaxis signaling pathways in mesenchymal cells, but a 

critical pathway for mesenchymal chemotaxis has recently been determined[20] (Figure 1.3b). Our 

current understanding of mesenchymal cell chemotaxis is: (i) Soluble chemoattractants such as 

platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and epidermal 

growth factor (EGF) bind to transmembrane receptors, receptor tyrosine kinases (RTKs). The 

asymmetry in the number of bound RTKs due to a chemical gradient (Figure 1.3a) leads to an 

upregulated cell polarization through the resulting signaling cascade, producing a defined leading 

and trailing cell edge. RTKs can access similar signaling cascades as G protein-coupled receptors 

(GPCRs) commonly observed with amoeboid and leukocyte chemotaxis, but there are significant 

differences such as the time scales and specific guanosine triphosphatases (GTPases) 

activated.[21] (ii) An RTK activated with chemoattractant activates the enzyme phospholipase C 

gamma (PLCγ) which hydrolyzes Phosphatidylinositol 4,5-bisphosphate (PIP2), the byproducts of 

which are diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). (iii) IP3 causes the release 

of intracellularly stored calcium (Ca2+) into the cytosol. (iv) Protein kinase C alpha (PKCα) 

responds to the intracellular gradient of DAG and is activated by DAG and Ca2+. PKCα then 

phosphorylates serine 1 and 2 on the regulatory light chain of myosin II A (MLC ser1/2) which 
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inactivates myosin at the leading edge of the cell. (v) This asymmetry in myosin II results in more 

contractility in the posterior of the cell, pushing the cell towards the leading edge.[20] 

 

 

1.2.3 Chemotaxis Assay Techniques 

Chemotaxis was first studied in the 1880s with bacteria using a capillary assay that was later 

adapted for eukaryotic cell chemotaxis studies.[22] In these assays, a micropipette is filled with 

either a chemoattractant or a chemorepellant and placed in a dish with cells. Diffusion of the 

chemoeffector from the capillary tip establishes a spatio-temporally varying chemical gradient. 

Cells are observed as they move towards or away from the micropipette. Traditional capillary 

assays relied on gravity to deliver the chemoeffector from an inverted micropipette which caused 

 
Figure 1.3. a) When a cell is in a gradient of a soluble chemoattractant, it is probable that more 

chemoattractant molecules will bind to the receptors on the side of higher chemical 

concentration, creating an asymmetry in the number of bound receptors which will cause the 

cell to migrate towards the higher concentrations of the chemical signal. b) A vital signaling 

cascade for mesenchymal chemotaxis. An RTK activates PLCγ which in turn hydrolyzes PIP2 

with byproducts DAG and IP3. IP3 releases stored Ca2+ which activated PKCα in combination 

with DAG. PKCα phosphorylates MLC ser1/2 causing inhibition of Myosin at the leading edge 

of the cell. [20] 

 

RTK
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low precision and consistency of the amounts delivered. Current methods have overcome this by 

using microinjectors to deliver precise amounts of chemoeffector through a micropipette.[23] The 

are several reasons capillary assays are continually used for chemotaxis studies including the 

ability to clearly image during experiments which is especially important for studies to determine 

chemotaxis signaling pathways. Capillary assays are also simple and inexpensive to set up and 

serval chemicals such as stains can be added to the assay simultaneously with minimal disturbance 

of the chemoattractant gradient. The disadvantages of capillary assays are the difficulty in 

quantifying both the chemoattractant gradient and local concentration as a function of time and 

low throughput as the cell response is typically limited to a small zone near the tip of the 

micropipette.[24] 

 

The Boyden chamber is another longstanding method of studying chemotaxis. Several variations 

on the Boyden chamber are now commercially available, but all use the same general method as 

the original. The Boyden chamber is made of two chambers separated by a porous membrane 

which cells are able to migrate through. A chemoattractant is added in one chamber and cells are 

placed in the other. The chemoattractant diffuses through the membrane, creating a temporally 

varying linear gradient which cells respond to. Chemotactic cells squeeze through the membrane 

to the chemoattractant chamber. This assay allows for a high throughput evaluation of cells and is 

an effective assay to quickly screen potential chemoattractants. However, imaging during 

experiments is difficult if not impossible, the gradient is difficult to quantify, and the gradient may 

be altered if cells obstruct the pores of the membrane.[25] 

 

Similar to the Boyden chamber, the Zigmond chamber also relies on chemoattractant diffusion 

from one chamber to another. However, the two wells are next to each other and are separated by 
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a thin bridge only a few micrometers in depth. A glass cover slip with adhered cells is placed over 

the two wells and bridge, sealing the device. The coverslip with the adhered cells can be imaged 

during the experiment, but the low volume capacities of the wells causes the chemical gradient to 

deteriorate quickly. While the Zigmond chamber is inexpensive and can be rapidly assembled, it 

has a low cell throughput.[26] 

  

As advances have been made in the area of micro/nano-fabrication and manufacturing, 

microfluidic devices have been developed to combat the challenges associates with previous 

chemotaxis assays. Microfluidic devices contain etched or molded microscale channels that are 

used to manipulate fluid in a manner that is dependent on the use of that particular device. For 

chemotaxis assays, microfluidic devices are used to generate stable and measurable chemical 

gradients. These gradients are typically established based on diffusive mixing of chemoattractant. 

While there are several microfluidic designs that have been used to study chemotaxis, they can be 

grouped into two subsets, flow-based and flow-free. Flow-based devices use serpentine channels 

to mix a buffer solution and a solution of the chemoeffector of interest. The mixing channels end 

with a viewing chamber in which the streams from the mixing channels diffuse together, creating 

an almost linear chemical gradient. The constant flow, at carefully determined flowrates, ensures 

that the chemical gradient does not degrade over time and the device can be imaged during 

experiments.[10] This may be a concern if the required flowrate produces sufficient shear to affect 

the cells studied in the device.  Flow-free devices do not have flow in the viewing chamber, but 

instead have flow in channels to either side with porous membrane separating the channels. One 

channel serves as a chemical source while the other serves as a sink. By constantly replenishing 

the source and sink through flow, a stable gradient can be established. However, this method takes 

longer to establish a stable gradient. Furthermore, affinity between the chemoeffector of interest 



9 

 

 

and the porous membrane may alter the gradient.[27] Both flow-based and flow-free microfluidic 

devices can produce customizable chemical gradients. Based on the design, rapid changes in the 

chemoattractant gradient can be established to study temporal effects. Microfluidics adds greater 

flexibility to chemotaxis studies, but specialized skills are required and the manufacturing and 

operation can be more demanding than other methods. Table 1.1 gives a summary of the commonly 

used chemotaxis assays devices. 

Table 1.1. Chemotaxis Assay Devices 
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1.2.4 The Multiple Functions of Fibroblasts  

Fibroblasts are mesenchymal cells that are responsible for the deposition and regulation of ECM 

materials.[28] There are several notable functions of fibroblasts including their role in wound 

healing[1], cancer development[29], and guidance of immune cells[30]. When a wound occurs, a 

fibrin clot forms at the wound site to provide temporary protection. Platelets embedded in the clot 

are activated and release several growth factors, one of which is the platelet derived growth factor 

(PDGF). PDGF diffuses away from the wound site and serves a part in the recruitment and 

activation of local fibroblasts. Once fibroblasts arrive to the wound site, they secrete ECM 

components such as collagen and fibrin that serve as a scaffold for reepithelialization (Figure 1.4). 

To aid in wound closure, fibroblasts differentiate into myofibroblasts after sufficient ECM 

deposition. Myofibroblasts express α-smooth muscle actin which allows them to produce strong 

contractile forces to pull the edges of the wound closer together. After completing their roles, 

myofibroblasts either return to their regular phenotype or undergo apoptosis.[31] 

 
Figure 1.4. The first responders to the wound site are platelets which are embedded in the 

initial wound clot. Among other growth factors, platelets release PDGF which diffuses into the 

surrounding tissue. Fibroblast in the vicinity of the wound site respond to the PDGF gradient 

and chemotax towards the wound site on existing ECM. Once fibroblasts arrive at the wound 

site, they deposit new ECM to facilitate migration of epithelial cells and healing of the wound.  

 

PDGF
Platelet

Migrating 
Fibroblast

ECM

Wound Site
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Fibroblasts that are involved in cancer development are called cancer-associated fibroblasts 

(CAFs). CAFs are activated fibroblasts that show a similar phenotype to myofibroblasts at a wound 

site in that α-smooth muscle actin is expressed. They are most likely recruited and activated by 

growth factors such as PDGF and transforming growth factor-β (TGFβ) secreted by cancer 

cells.[29] At the beginning of tumor development, a small group of cancer cells form a neoplastic 

lesion that is separated from normal tissue by a basement membrane comprised of a thin layer of 

ECM. Surrounding the basement membrane are immune cells, capillaries, fibroblasts, and 

additional ECM that constitute the tumor stroma (Figure 1.5a). This stroma is similar to that found 

at the site of a wound. When invasive carcinoma occurs, the cancer cells invade the tumor stroma 

(Figure 1.5b) and CAFs are promoted to increase ECM deposition, resulting in increased 

interstitial tumor pressure. Studies have shown that CAFs are important to both initial tumor 

development and invasive behavior. CAFs constantly remodel and organize the ECM in the 

 
Figure 1.5. a) Cancer cells form a neoplastic lesion which is surrounded by the tumor stroma. 

The tumor stroma is comprised of the basement membrane, additional ECM, capillaries, CAFs, 

and immune cells.  b) When the tumor grows larger, it breaks through the basement membrane 

and invades the tumor stroma, releasing growth factors that promote the CAFs to increase ECM 

deposition. 
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vicinity of the tumor which is believed to promote cancer invasion to surrounding tissue and 

metastasis.[29] 

 

1.3 Objectives and Organization of the Thesis 

To further the understanding of how cells migrate on more physiologically relevant topography in 

the presence of chemical signals, we have developed a microfluidic assay device that yields a 

temporally invariant, linear chemical gradient over aligned, suspended ECM-mimicking 

nanofibers with controlled spacing.  Mouse embryonic fibroblast NIH/3T3 cell chemotaxis was 

studied using this microfluidic assay device and results were compared to chemotaxis on a flat 2D 

substrate. We hypothesize that cell chemotaxis behavior on nanofibers which better mimic ECM 

will differ from cell migration on a 2D substrate. Observing chemotaxis on single nanofibers 

removes the complexities associated with 3D environments while capturing more physiologically 

relevant behavior than migration on 2D substrates. The rest of this thesis is organized according 

to the following: 

 

Chapter 2: This chapter describes the design, fabrication, assembly, and characterization of the 

microfluidic assay device used in this thesis. The numerical model developed to design the 

microfluidic device for effective establishment of a linear chemical gradient is validated through 

experimental testing. Parameters for the fabrication of nanofiber scaffolds and their integration to 

the microfluidic device are discussed. Additionally, unique experimental methods employed to 

preserve the integrity of the nanofiber scaffolds are discussed in detail.  

 

Chapter 3: This chapter describes the experimental methods and the results for the study of mouse 

embryonic fibroblast NIH/3T3 migration in response to PDGF gradients in the aforementioned 



13 

 

 

microfluidic device. Migration was studied on both flat polystyrene substrates and suspended 

polystyrene fiber scaffolds in presence of a variety PDGF gradients. The experimental results 

followed by discussions provide insight into how cell chemotactic behavior differs on aligned 

fibers compared to the traditionally studied 2D substrate. 

 

Chapter 4: This chapter provides a summary of the work reported in this thesis and draws 

noteworthy conclusions. The original contributions of this thesis and their significance are put into 

perspective with consideration of the current state of the field in mesenchymal cell chemotaxis. A 

discussion on future directions is also included.  
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Chapter 2. Microfluidic Device Design and Fabrication 

In this thesis, a novel microfluidic assay device was developed to study cell chemotaxis on 

suspended nanofibers that are more representative of fibrous ECM than traditionally studied 2D 

substrates. This is important to study because many biological processes such as wound healing, 

cancer metastasis, and embryogenesis require chemotaxis of cells migrating on ECM. This chapter 

will focus on both the individual elements and overall fabrication of the microfluidic assay device 

which is designed to produce a temporally invariant, linear chemical gradient and facilitate cell 

migration on suspended, aligned, polymeric nanofibers with consistent diameter and spacing. The 

chemical gradient is generated by a network of microfluidic channels designed to facilitate 

diffusive-based mixing. The diffusive mixer design was inspired by an earlier work from G. 

Whitesides et al.[10] and has advantages over other chemotaxis assays in several aspects which 

has been discussed in depth in Chapter 1.2.3. Briefly, this particular flow-based microfluidic 

device design was implemented because it enables microscopy imaging during experiments and 

provides a stable, quantifiable, chemical gradient that does not degrade over time. It is superior in 

one or both of those aspects when compared to other methods of chemical gradient establishment 

such as Boyden and Zigmond chambers[25], [26] and rapidly reaches steady state in contrast to 

flow-free microfluidic devices.[27] 

 

The other main component of the platform, an array of suspended, aligned, polymeric nanofibers 

provides a reductionist representation of the ECM cells migrate on in vivo. These nanofibers better 

mimic ECM than traditionally studied 2D substrates while circumventing the challenges associated 

with more complex, 3D environments. Porous, 3D gels made of materials such as collagen have 

been incorporated into gradient generating, microfluidic devices, but there are difficulties with 

high-resolution imaging and characterization of the exact structure.[5] A recent study has shown 
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that cells migrating on 1D fibers display similar phenotypes to cells migrating in 3D environments, 

suggesting that 1D nanotopography can be used as a simplified representation of 3D 

environments.[9] Some studies observe migration on a plane of electrospun fibers which is less 

complex than 3D environments, but it is difficult to control fiber diameter and alignment and 

produce consistent substrates. Additionally fibers are typically electrospun directly onto 2D 

substrates and cells migrating on fibers can interact with the underlying substrate, a phenomenon 

that is not physiologically relevant.[32] Our scaffolds are novel in that the suspended, aligned 

nanofibers allow for the fundamental study of single cells on single fibers without cell interaction 

with the underlying surface or with multiple fibers. We are able to fabricate the nanofiber scaffolds 

in a highly repeatable manner so that the structure is well defined in contrast to 3D gels or 

electrospun fibers. This reductionist approach of studying 1D migration can help to form a better 

understanding of 3D migration without the complexities or challenges associated with 3D 

experiments.  

 

2.1 Microfluidic Device Design and Components1 

A schematic of the microfluidic device components is shown in Figure 2.1. The device has two 

inlets, one for a buffer solution and the other for the chemo-effector of interest, which feeds into 

the network of diffusive mixing channels. Eleven channels exit from the serpentine diffusive 

mixing channels and converge into an observation channel 2.2 mm × 15 mm. These eleven 

channels contain concentrations of chemical that are uniform across each channel but different 

from one channel to another. As shown in Figure 2.1 (the inset fluorescence microscopy image), 

eleven streams at distinctly different concentration enter the observation channel.  As the laminar 

                                                 

 
1 Numerical model developed by a Behkam research group alumnus, Dr. Mahama Aziz Traore (Ph.D., 2014, VT). 
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streams from these channels come into contact, diffusion occurs across the streams and develops 

a linear chemical gradient, when at the correct flow rate, as described in detail in this section. Two 

nanofiber scaffolds are placed in series in the observation channel with fibers aligned in the 

direction of the chemical gradient and perpendicular to the flow direction. All channels are 500 

μm in height in order to minimize shear forces on cells migrating on nanofiber scaffolds which are 

approximately 75 μm thick. 

 

In order to establish a linear chemical gradient over the majority of the observation channel length, 

the inlet flow rates need to be carefully designed. If the flow rate is very high, the eleven streams 

remain discrete, as there will not be enough time for molecular diffusion and interfacial mixing of 

 
Figure 2.1. A schematic of the microfluidic assay platform. The inset images show the 

nanofiber scaffold (left) placed within the microfluidic device and the chemical gradient at the 

entrance and 1.5 mm downstream in the observation channel (right).  
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the streams. If the flow rate is very low, too much mixing will occur and there will be little to no 

chemical concentration gradient throughout the observation channel.  

 

The generic transport equation can be used to solve for the chemical gradient in the observation 

channel as a function of convection and diffusion parameters. 

𝜕𝑐

𝜕𝑡
+ ∇ ∙ (𝐯𝑐) − ∇ ∙ (𝐷∇𝑐) = 𝑠𝑐    (2.1) 

where c is the concentration of the chemoeffector, 𝐷 is the diffusion coefficient of the 

chemoeffector in the buffer solution, and 𝑠 is the time rate of generation/destruction of 

chemoeffector. 
𝜕𝑐

𝜕𝑡
 represents the time rate of change in chemoeffector concentration, ∇ ∙ (𝐯𝑐) is 

the convective term due to fluid velocity, 𝐯, and −∇ ∙ (𝐷∇𝑐) is the diffusive term. This equation 

was simplified based on the particular control volume (i.e. observation channel of the microfluidic 

device) and following assumptions: the system is at steady-state and therefore, there is no change 

in chemoeffector concentration over time, there is no generation/destruction of chemoeffector, 

there is only convection in the y-direction (along the length of the channel), and transport due to 

diffusion in the y-direction is negligible when compared to convection in the y-direction. To ensure 

the last assumption is valid, the Peclet number, Pe, was calculated which is a non-dimensional 

term that compares the importance of convective and diffusive transport.  

𝑃𝑒 =
𝐿𝑣

𝐷
      (2.2) 

where 𝐿 is the characteristic length which for this case, is the hydraulic diameter for a rectangular 

cross-section. 

𝐿 =
2𝑤ℎ

𝑤+ℎ
      (2.3) 
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where w is the width of the channel, and h is the height of the channel. Using 𝑣𝑦 = 15 μm/s, 𝐷 = 

100 μm2/s, 𝑤 = 2200 μm, ℎ = 500 μm, the calculated Pe is 122. Since Pe >> 1, the assumption 

that convection dominates diffusion is valid.  

 

Based on these assumptions, a simplified transport equation can be written 

𝜕𝑐

𝜕𝑦
=

𝐷

𝑣𝑦
(

𝜕2𝑐

𝜕𝑥2)      (2.4) 

For simplification purposes, 𝑣𝑦 is assumed to be the average fluid velocity in the y-direction. This 

is a good assumption because the velocity had a maximum difference of only 16.6% across the 

nanofiber length (Figure 3.4). As labeled in Figure 2.1, the x-direction is along the width of the 

observation channel and the y-direction is along the length of the observation channel. Then, flow 

rate, Q, can be calculated by 

𝑄 = 𝐴𝑐𝑣𝑦        (2.5) 

where 𝐴𝑐 is the cross-sectional area of the observation channel.  

 

A numerical model was developed in MATLAB to explicitly solve the simplified differential 

transport equation (Equation 2.4). Briefly, a central difference in x and y was written and then an 

explicit scheme was set. The derived finite difference equation is 

𝐶𝑖,𝑗+1−𝐶𝑖,𝑗−1

2∆𝑦
=

𝐷

𝑣𝑦

𝐶𝑖−1,𝑗−2𝐶𝑖,𝑗+𝐶𝑖+1,𝑗

∆𝑥2     (2.6) 

with stability criteria 

0 ≤
2𝐷

𝑣𝑦

∆𝑦

∆𝑥2 ≤
1

2
     (2.7) 

The boundary conditions for the model are 

𝑐(𝑥, 0) = 0 for 0 ≤ 𝑥 ≤ 0.2 mm 

𝑐(𝑥, 0) = .1𝐶0 for 0.2 < 𝑥 ≤ 0.4 mm 
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      𝑐(𝑥, 0) = .2𝐶0 for 0.4 < 𝑥 ≤ 0.6 mm                             (2.8) 

… 

𝑐(𝑥, 0) = 𝐶0 for 2.0 < 𝑥 ≤ 2.2 

𝜕𝑐

𝜕𝑥
= 0 for 𝑥 = 0 and 𝑥 = 2.2 for all 𝑦 

where 𝐶0 is the maximum chemoeffector concentration. 

 

This model was then experimentally validated by flowing a 100 μM fluorescein solution in 

phosphate-buffered saline (PBS) and a PBS buffer solution through the inlets and measuring the 

fluorescent intensity profile in the observation channel. We confirmed that a linear gradient at the 

predicted flow rate can be established in the center region of the observation channel. When 

centered in the observation channel, the suspended nanofibers which were 1.7 mm in length were 

within the linear region of the chemical gradient. The diffusion coefficient used for fluorescein 

was 270 µm2/s and the predicted flow rate to generate a linear gradient was 4 µl/min. The linear, 

predicted and measured gradients as well as lines depicting suspended nanofiber location are 

shown in Figure 2.2.  
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2.2 Microfabrication 

2.2.1 Microfabrication of the SU-8 Template for the Microfluidic PDMS Device Layer2 

A fresh silicon wafer, 100 mm in diameter, was baked at 180° C on a hot plate for at least 1 hour 

to dehydrate the wafer surface and enhance adhesion of the SU-8 photoresist. After dehydration, 

the wafer was taken off the hotplate and cooled at room temperature for 1 min before spin coating. 

SU-8 2150 (MicroChem, Westborough, MA) was poured onto the wafer in a thick line and spread 

uniformly by tilting the wafer, enabling SU-8 to flow towards the wafer edges. Figure 2.3 shows 

representative images of a good pour and subsequent spin coat. 

                                                 

 
2 This section was developed in collaboration with Eric Leaman, Ph.D. Candidate in Behkam Research Group 

 
Figure 2.2. The numerical model which explicitly solves the differential advection-diffusion 

equation was validated by comparing a simulated fluorescein gradient to an experimental 

gradient with 𝐷 = 270 μm2/s and 𝑄 = 4 μl/min. The suspended nanofibers, 1.7 mm in length, 

were within the linear gradient region when placed in the center of the observation channel as 

depicted by the gray area. 
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A spin coating program was set up such that the resulting SU-8 film was 500 μm thick. The wafer 

was spun at 500 rpm for 10 s with an acceleration of 100 rpm/s, followed by 1400 rpm for 30 s 

with an acceleration of 300 rpm/s. These are the suggested values from the MicroChem SU-8 2000 

data sheet where the second rotational speed, the most important for achieving the desired 

thickness, was determined from Figure 2.4.[33] After spinning, the wafer remained in the spin 

coating machine for 30 minutes, enabling the SU-8 to flow and naturally become more uniform. 

Then, a Kimwipe with acetone was used to clean the SU-8 buildup on the edge of the wafer. 

 
Figure 2.3. a) A representative good pour of SU-8 photoresist on a wafer and b) the resulting 

spin coat which is uniform and without bubbles. 

 

 

 
Figure 2.4. Plot from the MicroChem SU-8 2000 (2100-2150) datasheet shows the spin speeds 

required to achieve various film thickness. A thickness of 500 μm was achieved by spinning 

SU-8 2150 at a spin speed of 1400 rpm.[33]  
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The wafer was placed on a cool, level hotplate as shown in Figure 2.5 and covered with a glass 

funnel wrapped in foil to facilitate uniform temperature distribution. The hotplate temperature was 

ramped to 65 ˚C at 1 ˚C/12 s and the SU-8 was baked for 10 min. Then, the hotplate temperature 

was ramped to 95 ˚C at 1 ˚C/12 s and the SU-8 was baked for 2 hours. While remaining covered 

on the hotplate, the wafer was cooled to room temperature and left untouched for 8 hours. 

 

The SU-8 was exposed to a 365 nm UV light source at an exposure energy of 2000 mJ/cm2 and 

then allowed to relax for 30 min. Similar to the pre-exposure bake, the wafer was placed on a cool, 

level hotplate and covered. The hotplate temperature was ramped to 55 ˚C at 1 ˚C/12 s and the SU-

8 was baked for 2 hours under the covered glass funnel. After baking, the wafer remained on the 

hotplate until cooled to room temperature. The pattern could clearly be seen in the SU-8 after the 

post-exposure bake as shown in Figure 2.6. 

 

 

 

 
Figure 2.5. The wafer was placed on a cool, level hotplate after the spin coating step and 

ramped up to a prescribed temperature for the pre-exposure bake. 
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As soon as the wafer reached room temperature, it was suspended upside-down in fresh SU-8 

Developer (MicroChem, Westborough, MA). The SU-8 was developed for 30 min as 

recommended by the MicroChem SU-8 2000 (2100-2150) data sheet.[33] After full development 

time, a pipette was used to rinse the wafer with fresh developer, removing unexposed SU-8 residue. 

After gently drying with compressed air, a clean SU-8 template remains on the wafer as shown in 

Figure 2.7.  

 

 
Figure 2.7. SU-8 template of the microfluidic device layer on silicon wafer at the end of the 

microfabrication process.  

 

 

 
Figure 2.6. The exposed pattern was visible in the SU-8 after the post-exposure bake. 
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2.2.2 Soft Lithography for Fabrication of Microfluidic Channels 

Polydimethylsiloxane (PDMS) was molded by the SU-8 template to form the microchannel 

component of the microfluidic device. To prevent the PDMS from sticking to the SU-8, a 

hydrophobic coating was applied to the surface of the wafer. Trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (PFS) was placed in a shallow dish at the bottom of a desiccator. The wafer 

was then placed on the grating in the desiccator and a vacuum was pulled at -20 in Hg for two 

hours. This process was repeated after every 3-4 uses of the SU-8 template. 

 

Rectangular pieces of cured PDMS were placed around the edges of the SU-8 pattern to form a 

mold for uncured PDMS. The PDMS base and curing agent were mixed in a weighing dish at a 

10:1 weight ratio for a total weight of 5.5g. The mixture was poured into the SU-8 mold and 

vacuumed to remove all air bubbles. After bubble removal, the wafer was placed on a hotplate at 

70 ˚C for four hours to cure (Figure 2.8a). The wafer was cooled completely before peeling the 

PDMS mold. To remove, a razor blade was used to cut around the sides of the PDMS mold. 

Starting from the short outlet edge, the PDMS was peeled slowly to prevent both PDMS tearing 

and SU-8 delamination (Figure 2.8b). After peeling, a 2.5mm hole was punched in the center of 

the outlet and both inlets. Then, to remove any PFS residue, the PDMS mold was soaked in toluene 

for 5 min under a chemical hood. The mold swelled significantly as shown in Figure 2.8c. The 

PDMS mold was placed on a hotplate also under a chemical hood at 70 ˚C for at least four hours 

or until the toluene was completely evaporated from the PDMS. 
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2.2.3 Nanofiber Scaffold Fabrication 

Biocompatible 316 stainless steel (22884 6"×12"×.004 316S/S SHIM, Motion Industries, 

Roanoke, VA) was cut into thin strips approximately 10 mm in width. A square punch was used 

to make a 1.5 mm × 1.5 mm hole in the stainless steel. Using a paper trimmer, the scaffold was cut 

as close to the hole as possible on three sides. A larger area, approximately 1.5 mm in length, was 

left on the remaining side to later glue the scaffold in the microfluidic device (shown in Figure 2.1. 

inset). A grinder/polishing machine was used to smooth the scaffold surface. The machine was set 

  
 

Figure 2.8. a) The PDMS was molded by the SU-8 template and cured on a hot plate. b) The 

PDMS was carefully peeled from the outlet to the inlet side of the pattern after the edges were 

cut with a razor blade. c) The PDMS mold swelled significantly from the toluene soak and was 

placed on the hotplate to accelerate toluene evaporation. 

 

 

a) b)

c)
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to 50 rpm and both sides of the scaffold were polished for 1 minute each using 600, 800 and 1000 

grit paper, in sequence. The scaffold was rinsed with water between each different sandpaper grit 

polishing. To remove all debris left from polishing, the scaffold was sonicated in acetone, then 

isopropyl alcohol (IPA), then deionized (DI) water for 10 min each. The scaffold was then dried 

with compressed air. After polishing, the dimensions of the scaffold opening were approximately 

1.7 × 1.7 mm2. 

 

Nanofibers 535 ± 9 nm in diameter were deposited on the stainless steel scaffold using the non-

electrospinning Spinneret based Tunable Engineered Parameters (STEP) method.[34] This fiber 

diameter has physiological relevance as it is in the range of ECM fiber diameters which are as 

small as 50 nm (collagen fibrils) and as large as a few micrometers (collagen fibers).[35] The 

STEP fiber manufacturing platform is depicted in Figure 2.9. A 14% (w/w) polystyrene (molecular 

weight: 2 × 106 g/mol, Scientific Polymer Products, Ontario, NY)-xylene solution was pushed 

through a micropipette with a 30 μm diameter opening, forming a droplet at the tip. At the same 

time, the scaffold was placed in a substrate holder and rotated at 350 rpm by a DC motor. The 

polystyrene-xylene droplet was brought into contact with the rotating scaffold, forming a 

continuous polystyrene fiber that wrapped around the substrate as the xylene evaporated. A 

micropositioning stage, fixed to the DC motor, translocated the scaffold downwards at a fixed 

velocity of either 0.0875 or 0.1458 mm/s, resulting in aligned nanofiber deposition with uniform 

15 or 25 μm spacing respectively. The DC motor rotational speed, molecular weight of 

polystyrene, weight percentage of polystyrene in xylene, and micropipette tip diameter contributed 

to the diameter of the nanofibers.[36] The DC motor rotational speed and the micropositioning 

stage linear velocity determined the fiber spacing.[37] 
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Once fabricated, the nanofibers were fused to the surface of the stainless steel scaffold to create 

fixed-fixed boundary conditions at the ends of the suspended fibers. The nanofiber scaffolds were 

placed on a scanning electron microscopy (SEM) stub with the opening hanging over the edge of 

the stub. The stub was placed in the center of the desiccator grating with a circle of aluminum foil 

placed under the stub to protect the exposed, suspended fibers (Figure 2.10).  

 
Figure 2.9. The STEP fiber manufacturing platform was used to deposit aligned nanofibers at 

prescribed diameter and spacing. A polystyrene solution is pushed through a micropipette 

which forms a continuous fiber upon initial contact with a rotating substrate. The substrate is 

then moved downwards by a micropositioning stage at a prescribed speed to wrap the 

nanofibers around the substrate with uniform spacing. 

 

 

 
Figure 2.10. The nanofiber scaffolds were mounted on an SEM stub and placed in the 

desiccator for fusing. 
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Tetrahydrofuran (THF) was placed in a glass petri dish at the bottom of the desiccator. Then, the 

desiccator was kept closed for 15 minutes under atmospheric pressure conditions. During this 

time, THF evaporated and filled the sealed desiccator, deforming the portion of the fibers in 

contact with the substrate enough to fuse them to the surface. The fusing time was short enough 

that the suspended fibers remained undeformed. Figure 2.11 shows an optical microscopy image 

of the suspended fibers (a) as well as an SEM image of the fused-suspended fiber boundary (b). 

 

2.2.4 Microfluidic Device Assembly and Priming 

PDMS ports were adhered to the unpatterned side of the PDMS mold at the inlets and outlet to 

create more support for tubing. These circular ports were punched from a sheet of cured PDMS 

and were 8 mm in diameter with a 1 mm hole for tubing punched in the center. A plasma cleaner 

(PDC-32G, Harrick Plasma, Ithaca, NY) was used to facilitate permanent adhesion of the ports to 

the mold. Before plasma cleaning, each component was rinsed with acetone, then DI water, then 

 
 

Figure 2.11. a) Optical microscopy image of the suspended nanofibers with a diameter of 535 

± 9 nm and an average spacing of 25 μm. b) An SEM image of the substrate boundary shows 

fused, deformed fused ends of the fibers on the stainless steel scaffold and undeformed, 

suspended fiber sections over the scaffold opening. 
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IPA, and dried with compressed air. The components were placed in the plasma cleaner with the 

side to be adhered facing up (Figure 2.12a) and the plasma cleaner was run on high for 40 seconds. 

The mold and ports were immediately taken out and pressed together to adhere. The PDMS mold 

with adhered ports was placed on a 70 ˚C hotplate for 20 min to increase adhesion (Figure 2.12b). 

Plasma cleaning was repeated with a glass slide and the PDMS mold to seal the microfluidic 

channels, but before the mold and slide were adhered together, the nanofiber scaffolds were glued 

onto the glass slide with medical grade epoxy (EP42HT-2MED, Master Bond, Hackensack, NJ) 

(Figure 2.12c). Then, lining up the observation channel with the nanofiber scaffolds, the PDMS 

mold was adhered to the glass. Again the heat treatment at 70 ˚C was applied for 20 min. The 

epoxy was cured overnight at room temperature and then heated the next morning at 70 ˚C for 1 

hour to ensure strength and biocompatibility. A fully fabricated device is shown in Figure 2.12d. 

 

One of the challenges associated with microfluidics is the development of bubbles when a device 

is filled with fluid. A common method for bubble removal is submerging of the device in a fluid 

and then applying vacuum to wet the channels and remove bubbles. Such a method damages the 

delicate nanofibers in this particular device. To prime this device, tubing was connected to the 

inlets and outlet and 100% ethanol was flowed through the outlet of the device at 25 μl/min until 

it started coming out of both inlet tubes. Ethanol is used here because it has a low surface tension 

which reduces bubble formation. There may still be some bubbles formed in the serpentine mixing 

network and possibly on the scaffolds. To remove bubbles that formed during the initial ethanol 

flow, both inlet tubes were clamped while ethanol continued to flow into the outlet. The continued 

flow built pressure in the device which then forced air out through the porous PDMS. Immediately 

after all air bubbles were removed, the ethanol was withdrawn through the outlet at 25 μl/min to 

relieve the built pressure. After pressure relief, the fluid flow was stopped and the ethanol syringe 
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at the outlet was exchanged for a syringe containing autoclaved DI water. Water was flowed 

through the outlet of the device at 20 μl/min until all channels were filled with water and the 

ethanol was flushed out to wash the device. The steps following the water wash were specific to 

the system being studied in the device and are described in Chapter 3. 

 

2.3 Conclusions 

Here, we have presented a novel microfluidic assay device that combines a well-defined and 

tunable linear chemical gradient with suspended, aligned nanofibers that better represent in vivo 

 
 

Figure 2.12. a) The PDMS mold and ports were placed in the plasma cleaner with the side to 

be adhered face up. The plasma cleaner facilitated permanent adhesion between the mold and 

ports. b) After plasma cleaning, the ports were placed on the mold at the inlets and outlet. c) 

Nanofiber scaffolds were glued to a glass slide with medical grade epoxy after plasma cleaning. 

d) The mold was lined up with the nanofiber scaffolds and permanently adhered to the glass. 

 

 

a) b)

c) d)
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cell migration than the traditional 2D flat substrates while reducing the complexities of a 3D 

environment. A mathematical model was developed and validated to describe the chemical 

gradient profile as a function of fluid velocity and the chemo-effector diffusion coefficient. This 

model can be used to characterize a wide variety of chemicals and is important to ensure a linear 

chemical gradient is established in the device. All device fabrication methods as well as device 

priming methodology were described.  

 

This device can be used to study the chemotaxis of a wide range of cell types as well as cell 

response to known concentrations of bioreagents. Thus, it has several significant applications for 

better understanding biological processes such as wound healing, cancer metastasis, stem cell 

differentiation, and embryogenesis. The following chapter describes one such application, the 

study of NIH/3T3 fibroblast cells in response to platelet-driven growth factor (PDGF). 
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Chapter 3. Study of NIH/3T3 Migration in Presence of Chemical and Physical 

Cues 

To investigate the role of substrate dimensionality on chemotaxis response, NIH/3T3 fibroblast 

cell chemotaxis response to the platelet derived growth factor (PDGF) was studied using the 

developed microfluidic assay device described in Chapter 2. Fibroblasts were used in this study 

due to the significant role of their chemotaxis response in wound healing[28], tumor growth[29], 

and immune cell guidance.[30]. PDGF was selected as the chemoattractant because it plays a 

significant role in the recruitment of fibroblasts to wound[31] and tumor sites.[29] 3T3 migration 

speed, chemotactic response, and persistence on suspended, polystyrene nanofibers were 

compared to the same on flat polystyrene at several PDGF gradients to investigate any differences 

in migration on the two substrates. By studying 3T3 chemotaxis on nanofibers that are a better 

representation of ECM than traditional 2D substrates, there is the potential to advance the current 

understanding of fibroblast migration at a fundamental level. 

 

3.1 Experimental Setup 

3.1.1. Device Preparation 

The assembled device was first primed with 100% ethanol and then filled with autoclaved DI water 

as described in detail in Chapter 2. 5 µg/ml fibronectin (F1141, Sigma-Aldrich, St. Louis, MO) in 

PBS was flowed through the outlet tubing to displace the air in the tubing before inserting the tube 

into the outlet port. The fibronectin solution was then flowed through the device at 20 μl/min for 

5 min to fill the device. The fibronectin flow was then stopped and the inlet tubes were clamped. 

The device was incubated at 37 °C for 3 hours to facilitate uniform fibronectin coating of the 

substrate (i.e. polystyrene nanofibers or flat polystyrene sheets depending on the experiment). 
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A uniform fibronectin coating is crucial as it facilitates cell adhesion to a substrate. If the 

fibronectin coating is sparse, cell migration will appear irregular and inconsistent as the cell is only 

able to adhere to the patches of fibronectin. As one of the major functions of fibroblasts is the 

secretion ECM proteins including fibronectin, fibroblasts will eventually coat a surface with 

fibronectin themselves, but not within the timeframe of these experiments. 

 

After fibronectin incubation, two syringes were filled with CO2 Independent Medium (Thermo 

Fisher Scientific, Waltham, MA) supplemented with 10% (v/v) calf bovine serum (CBS) 

(American Type Culture Collection, Manassas, VA), 2% (v/v) 200 mM L-glutamine ( Fisher 

Scientific, Hampton, NH), and 1% (v/v) penicillin-streptomycin solution (Fisher Scientific, 

Hampton, NH). The inlet tubing was removed from the devices, the syringes were connected, and 

the media was flowed through the tubing and reconnected to the inlets. These tubes were threaded 

through the inlet holes on the device enclosure cover as shown in Figure 3.1a. A Kimwipe was 

torn in half, soaked in autoclaved DI water, and each half was placed on either side of the device 

to maintain a humid environment throughout the experiment duration. The device enclosure was 

secured tightly over the device and wipes using tape. The fibronectin syringe was removed and the 

outlet tubing was cut short (i.e. approximately 2 inches of tubing extended from the device 

enclosure). Figure 3.1b shows the full setup in the 37 ˚C microscope enclosure. Immediately after 

cutting the outlet tubing, the media was flowed through the device at 20 μl/min (10 μl/min per 

syringe) until the media filled the entire device.  
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3.1.2 Cell Preparation 

NIH/3T3 fibroblast cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) 

(American Type Culture Collection, Manassas, VA) supplemented with 10% (v/v) CBS. The 

cultures were stored in a 37 ˚C, 5% CO2 incubator. To circumvent the need for CO2 during 

experimentation, the cells were adapted to CO2 Independent Medium supplemented with 10% 

(v/v) CBS and 2% (v/v) 200 mM L-glutamine 24 hours before an experiment. The culture density 

was approximately 5 × 104 cells/cm2 at the start of media adaptation. The CO2 Independent 

Medium culture was stored in a 37 ˚C incubator without CO2. To prepare the cells for insertion 

into the microfluidic device, the culture media was removed from the flask and the flask was rinsed 

with 2 ml PBS. 1 ml of 0.25% trypsin/0.53 mM ethylenediaminetetraacetic acid (EDTA) in Hanks 

Balanced Salt Solution (American Type Culture Collection, Manassas, VA) was added to the flask 

and incubated at 37 ˚C for 5 min to lift the cells from the surface. Then, 1 ml of CO2 Independent 

Medium was added to the flask to dilute the trypsin. The density of the suspended cells was 

 
 

Figure 3.1. a) The inlet tubing was threaded through a device enclosure and reinserted into the 

inlets. b) The device was enclosed with moist Kimwipes to maintain a humid environment and 

the entire setup was placed under the microscope for imaging.  

 

 

a) b)
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measured using a hemocytometer. For nanofiber scaffold experiments, a density of 6 × 105 cells/ml 

was used and for flat polystyrene experiments, a density of 1 × 105 cells/ml was used. To reach the 

correct density, either media was added to the suspension (if the density was too high) or the 

suspension was centrifuged (if the density was too low). If centrifugation was required, the 

suspension was centrifuged in a 15 ml tube at 300× g for 10 min. The cells pelleted at the bottom 

of the tube and excess media was removed from the top. The remaining solution was pipetted 

slowly and several times to resuspend the cells. When at the correct density, the cell suspension 

was inserted into a sterile Hamilton glass syringe. 

 

3.1.3 Cell Insertion, Experiment, and Analysis 

The syringe containing cells was inserted into the outlet tube and the suspension was manually 

pushed into the device in a few quick pulses. An optimal seeding density was one that maximized 

the total number of cells on fibers while minimizing the occurrence of multiple cells on a single 

fiber to avoid cell-cell contact. At the same time the cell suspension was pushed through the outlet, 

media was withdrawn from the inlets at 10 μl/min to compensate for the increased fluid volume. 

Then, all flow was stopped, the syringe with the cell suspension was removed, and the device was 

left in the 37 ˚C enclosure for 3 hours to allow cell attachment to the substrate (Figure 3.2). After 

attachment, one of the CO2 Independent Medium inlet syringes was exchanged for a syringe 

containing the selected PDGF concentration in CO2 Independent Medium. The PDGF and CO2 

Independent Medium syringes were flowed at a combined flowrate of 1 μl/min (500 nl/min per 

syringe) for 2 hours to establish a linear PDGF gradient in the observation channel. This was the 

approximate time required for the PDGF starting at the inlet to reach the outlet at this flowrate. 

This flow was continued through the end of the experiment. A Zeiss AxioObserver Z1 inverted 



36 

 

 

microscope equipped with an AxioCam MRm camera and 20× objective was used to capture 

images of cells on either fibers or flat substrate every 10 min for 12 hours. Zen software (Zeiss 

Microscopy, Oberkochen, Germany) was used to create tiled images of the nanofiber scaffolds. 

These images were then processed and exported to ImageJ (NIH, Bethesda, MD) to track the 

position of selected, individual cells at every time point. All cells which did not interact with any 

other cells, interact with the substrate edge, divide, or die during the full duration of experiment, 

were analyzed. Statistical analysis was performed with OriginPro (OriginLab, Northampton, MA). 

A two-sample t-test was performed on data with two categories. Data with more than two 

categories was analyzed with ANOVA testing followed by Fisher’s Least Significant Difference 

test. 

 

 

 
 

Figure 3.2. Representative images of 3T3 cells attached to a) flat polystyrene and b) nanofibers 

with 15 μm (small) spacing, and c) nanofibers with 25 μm (large) spacing after the three hour 

attachment period. Cells have a spread morphology on flat 2D substrates and an elongated, 

spindle-like morphology on nanofibers which is more prominent on fibers with large spacing. 

Cells on fibers with small spacing bridge between two neighboring fibers, increasing cell width 

and decreasing length when compared to cells on fibers with large spacing. 

 

 

a) b) c)
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3.1.4 Chemical Gradient and Fluid Profile 

The required experimental flowrate of 1 μl/min was determined using the chemical gradient model, 

described in Chapter 2. The diffusion coefficient for PDGF in culture media is approximated as 

100 μm2 s-1 based on the size of the protein.[38] Figure 3.3 shows the theoretical, normalized 

chemical gradient at this flowrate. As discussed in Chapter 2, the 1.7 mm long suspended 

nanofibers were centered in the observation channel and resided in the linear region of the PDGF 

gradient.  

 

In flow-based microfluidic devices including ours, there is a concern that the shear generated by 

the flow will affect the cell behavior. The fluid velocity and shear profiles inside the observation 

channel were calculated to ensure shear did not have significant effects. The Navier-Stokes 

 
Figure 3.3. The theoretical PDGF gradient produced by the model is linear in the gray region 

where suspended nanofibers are located. The model parameters were 𝐷 = 100 μm2/s and 

flowrate, 𝑄 = 1 μl/min. 
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equations for a viscous Newtonian fluid with constant density and viscosity with the continuity 

equation are  

𝜕𝐯

𝜕𝑡
+ 𝐯 ∙ ∇𝐯 =

∇𝑝

𝛒
𝒈 ∓ 𝜈∇2𝐯 = 0,    ∇ ∙ 𝐯 = 0     (3.1) 

where 𝐯 is the fluid velocity, t is time, 𝑝 is the pressure, and 𝜈 is the kinematic viscosity of the 

fluid.  

 

The Reynolds number is a dimensionless parameter which compares the importance of viscous 

and inertial effects and is calculated by 

𝑅𝑒 =  
𝒗𝐿

𝜈
      (3.2) 

where 𝐿 is the characteristic length previously described in Equation 2.3. Using 𝒗 = 15 μm/s and 

𝜈 = 1 × 10-6 μm2/s, the calculated Re is 1.2 × 10-2. Since Re << 1, inertial effects can be assumed 

negligible compared to viscous effects. Therefore, for the steady-state fully developed viscous 

flow in the channel, the governing equations can be simplified to  

∇𝑝 −μ∇2𝐯 = 0,   ∇ ∙ 𝐯 = 0       (3.3) 

The solution of these simplified equations for a flow through a rectangular cross section channel 

yields the following equation for the fully developed fluid velocity, 𝑣𝑦. 

 𝑣𝑦(𝑥, 𝑧) =
4ℎ2∆𝑝

𝜋3𝜇𝐿
∑

1

𝑛3 [1 −
cosh (𝑛𝜋

𝑥

ℎ
)

cosh( nπ
𝑤

2ℎ
)
]∞

𝑛=1,3,5… sin (𝑛𝜋
𝑧

ℎ
)  (3.4) 

where z is along the height of the channel, h, x is along the width of the channel, w, y is along the 

length of the channel, L, Δp is the pressure drop along the length of the channel, and μ is the 

dynamic viscosity of the fluid (assumed as the value of water). Δp can be solved by 

∆𝑝 =
12𝑄𝜇𝐿

𝑤ℎ3
[1 − ∑

1

𝑛5

192

𝜋5

ℎ

𝑤
𝑡𝑎𝑛ℎ (𝑛𝜋

𝑤

2ℎ
)∞

𝑛=1,3,5… ]
−1

  (3.5) 
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where Q is the volumetric flowrate.  The shear profile, τ, was then calculated by the following 

equation.[39]  

𝜏 = 𝜇√(
𝑑𝑣

𝑑𝑥
)

2
+ (

𝑑𝑣

𝑑𝑧
)

2
   (3.6) 

Using the experimental parameters, the velocity and shear profiles shown in Figure 3.4 were 

generated. The maximum shear was located at the upper and lower walls of the observation channel 

and was approximately 1.3 × 10-3 dyne/cm2 which is three orders of magnitude lower than shear 

values reported to influence migration direction[40] and six orders of magnitude lower than values 

reported to detach fibroblasts from a substrate.[41] Therefore, we assumed the shear had negligible 

effect on cell behavior in these experiments. Furthermore, a set of experiments was conducted in 

flat polystyrene in well plates to quantify average 3T3 migration speed in CO2 Independent 

medium in absence of any fluid shear. The average cell speed in the well plates (19.1 ± 5.5 μm/h, 

n=56) was compared to the average cell speed on flat polystyrene in the microfluidic device (20.9 

± 8.0 µm/h, n=439). There was no statistically significant difference between the two (P > 0.05) 

as shown in Figure 3.5. 
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Figure 3.4. a) The velocity profile in the observation channel is shown for a flowrate of 1 

μl/min. b) The shear stress profile was calculated from the velocity profile. The maximum value 

is approximately 1.3 × 10-3 dyne/cm2 is not expected to affect 3T3 migration. 
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To ensure cell behavior was not dependent upon location, the instantaneous speed in intervals of 

10 minutes was plotted as a function of either location along fiber length (polystyrene fibers) or 

location along channel width (flat polystyrene) for each experiment. This is important to examine 

as insufficient fibronectin coating (due to desorption under shear flow) could result in different 

cell behavior along the width of the channel. Figure 3.6a shows one such plot for a control (no 

PDGF) polystyrene fiber with large spacing experiment where the cell instantaneous speed is 

independent of its location. All other experiments showed a similar trend. To ensure that 

experimental parameters described in the following section were calculated once the cells reached 

steady state, the average instantaneous speed was plotted as a function of time for every 

experiment. Figure 3.6b shows a representative plot from the same experiment as Figure 3.6a. Here 

 
Figure 3.5. The speed of cells migrating on flat polystyrene in a well plate (n=56, in absence 

of shear flow) was compared to cells migrating on flat polystyrene in the microfluidic device 

(n=439, subjected to 1.3 × 10-3 dyne/cm2 shear). The two groups were found to have no 

statistically significant difference (P > 0.05). 
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the cells reached a steady speed after the first 310 minutes of the experiment, therefore only the 

last 410 minutes (6.83 hours) were used for analysis. All other experiments reached steady state 

within the same timeframe.  

 

 

3.2 Results 

NIH/3T3 fibroblast chemotaxis was studied in the microfluidic assay device on suspended, 

aligned, polystyrene nanofibers with either 15 μm (small) or 25 μm (large) spacing, and flat 

polystyrene. The cell aspect ratio, 𝐴𝑅, depended on the substrate and was calculated by 

 
Figure 3.6. Representative plots for a) instantaneous speed of cells as a function of location 

along the suspended fiber, and b) average instantaneous speed of cells as a function of time on 

suspended fibers and in absence of a PDGF gradient (n=36).  The average instantaneous speed 

reaches steady state after 310 minutes. 
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𝐴𝑅 =
𝑙

𝑤
      (3.7) 

where 𝑙 is the cell length parallel to the chemical gradient, and 𝑤 is the cell width perpendicular to 

the chemical gradient. Both length and width were measured through the center of the cell nucleus 

and the aspect ratio measurements for flat polystyrene were only taken when the cell was aligned 

with the chemical gradient. The cell aspect ratio increased with the following substrate order: flat 

polystyrene, nanofibers with small spacing, and nanofibers with large spacing (Figure 3.7). 

  

 Experiments were carried out with PDGF concentration ranges of 0 to 1, 5, 10, and 20 ng/ml as 

well as control experiments without PDGF. Polystyrene nanofibers had a diameter of 535 ± 9 nm. 

A displacement criteria was used to omit non-migratory cells from the analysis. In order to be 

included in the results, a cell was required to displace 10 µm/h for at least half of the experiment 

time once steady-state was reached. A summary of the experimental results is shown in Table 3.1.  

 
Figure 3.7. Cell aspect ratio on 2D flat polystyrene (n=30), nanofibers with small spacing 

(n=21), and nanofibers with large spacing (n=28) (***P < 0.001, ****P < 0.0001).   
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Table 3.1. Summary of Chemotaxis Assay Results on Polystyrene 2D flat and Polystyrene 

Suspended Nanofiber Substrates 

PDGF concentration 

(ng/ml) 

PDGF gradient 

(ng/ml-mm) 

Average Speed 

(µm/h) 

Chemotactic 

Response (%) 

Total Number 

of Cells (n) 

0  (Flat) 

0 

19.9 ± 0.6 50 ± 1.8 111 

0 (Fiber, Large Spacing) 28.8 ± 2.1 49 ± 2.8 67 

0 (Fiber, Small Spacing) 14.3 ± 1.5 50 ± 0 14 

0-1 (Flat) 

0.45 

 

18.9 ± 0.9 50 ± 0 56 

0-1 (Fiber, Large Spacing) 28.1 ± 2.4 68 ± 0.5 53 

0-1 (Fiber, Small Spacing) 18.8 ± 1.2 59 ± 4.9 37 

0-5 (Flat) 

2.27 

 

23.6 ± 1.0 55 ± 1.9 67 

0-5 (Fiber, Large Spacing) 30.3 ± 1.8 66 ± 2.6 59 

0-5 (Fiber, Small Spacing) 19.9 ± 1.2 60 ± 0.8 53 

0-10 (Flat) 

4.55 

 

19.2 ± 0.9 70 ± 3.1 54 

0-10 (Fiber, Large Spacing) 25.8 ± 1.8 71 ± 1.7 55 

0-10 (Fiber, Small Spacing) 19.3 ± 1.1 71 ± 0.4 45 

0-20 (Flat) 9.09 

 

23.5 ± 1.3 58 ± 0.2 53 

0-20 (Fiber, Large Spacing) 30.0 ± 2.0 57 ± 0.6 56 

 

The average cell speed differed with statistical significance between experiments with fibers with 

large spacing and both fibers with small spacing and flat polystyrene as shown by a comparison 

of the three cases with no PDGF (Figure 3.8). Cells on flat polystyrene and fibers with small 

spacing had similar speeds. For this case, the average speed of cells migrating on suspended fibers 

was 45% higher than the average speed of cells migrating on flat polystyrene. Figure 3.9 shows a 

clear comparison between individual cell speeds on flat polystyrene and polystyrene fibers with 

small and large spacing for each PDGF gradient. 
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The chemotactic response is defined as the percentage of cells with a positive chemotactic index, 

𝐶𝐼 which was calculated by 

 𝐶𝐼 = cos(𝜃) = cos (tan−1 (
𝐝y

𝐝x
)) (

|𝐝x|

𝐝x
)   (3.8) 

where 𝜃 is the angle between the displacement vector component in the chemical gradient direction 

and the total displacement vector, and 𝐝𝑖 is the cell displacement vector component parallel to the 

chemical gradient (x) or perpendicular to the gradient (y). The displacement was measured with 

respect to the initial and final cell position. A positive chemotactic index indicated the cell 

displaced towards the chemical signal while a negative chemotactic index indicated the cell 

displaced away from the chemical signal. A chemotactic response of 50% means that there was no 

bias in migration, while 100% means that all cells displaced in the direction of the chemical signal. 

The chemotactic response of cells on suspended fibers compared to cells on flat polystyrene yields  

 
Figure 3.8. Average cell speed on 2D flat polystyrene (n=111), nanofibers with large spacing 

(n=67), and nanofibers with small spacing (n=14) with no PDGF. The difference between fibers 

with large spacing and both 2D flat polystyrene and fibers with small spacing was statistically 

significant (P < 0.0001).   
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Figure 3.9. a) A diagram is shown depicting the directions of fluid flow, PDGF gradient, and 

fiber alignment. The average speed is plotted as a function of starting position for individual 

cells on either 2D flat polystyrene, nanofibers with large spacing, or nanofibers with small 

spacing in presence of b) no PDGF and PDGF concentration ranges of c) 0-1 ng/ml, d) 0-5 

ng/ml, e) 0-10 ng/ml, and f) 0-20 ng/ml. 
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surprising results (Figure 3.10). Flat polystyrene experiments were run first to determine the PDGF 

gradient that produced maximal chemotactic response. The chemotactic response was observed to 

increase up to a maximum value of 70% ± 3.1% at a PDGF concentration range of 0-10 ng/ml. At 

a larger concentration range of 0-20 ng/ml, the RTK receptors became saturated and response 

decreased. Presence of a maximum chemotactic response value and saturation at higher gradients 

is well expected for cell response to a chemoattractant.[42] Surprisingly, cells migrating on fibers 

with large spacing demonstrated a strong chemotaxis response at significantly shallower PDGF 

gradients. Chemotactic responses of 68% ± 0.5%, 66% ± 2.6%, and 71% ± 1.7%, were observed 

for concentration ranges of 0-1, 0-5, and 0-10 ng/ml, respectively. Cells migrating on fibers with 

large spacing experienced receptor saturation similar to cells migrating on flat polystyrene at 0-20 

ng/ml. Cells migrating on fibers with small spacing also demonstrated a chemotactic response at 

shallower PDGF gradients, but the responses at 0-1 and 0-5 ng/ml were not as strong as cells on 

fibers with large spacing. Chemotactic responses of 59% ± 4.9%, 60% ± 0.8%, and 71% ± 0.4% 

were observed for concentration ranges of 0-1, 0-5, and 0-10 ng/ml respectively.  

 
Figure 3.10. The chemotactic response of 3T3 fibroblasts migrating on 2D flat polystyrene, 

fibers with large spacing, and fibers with small spacing for various PDGF gradients.  
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Twenty representative cell trajectories were plotted for no PDGF and PDGF gradients of 0-1 and 

0-10 ng/ml for each substrate and show there was no bias in migration other than that due to 

chemotaxis (Figure 3.11). Because cell migration on fibers were limited to 1D, the trajectories 

were plotted as a function of time.  

 

 
Figure 3.11. Representative cell trajectories on a-c) flat polystyrene, d-f) nanofibers with large 

spacing, and g-i) nanofibers with small spacing are plotted for no PDGF and PDGF gradients 

of 0-1 and 0-10 ng/ml. 
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In addition to average speed and chemotactic response, the directional persistence, 𝐷𝑃, for each 

cell was defined as the displacement vector divide by the total distance travelled: 

𝐷𝑃 =
𝐫final−𝐫initial

∑ |𝐫𝑖−𝐫𝑖−1|𝑖=73
𝑖=0

      (3.9) 

where 𝐫final is the final cell position, 𝐫initial is the initial cell position, and the denominator 

represents the total distance travelled by the cell over the duration of the experiment. A positive 

directional persistence value indicates the cell moved in the direction of the chemical signal while 

a negative value indicates the cell moved away from the chemical signal. The magnitude of the 

directional persistence value, ranging from 0 to 1, represents how biased (“persistent”) a cell was 

in migrating in a particular direction. A large persistence value indicated the cell mostly migrated 

in a consistent direction while a low persistence value indicated the opposite. As Figure 3.12 

shows, there was a wide spread in persistence values for all gradients on both flat polystyrene and 

fibers with large spacing. However, the trend in directional persistence followed the same trend as 

the chemotactic response with statistically significant differences in directional persistence values 

between 0 and 0-10 ng/ml on flat polystyrene (Figure 3.12a) and between 0 and 0-1, 0-5, and 0-10 

ng/ml on fibers with large spacing (Figure 3.12b). If the directionality was removed from the 

directional persistence values such that all values became absolute, another result was seen. The 

persistence values did not change significantly with respect to PDGF gradient value, suggesting 

that chemotaxis does not impact persistence on these substrates. Persistence did, however, increase 

by 26% when cells migrated on suspended nanofibers with large spacing compared to flat 

polystyrene and there was a statistically significant difference between cell persistence values on 

2D flat polystyrene (0.65 ± 0.01, n=439) and suspended fibers with both large (0.82 ± 0.02, n=290) 

and small spacing (0.83 ± 0.02, n=149)  (Figure 3.13).  
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Figure 3.12. The directional persistence values for individual cells as a function of PDGF 

concentration gradient for cells migrating on a) flat polystyrene and b) polystyrene fibers with 

large spacing. The black squares represent the average value. There was a statistically 

significant difference between 0 and 0-1 ng/ml on flat polystyrene and 0 and 0-1, 0-5, and 0-

10 ng/ml on suspended fibers with large spacing (P < 0.05). 

 

 

a)

b)
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3.3 Conclusions and Discussion 

A study of NIH/3T3 fibroblast chemotaxis in response to PDGF was conducted in our newly 

developed microfluidic assay device (described in Chapter 2) to both demonstrate the functionality 

of the device and to better understand fibroblast chemotaxis on a substrate that is more 

representative of ECM (i.e. suspended nanofibers) than traditionally studied 2D substrates. By 

studying chemotaxis response in the presence of several PDGF concentration gradients with both 

suspended, polystyrene nanofibers (small and large spacing) and flat polystyrene, we were able to 

quantify significant differences in cell behavior on the different substrates. In absence of a PDGF 

gradient, cells were on average 45% faster on suspended fibers with large spacing than flat 

polystyrene (P < 0.0001) and cells on fibers with small spacing had similar speeds to those on flat 

polystyrene.  

 
 

Figure 3.13. The persistence values between 2D flat polystyrene (n=439) and fibers with both 

large (n=290) and small spacing (n=163) show a statistically significant difference                         

(P < 0.0001). 
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Additionally, cells on suspended fibers responded to significantly shallower PDGF concentration 

gradients and for the large spacing case exhibited a chemotactic response for gradients of 0-1 (68% 

± 0.9%), 0-5 (66% ± 4.4%), and 0-10 ng/ml PDGF (71% ± 2.4%) while cells on flat polystyrene 

only exhibited a significant chemotactic response for 0-10 ng/ml PDGF (70% ± 4.4%). Cells on 

fibers with small spacing responded to shallower PDGF gradients as well, but the response at less 

than optimal gradients were weaker than that of cells on fibers with large spacing  for the shallower 

gradients (59% ± 4.9% for 0-1 ng/ml PDGF, 60% ± 0.8% for 0-5 ng/ml PDGF, and 71% ± 0.4% 

for 0-10 ng/ml PDGF).  This increased sensitivity to shallower PDGF concentration gradients 

when cells migrate on suspended nanofibers may be attributed to: (i) The nanofiber orientation 

parallel with the chemical gradient enables the cells to sense larger chemical gradients than 

randomly oriented cells on flat 2D substrates. (ii) Cells on suspended nanofibers also have a higher 

aspect ratio (length/width) than cells migrating on flat polystyrene. The higher aspect ratio may 

allow the cells on nanofibers to be more sensitive to chemoeffector gradients than cells on flat 

polystyrene due to a larger difference in bound RTKs at the cell leading and trailing edges. This is 

supported by the trend in strength of chemotactic response following the same trend as aspect ratio 

for the three substrates. (iii) The third factor could be involved in the increased sensitivity is the 

mode of migration on nanofibers. There could be a different signaling cascade in place or 

differential activation of the main signaling pathways on flat and nanofiber substrates that leads to 

a more sensitive and robust chemotaxis response on suspended fibers.   

 

Directional persistence values showed a similar trend in behavior as the chemotactic response with 

statistically significant differences between control and 0-10 ng/ml PDGF experiments on flat 

polystyrene (P < 0.05) and between 0 and 0-1, 0-5, and 0-10 ng/ml PDGF experiments on 
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suspended nanofibers with large spacing (P < 0.05). When directionality was removed and only 

the absolute values of persistence were observed, persistence did not change significantly with 

respect to PDGF concentration gradient, but it was on average 26% higher for cells migrating on 

suspended fibers with large spacing than flat polystyrene (P < 0.0001) and cells migrating on fibers 

with small spacing responded similarly to that of cells on fibers with large spacing. Cells on 

nanofibers only had two possible directions to travel, towards or away from the chemical gradient. 

Because switching directions on aligned nanofibers required the leading and trailing edge to invert, 

the cells may have been more likely to continue travelling in the direction they were moving. This 

is in contrast to cells migrating on flat polystyrene where cells were not confined to any track. The 

results from this study reinforce that cell migration and chemotaxis should be studied on 

topography that is more representative of the ECM cells migrate on in vivo.  
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Chapter 4. Conclusions and Future Directions 

The goal of this project was to study mesenchymal cell chemotaxis on a substrate that is more 

representative of ECM than traditionally studied 2D substrates, but without the complexities of 3D 

environments. To accomplish this, we designed and fabricated a microfluidic assay device which 

incorporated aligned, suspended nanofibers downstream from a network of microfluidic mixing 

channels which established a temporally invariant, linear chemical gradient over the nanofibers. 

We used this assay device to study NIH/3T3 fibroblast chemotaxis at various PDGF concentration 

gradients and showed clear differences in migration and chemotaxis between cells on suspended, 

polystyrene nanofibers with either large or small spacing and cells on flat polystyrene substrates. 

This chapter will summarize the main conclusions drawn from this work as well as the significance 

of the author’s contributions and future directions for this work. 

 

 

4.1 Summary of Conclusions 

To design the microfluidic component of the device so that we achieve a linear, chemical gradient, 

we developed a numerical model in MATLAB which explicitly solved the advection-diffusion 

equation for the chemoattractant of interest (Equation 2.4). We then validated the model 

experimentally using fluorescein as a surrogate molecule and measuring the fluorescent intensity 

profile which closely matched the predicted gradient (Figure 2.2). We also confirmed that a linear 

gradient was established over the nanofibers. The suspended nanofibers were fabricated using the 

STEP method with well-defined and precisely repeatable diameter, length, and spacing 

parameters. The fluid velocity and shear profiles in the observation channel of the device were 

calculated and were shown to not impact fibroblast migratory behavior.  
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NIH/3T3 fibroblast migration in response to PDGF concentrations of 0-1, 0-5, 0-10, and 0-20 

ng/ml was observed on flat polystyrene substrates and 535 ± 9 nm diameter suspended polystyrene 

nanofibers with fiber spacing of either 15 or 25 μm. Additional control experiments were run 

without PDGF. There was a statistically significant difference between cell speed on suspended 

fibers with large spacing and both flat polystyrene and suspended fibers with small spacing which 

was shown through a comparison of the control experiments (Figure 3.8). Surprisingly, cells on 

suspended nanofibers with both large and small spacing showed more sensitivity to shallower 

PDGF gradients with cells on nanofibers with large spacing exhibiting stronger chemotactic 

responses (Figure 3.10). Additionally, there were statistically significant differences in directional 

persistence between control experiments (without PDGF) and experiments with PDGF 

concentrations of 0-1, 0-5, and 0-10 ng/ml for cells on fibers with large spacing (Figure 3.12), 

whereas only 0-10 ng/ml showed a statistically significant difference from control experiments on 

flat polystyrene. In addition, persistence values without directionality were higher overall for cells 

on suspended nanofibers with both small and large spacing than flat polystyrene (Figure 3.13). 

 

4.2 Significance and Contributions 

Eukaryotic cell chemotaxis is important to study because it is involved in many biological 

processes such as wound healing, cancer metastasis, and embryogenesis. While chemotaxis has 

long been studied in vitro, experiments are typically conducted on flat, 2D substrates which fail to 

capture the structure of the fibrous ECM cells migrate on in vivo. More recently, there have been 

studies which try to recapitulate ECM structures with 3D environments, but there are challenges 

associated with 3D including high resolution microscopy and characterization of the exact 

structure. In this thesis, we have developed a microfluidic assay device that allows for the study 
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of eukaryotic cell chemotaxis on topography that is more representative of the ECM, but that 

circumvents the challenges associated with 3D environments. The stability of the linear gradient 

produced by microfluidic mixing channels enables prolonged experiment durations and because 

the nanofibers are aligned in a single plane, there is the ability for high-resolution imaging. Most 

notably, we quantified differences in chemotaxis and overall migration of NIH/3T3 cells on flat 

polystyrene and suspended, polystyrene nanofibers with both large and small spacing, emphasizing 

the need for future in vitro cell migration studies to be conducted on surface topography that is 

more representative of conditions in vivo. 

 

4.3 Future Directions 

While we have studied NIH/3T3 fibroblast response to PDGF in this thesis, the microfluidic assay 

device we have developed is not limited to any one system. Instead, it can be used to study a large 

variety of eukaryotic cells and chemoeffectors to better understand cell chemotaxis in systems 

such as cancer metastasis and embryogenesis. 

 

Now that we have shown with quantitative data that 3T3s chemotax differently on suspended 

nanofibers than flat polystyrene, it would valuable to explore the reasons for those differences 

hypothesized in Chapter 3.3. We have already tested the aspect ratio hypothesis by studying the 

chemotaxis response on three substrates which yield distinctly different cell aspect ratios. The 

chemotactic response followed the same trend as cell aspect ratio, but there could still be other 

factors influencing the change in response and overall migration. It would also be noteworthy to 

better understand the internal mechanisms of cell chemotaxis on nanofibers. Proteins known to be 

involved in the signaling pathway for mesenchymal chemotaxis on flat substrates described in 

detail in Chapter 1.1.2 could be inhibited to examine whether cells on nanofibers use the same or 
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an entirely different pathway. Additionally, proteins involved in migration such as actin, Rac, Rho, 

and myosin could be stained to observe polarization or lack thereof at the leading and trailing 

edges. 
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