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Abstract 

MICROFLUIDIC DEVICE FOR DETERMINING PREFERENTIAL CELL MIGRATION 

TOWARD EXTRACELLULAR MATRIX PROTEINS 

 

Neil Hall, M.S. 

 

The University of Texas at Arlington, 2013 

 

Supervising Professor: Young-tae Kim 

Extracellular matrix (ECM) proteins interact with cells in bodily 

microenvironments by influencing their essential cellular processes in growth, survival, 

migration and repair after injury. In this study, a novel microfluidic device was developed 

to study preferential interactions of cells with multiple extracellular matrix proteins 

simultaneously in an unbiased manner.  The implementation of PDITC-treated glass and 

a controlled laminar flow of multiple separated, soluble proteins was used to create an 

unbiased microenvironment in which ECM proteins are adsorbed on the glass surface in 

a manner that simultaneously exposes cells to multiple proteins, and allows them to 

migrate or outgrow toward the most growth-promoting “preference” protein. The 

technique was proved by exposing cortical neurons to laminin and aggrecan 

simultaneously.  The cortical neurons consistently migrated toward the laminin opposed 

to the aggrecan, which is expected.  At this point, different strains of human-derived 

primary glioblastoma multiforme (GBM) cells were exposed to different proteins and 

compared for preferential migration differences.  One strain (133P) was exposed to two 

different growth-promoting proteins, laminin and fibronectin, and was found to not have a 

significant preference towards either when comparing average number of cells migrated.  

When the data was normalized by percentage, the 133P cells showed a statistically 
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significant preference toward laminin.  A second strain (C419) was tested with laminin, 

fibronectin, and vitronectin, showing 100% migration towards Laminin in every trial. 

These results lead to certain conclusions regarding the migration and infiltration patterns 

of GBM in vivo within the healthy brain tissue of patients.  With this test platform 

presented, any strain of cells can be tested for migration preference and patterns, leading 

to understanding of their growth patterns in vivo. 
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Chapter 1  

Introduction 

 
1.1 Microfluidics 

Microfluidics is a term that refers to a technology that has recently developed 

tremendously to aid in many fields of research.  The main idea behind microfluidics is 

solving problems that would otherwise be difficult with larger assays by miniaturizing the 

techniques and test platforms 1, 2.  This miniaturization, in micron scale, leads to 

significant advantages in research, such as a smaller requirement of reagents, mass 

production in a relatively small amount of time and space, faster reactions, and overall 

cost reduction 2.  Various applications of microfluidics include creation of arrays to study 

cell-cell interactions and cell-biomolecule interactions, formation of chemical gradients, 

studying single cells or small clusters of cells, and fabrication of medical diagnostics and 

biosensors 1, 3, 4.  Typically microfluidic devices are formed by etching the desired pattern 

into poly(dimethylsiloxane) (PDMS) by creation of a master mold on a silicone wafer.  

Once this device has been fabricated, it can be attached to glass and manipulated 

accordingly for ideal experimentation.  PDMS is the most widely used platform for 

microfluidic devices due to its unique and ideal properties as a polymer, including inert 

behavior, ideal optical transparency, simple fabrication, and low cost 5, 6.  Due to the Si-

(CH3) groups present on the PDMS surface, it exhibits high hydrophobicity, which makes 

use in microfluidic devices near impossible without surface modifications 7.  Common 

surface modification techniques to create hydrophilic PDMS surfaces include oxygen 

plasma, UV treatment, and corona discharge.  Oxygen plasma treatment is generally 

known to be the most effective of the techniques and is accomplished by releasing a 

concentrated dose of high-energy particles such as electrons, radicals, and ions that 

oxidize the surface to contain Si-(OH) groups, known as silanol functional groups 7.  It 
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has been shown that the hydrophilic surface created by oxygen plasma treatment reverts 

back to a hydrophobic surface within hours if not exposed to a liquid environment 8.  Due 

to these characteristics and established applications, PDMS microfluidic devices are ideal 

for culture and analysis of cells in vitro. 

 

1.2 PDITC glass treatment 

p-Phenylene diisothiocyanate (PDITC) is a compound that is typically used as 

a chemical crosslinker 9, 10.  Different variations of the protocol for binding PDITC to glass 

surfaces have been utilized for immobilization of aptamers and oligonucleotides 9, 10, 11.  

Typically, after the glass is activated by oxygen plasma treatment to present silanol 

groups, it is treated with Aminopropyltrimethoxysilane (APTES) to create amino functional 

groups.  The glass is then treated with PDITC to add phenylisothiocyanate groups to the 

amino groups, which allows for covalent bonding to amino groups.  When trying to bind a 

protein to a glass surface, due to its amino acid framework, this technique allows for a 

stronger, more permanent bonding.  Previous research has demonstrated the ability to 

bind proteins to glass in the presence of a flow of proteins via the crosslinking protein 

PLL, but the PLL had to adsorb overnight and the flow process took at least 6 hours 13.  

The process of treating glass with PDITC takes roughly 6 hours and the flow of proteins 

takes 4 hours.  Figure 1.1 gives graphical representation of the chemical structures 

involved with PDITC treatment. 
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Figure 1.1 Chemical structure of PDITC treated glass 12. 

 

1.3 Extracellular matrix proteins and the brain 

The extracellular matrix is a network of molecules that act primarily to support 

cells and tissue in the body 14.  It is a large component of connective tissue and is divided 

into the interstitial matrix and basement membrane.  The interstitial matrix is made up of 

various ECM molecules and cells loosely intermingling, whereas the basement 

membrane is composed of sheets of ECM molecules.  The ECM molecules are mostly 

made up of various proteins, proteoglycans, and hyaluronan.  The cells present in the 

connective tissue secrete ECM molecules and express receptors for attachment to them 

to help support and allow for growth and proliferation.  ECM molecules are also 

particularly important in development, cell migration, tissue homeostasis, and even tumor 

invasion 15.   

Integrins are the receptors on cell surfaces that are responsible for recognition of 

ECM and subsequent cellular response.  They are heterodimeric receptors, divided into 

two functional subunits, α and β 17, 18.  Since ECM molecules have different chemical 



 

4 

compositions and interact with each other to form specific structural patterns, integrins 

respond to their bound ECM’s as a combination of the two subunits based on chemical 

as well as physical cues 14 - 17.  During development, neurons express a large number of 

integrin receptors to help coordinate successful neural networks, but reduce in number in 

the adult brain 18.  Developing neurons, therefore, have the ability to grow on multiple 

different ECM proteins based on their characteristic integrin receptors present.  During 

cell outgrowth, the leading end of the neuron is called the growth cone.  It is an amoeboid 

structure with filopodia outgrowths that respond to extracellular cues in an attempt to 

reach a target cell to create a synapse 19, 20.  The growth cones of neurons have a large 

number of integrins that can either cause axon growth or inhibition based on the 

response to environmental factors.  When a growth cone is exposed to a gradient of 

chemical cues in its environment, the filopodia protrude as a response to polymerization 

of actin and are exposed to different concentrations of the chemical cues based on 

location.  The filopodia that are exposed to a higher concentration of the chemical cue will 

have a higher number of integrin binding than those exposed to less concentrated cues.  

Based on secondary messengers, the growth cone then polarized in response to the 

chemical cues, leading to the contraction of the cell and the depolymerization at the 

lagging end of the cell 20 - 22.  Therefore, if an ECM protein that attracts neurons is 

presented to a neuronal growth cone, the integrins will bind to the protein and cause the 

axon to grow toward the higher concentration of the protein 19.  Table 1.2 lists integrins 

present in the human body and their corresponding ligands. 
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Table 1.1 Ligand-binding specificities of human integrins 26 

Integrins Ligands 
α1β1 Laminin, collagen 
α2β1 Laminin, collagen, thrombospondin, E-cadherin, tenascin 
α3β1 Laminin, thrombospondin, uPAR 

α4β1 
Thrombospondin, MAdCAM-1, VCAM-1, fibronectin, osteopontin, 
ADAM, ICAM-4 

α5β1 
Fibronectin, osteopontin, fibrillin, thrombospondin, 
ADAM, COMP, L1 

α6β1 Laminin, thrombospondin, ADAM, Cyr61 
α7β1 Laminin 

α8β1 
Tenascin, fibronectin, osteopontin, vitronectin, LAP-TGF-β, 
nephronectin 

α9β1 
Tenascin, VCAM-1, osteopontin, uPAR, plasmin, angiostatin, 
ADAM [25], VEGF-C, VEGF-D [26] 

α10β1 Laminin, collagen 
α11β1 Collagen 
αVβ1 LAP-TGF-β, fibronectin, osteopontin, L1 
αLβ2 ICAM, ICAM-4 
αMβ2 ICAM, iC3b, factor X, fibrinogen, ICAM-4, heparin 
αXβ2 ICAM, iC3b, fibrinogen, ICAM-4, heparin, collagen [27] 

αDβ2 
ICAM, VCAM-1, fibrinogen, fibronectin, vitronectin, Cyr61, 
plasminogen 

αIIbβ3 
Fibrinogen, thrombospondin,, fibronectin, vitronectin, vWF, 
Cyr61, ICAM-4, L1, CD40 ligand [28] 

αVβ3 

Fibrinogen, vitronectin, vWF, thrombospondin, fibrillin, tenascin, 
PECAM-1, fibronectin, osteopontin, BSP, MFG-E8, ADAM-15, 
COMP, Cyr61, ICAM-4, MMP, FGF-2 [29], uPA [30], uPAR [31], 
L1, angiostatin [32], plasmin [33], cardiotoxin [34], LAP-TGF-β, 
Del-1 

α6β4 Laminin 
αVβ5 Osteopontin, BSP, vitronectin, CCN3 [35], LAP-TGF-β 
αVβ6 LAP-TGF-β, fibronectin, osteopontin, ADAM 
α4β7 MAdCAM-1, VCAM-1, fibronectin, osteopontin 
αEβ7 E-cadherin 
αVβ8 LAP-TGF-β 

 

The brain is a highly organized network that controls the function of the body. 

Cell composition within the brain includes neural stem cells, neurons, astrocytes, 

oligodendrocytes, microglia, and ependymal cells 23, 24.  The neurons are the cells 

responsible for action potentials, the transmission of signal that leads to the functions of 
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the nervous system 25.  Cortical neurons are the neurons that are present in the cerebral 

cortex.  The cerebrum is the large section of the brain that is seen as the majority of the 

external brain.  The physical divisions based on location are the frontal lobes, the parietal 

lobes, the temporal lobes, and the occipital lobes.  These divisions are associated with 

the bone that overlays them and are mostly associated with the functions that they 

coordinate.  The cerebrum is also divided into two hemispheres, the left and the right.  

These two halves are connected mainly by the corpus callosum, which is a dense area of 

neurons that gather and coordinate the exchange of information between the 

hemispheres.  The functional separations of the cerebrum include the cerebral cortex, the 

basal ganglia, and the limbic system 28. 

The cerebral cortex is the few millimeter-outermost layer of the cerebrum that 

coordinates the higher brain functions including perception and movement.  Each area of 

the cerebrum has it’s own cortex function.  The frontal lobe’s cortex is divided into the 

primary motor cortex, motor association area, and prefrontal association area, which 

gather information from other areas of the brain associated with skeletal muscle 

movement and coordinate them for transmission to the muscles 26 – 28, 30.  Damage to or 

loss of a section of this area of the brain would lead to a loss of function of the associated 

skeletal muscles 29.  Since the cerebrum has a characteristic known as cerebral 

lateralization, meaning each hemisphere controls function of the opposite side of the 

body, a loss of part of the left sided frontal cerebral cortex would lead to paralysis of part 

of the right side of the body, and vice versa.  The parietal lobe’s cortex is divided into the 

primary somatic sensory cortex and sensory associated area.  These work similarly to the 

frontal cortex except they receive the sensory input from the rest of the body and 

coordinate them into the brain’s understanding of its environment 33, 34.  Sensation 

coordinated in this area of the brain includes that of the skin, the musculoskeletal system, 



 

7 

the taste buds, and the viscera, which is a term for the soft, internal organs in the 

abdomen, such as the intestines 31, 32.  Damage to or loss of this area of the brain leads 

to a lack of sensation from these areas of the brain listed.  The occipital lobe cortex 

includes the sensory region of the brain associated with vision.  Damage to or loss of part 

of this area of the brain would lead to partial or total blindness or any other abnormal 

visual perception 35.  The temporal lobe, located near the ears, contains the centers for 

hearing sensation and coordination.  Similar to the visual cortex, loss of auditory cortex 

function would lead to abnormal auditory perception, such as deafness.  Additionally, the 

olfactory cortex and the gustatory cortex are located within the brain and coordinate the 

smell and taste sensations, respectively.  Again, loss of these areas would lead to lack of 

proper taste and smell perception, respectively.  The association areas in each of these 

sections of the cortex are present to coordinate information between each other to allow 

for a smooth, voluntary perception and function 36. 

The ECM proteins in the brain are composed mostly of Collagen, Laminin, 

Fibronectin, Vitronectin, and Tenascin 14, 15, 17.  Table 1.2 gives a graphical representation 

of the proteins listed along with their general structure, the integrin receptors that bind 

them, the neuronal types that are associated with these integrins, and the function 

induced by the proteins.  The proteins used for this study are Laminin, Fibronectin, and 

Vitronectin. 
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Table 1.2 ECM proteins present in the brain with integrin receptors, affected neuronal 

types, and induced functions 

ECM molecule 
Integrin 

receptors Neuronal type Function 
Collagen α1β1. Rat sympathetic RGCs Neurite outgrowth 

(protomer of 3 α 
chains) α2β1. DRG 

Adhesion and neurite 
outgrowth 

 α1β8. Motor, DRG Neurite outgrowth 

 (DDR1) 
Cerebellar granule 

neurons Neurite outgrowth 
Laminin α1β1, α1β8 DRG Neurite outgrowth 

(trimer, αβγ chains) α1β1, α3β1 PC12, DRG, Cortical 
Neurite outgrowth; 

migration 
 α1β1, α4β1 Neural crest Cell adhesion 

 α6β1 
Retinal, Olfactory; Ciliary 

ganglion 
Neurite outgrowth and 

migration 
 α3β1, α7β1 Cortical Neuritogenesis 

 
α3β1, α6β1, 
α7β1 Adult DRG 

Adhesion and neurite 
outgrowth 

 α3β1, α6β1 
Retinal, Hippocampal, 

Thalamic, Cortical 
Adhesion and neurite 

outgrowth 

Tenascin α8β1 Motor, DRG 
Neuritogeneis and 
neurite outgrowth 

(hexbrachion, 190–300 
kDa subunits) α7β1 cerebellar granule Neurite outgrowth 

TN-C, TN-R, TN-W, 
TN-X, TN-Y α9β1 PC12, Adult DRG 

Neurite outgrowth and 
regeneration 

 (contactin) Hippocampal Neurite outgrowth 

Fibronectin α4β1 

Chick DRG and 
sympathetic; Mouse 

retinal ganglion Neurite outgrowth 

(~440 kDa dimer) α5β1 
Cortical; Striatal 
progenitor cells 

Neuronal differentiation 
and migration 

 α8β1 Chick DRG; Tectal 
Adhesion, neurite 

outgrowth and migration 

 
αvβ1; αvβ3, 
αvβ5 Neural crest Adhesion and migration 

Vitronectin αvβ5 
Retinal; Cerebellar 

granule Neurite outgrowth 
(75 kDa monomer)    
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1.4 Cancer 

Cancer is a general term used in medicine to describe an uncontrolled growth of 

cells.  In general, healthy cells multiply when they are required and die, i.e. apoptosis, 

when they are not required.  These cells can, however, mutate in certain ways that affect 

these processes.  A mutation is a change in a cell’s genes that may or may not be 

harmful.  Cancerous cells multiply and become large, clustered tumors that require 

abnormally large amounts of energy, blood, and oxygen to survive.  The brain 

automatically accommodates to the requirements of these clusters, causing a deficiency 

of energy, blood, and oxygen to the surrounding healthy tissue and causing a list of 

physiological problems to the affected patient 39. 

If a mutation occurs in one of the following three genes, cancerous growth may 

occur: oncogenes, tumor suppressor genes, and DNA repair genes 37, 40.  Oncogenes 

signal cells to multiply when necessary, such as post-injury or damage.  In normal 

instances, the signals created by these genes are suppressed until an appropriate time.  

If oncogenes malfunction or are not present, the cells are continually signaled to multiply 

and a tumor may arise.  Tumor suppressor genes are part of a healthy cell’s natural 

defense against cancerous growth.  These genes work specifically to stop any abnormal 

growth of cells, but can also mutate causing the ability for a cell to grow uncontrollably.  

The third type of gene that may cause cancerous growth if malfunctioning is the DNA 

repair gene.  This gene mutation is the last mutational barrier a cell has to pass to 

become cancerous because these genes work to repair any mutations in any other genes 

when a cell is formed.  If a mutation occurs in either an oncogene or a tumor suppressor 

gene, the DNA repair gene will usually correct the issue.  However, if a combination of 

multiple gene mutations occurs, a cell can begin to multiply uncontrollably and become 

cancerous.  Typically though, there are many fail-safes within a cell that recognize 
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mutation and either correct them or signal death of the cell.  Additionally, if a cell does 

mutate and does not signal its own death, the body’s immune system will generally 

recognize it as a foreign cell and will eliminate it.  Due to the large amount of self-defense 

the body has associated with suppressing uncontrolled cell growth, cancerous growth is 

relatively rare 39 – 43. 

Cancer in the brain is classified as benign or malignant and further classified 

based on the area of the brain affected.  The following are the types of brain cancers 

generally seen: gliomas (further divided into astrocytomas, brain stem gliomas, optic 

nerve gliomas, and oligodendrogliomas), metastatic tumors, meningiomas, 

schwannomas, pituitary tumors, medulloblastomas, craniopharyngiomas, and pineal 

region tumors. 

Glioblastoma Multiforme (GBM) is a one of the most invasive and deadly types of 

glioma currently known 41.   They account for approximately 15% of all brain tumors and 

50% of gliomas.  In two years after diagnosis, the survival rate is 3.3% and 1.2% at three 

years 43 – 46.  A unique characteristic of GBM is the fact that it grows by migrating outward 

from the tumor into surrounding healthy tissue 42, 47.  This fact contributes to the difficulty 

involved with treating this type of cancer.  Surgical tumor removal, chemotherapy, and 

radiation therapy are all localized treatments that do not affect the outgrowths of cancer 

cells.  Treatment of surrounding brain tissue can lead to healthy brain tissue loss, which 

would lead to the large number of problems outlined in 1.3, depending on the location.  

Tumor cell migration is dependent on the ECM molecules present in its environment as 

well as the cells it comes in contact with, so studying the interaction between tumor cells 

and their environmental factors is critical for better understanding of tumor growth and 

possible treatments. 
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1.5 Current research 

Since GBM growth and penetration into healthy brain tissue is so highly 

dependent on the composition of ECM molecules surrounding it, it would be logical to 

obtain an in-depth understanding of the interactions involved.  Experiments have been 

performed in the past involving exposure of GBM cells to various proteins and 

chemoattractants by either 2-D or 3-D assays 48, 49.  The goal of these experiments is to 

simulate the microenvironments that would be presented to these cells in vivo.  One such 

device involves using a 3-D Boyden chamber assay made from a gel including ECM 

proteins 48.  They simulated the basal lamina with proteins and included a gradient of 

chemoattractant molecules throughout the small pores of the chamber.  With this 

experiment, they obtain data regarding growth patterns when the cells are exposed to 

that particular set of conditions. 

Another type of cell migration study involves growing cells on a platform 

adsorbed with alternating stripes of proteins 50.  The platform was created by adhering a 

stripe-containing matrix to the surface of the petri dish and either injecting one protein 

and filling the other into alternating stripes, or with vacuum assistance.  Once the 

alternating protein stripes were adhered to the surface, cells were allowed to grow and 

were later quantified based on growth length.  The main limitations of this experimental 

model when considering cell migration preference when exposed to multiple proteins 

include the inability to test more than two proteins at once and the fact that results are 

based solely on cell migration length.   If a cell line were being tested for migration 

preference to multiple proteins, an ideal experiment would expose individual cells to all 

proteins in question before allowing them to grow, allowing the highest concentration of 

integrin-ligand binding to determine growth direction.  In the case of GBM cells, 
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knowledge of migration preference could lead to better understanding of the outgrowth 

patterns into healthy brain tissue. 

 

1.6 Objectives 

The objectives of this project are to create a microfluidic device and model that 

will allow for a better understanding of cell-ECM interaction and characterize cells based 

on ECM migration preference.  Specific aims include: 

1. Design a microfluidic device and model that will provide an unbiased 

microenvironment that can allow for testing of cell migration preference to 

multiple ECM proteins. 

2. Characterize GBM cells based on migration preference to common ECM proteins 

present in the brain. 
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Chapter 2  

Microfluidic Device 

 
2.1 Design of mask for soft lithography 

The mask used during device fabrication held the designed microchannel system 

pattern.  The mask was used to transfer the design to the master silicon wafer with 

photoresist, where PDMS devices could be made.  AutoCAD was used to design the 

specific microchannel and reservoir dimensions of the mask and the fabrication from 

Mylar took place at an outside company.  The device consisted of a large cell-seeding 

reservoir with two identical microchannel systems on either end.  Each microchannel 

system consists of a 15mm wide, 150mm long microchannel that leads to a 3-way 

microchannel cross, each separated channel being 10mm wide and 5mm long.  These 

microchannels lead to 2.5mm radius reservoirs for protein loading.  The entire device was 

a single layer process with height 100mm.  Figure 2.1 shows a schematic of the device 

design specifications. 

 

Figure 2.1 Schematic representation of device.  Units for image containing entire image 

are in mm, units for enhanced microchannel cross are in mm. 
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2.2 Creation of silicon mold via soft lithography 

All steps outlined in this section were performed in the Nanofabrication building 

at The University of Texas at Arlington.  A 4-inch silicone water (Wafer world) was used 

along with photoresist SU-8 50 (MicroChem), SU-8 developer (MicroChem), a Spin 

coater, a Backside aligner, hot plates, acetone, and isopropyl alcohol.  As a pretreatment 

step, the silicon wafer was cleaned with Acetone solvent followed by DI water (18.2 MΩ).  

The wafer is then dehydrated at 200 °C for 10 minutes on a hot plate to remove all 

moisture.  To spin coat the photoresist, approximately 1 mL of resist per inch of wafer 

was added.  The spin coater was increased in speed to ensure even coating at 100mm 

height.  Initially it was increased to 500 rpm at 100 rpm/sec for 10 seconds, then 

increased to 1000 rpm at 300 rpm/sec for 30 seconds.  The photoresist is then baked for 

10 minutes at 65 °C then 30 minutes at 95 °C to ensure the solvent is evaporated and the 

resist film is dense.  The photoresist is then cross linked when exposed to UV light (350-

400 nm) in the specific pattern of the device.  The exposure energy used was between 

300 mJ/cm2 – 550 mJ/cm2.  The UV was exposed to the wafer with mask for two 

consecutive 14-second intervals.  The wafer was then heated in two steps to selectively 

cross-link the exposed regions and minimize damage to the pattern.  It was first heated at 

65 °C for 1 minute, then heated at 95 °C for 10 minutes.  The wafer is then washed with 

SU-8 developer for 10 minutes to remove all photoresist that did not cross-link, which 

was not exposed to the UV.  In the final step, the wafer is hard baked at 200 °C on a hot 

plate for 30 minutes to achieve maximum photoresist precision. 

 

2.3 Polydimethylsiloxane (PDMS) microfluidic device fabrication 

PDMS polymer was prepared for device fabrication by mixing polymer : curing 

agent in ratio of 10 : 1 respectively.  The polymer mixture was then placed in a vacuum 
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dessicator at 20 in Hg for 45 minutes.  When all air bubbles had been removed from the 

mixture, it was poured onto the silicon wafer mold, which had been placed in aluminum 

foil to avoid polymer leakage.  The wafer with polymer was then placed on a hot plate at 

150 °C for 5 minutes.  Once the polymer had cured, the wafer was moved to a hot plate 

at 70 °C to allow for cutting of the device away from the silicon wafer.  The wafer was 

placed on a 70 °C hot plate instead of the workbench to avoid cooling the wafer too 

quickly, which would lead to cracking.  PDMS devices were created at approximately 4 

mm in height.  Once the device was cut to appropriate size, tissue biopsy punches were 

used to remove PDMS in reservoirs to allow for addition of cells and media.  A 4mm 

biopsy punch was used to create the reservoirs at the ends of the microchannels as well 

as in the cell seeding area.  Care was taken to ensure that the PDMS was punched out of 

the cell seeding area as close to the opening microchannel as possible to reduce culture 

time.  The center of the device, which was used for medium change, was punched out 

with a 8mm biopsy punch.  All punches in the center cell seeding area were connected. 

The completed devices were then cleaned and sterilized.  To begin cleaning, 

debris was removed using clear tape.  Before sterilization, the devices were inspected 

carefully to ensure removal of all debris.  The devices were then immersed in 70% 

ethanol and placed in a bio-safety cabinet for 25 minutes.  After sterilization, the devices 

were removed from ethanol and placed in sterile DI water (18.2 MΩ) three times for 10 

minutes each.  After allowing to dry, the devices were ready for use.  Figure 2.2 shows a 

picture of a device with biopsy punches used. 
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Figure 2.2 Punched device ready for cleaning and use in experimentation. 

 

2.4 Assembly of device and setup of microenvironment 

In the preliminary stages of this study, laminar flow of soluble proteins from the 

microchannels was applied directly to cells in the microchannels but the applied stress 

caused apoptosis and detachment from the surface.  Studies performed in the past 

involving cells and laminar flow have mostly demonstrated how cells are affected by the 

high shear stress caused by the laminar flow, which can be applied to certain cells in a 

flowing environment such as blood vessels 66.  The technique was then developed to 

incorporate the PDITC protein immobilization treatment on the glass used to adsorb the 

proteins. 

Coverglass cut to fit in a 60mm petri dish was treated with plasma for 30 minutes. 

It was placed in glass 60mm petri dishes and was incubated with a 2% APTES (3-

Triethoxysilylpropylamine, Sigma) in 100% ethanol solution at room temperature.  After 

30 minutes, the APTES solution was removed, and the coverglass was washed with 

100% ethanol 3 times and with DI water 3 times.  A PDITC (p-Phenylene 



 

17 

diisothiocyanate, Sigma) solution was prepared by adding 0.002g of PDITC into the 

mixture of 9ml DMSO (dimethyl sulfoxide, Sigma) and 1ml pyridine (Sigma).  This 

solution was applied to the APTES treated coverglass and was incubated at 55°C for 5 

hours.  After 5 hours, the PDITC solution was removed, and the coverglass was washed 

with 100% IPA (isopropyl alcohol) 3 times. It was then transferred into a bio-safety 

cabinet, washed with sterilized DI water 3 times and allowed to dry under sterilized bio-

safety cabinet.  The cleaned four-way microchannel device was placed in plasma 

treatment for 30 minutes and placed on top of the activated coverglass to ensure secure 

bonding between glass and device. Sterilized 1xPBS was then filled into the assembled 

devices until ready for use. 

To begin the laminar flow of proteins, the 1xPBS was removed from the devices 

including cell seeding area and reservoir of each microchannel.  First, the cell seeding 

area was filled with 300 µl of 1xPBS.  Each protein-designated reservoir was initially filled 

with 3 µl of assigned protein solution (e.g., fluorescently tagged BSA or Laminin) at 100 

µg/ml, then filled with additional 55 µl of 1xPBS.  The devices were then left in a 37oC 

incubator for 4 hours.  Washing the devices after the laminar flow of the protein was 

critical to avoid the leakage of the proteins into other microchannels.  First, all 1xPBS was 

removed from the cell seeding areas. Then all solution was removed from the protein 

reservoirs.  Next, 58 µl of 1xPBS was added into each of the protein reservoirs.  Finally, 

300 µl of 1xPBS was added into the cell seeding area and the devices were left for 10 

minutes.  The order of removing and adding fresh 1xPBS was repeated for 2 more times 

to completely remove the unbound proteins from the microchannels.  After washing, the 

device was filled with cell culture medium until cells were seeded. To visualize the 

immobilized proteins on the microchannels using a laminar flow, the protein was 
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fluorescently tagged using a protein fluorescent tagging kit (Pierce).  Figure 2.3 shows a 

schematic representation of the process for creating the microchannel environment. 

 

 

Figure 2.3 Schematic representation of the device setup and protein immobilization. 

 

As seen in figure 2.3, the PDMS device with pattern was cut to fit onto an 

activated coverglass.  Before assembly, the coverglass was already treated with PDITC 

to allow for protein immobilization.  Once the PDMS device was attached to the 

coverglass, the three different proteins were filled into the three reservoirs separately, as 

depicted in the image as the three different colors.  During the process of immobilization, 

the soluble proteins flow through the channels in a laminar fashion and deposit into the 

cell seeding area.  After washing, they are immobilized, as seen in the bottom right 

corner of figure 2.3, in a manner in which the proteins are mixed prior to the microchannel 

cross and separate into their own channels as they near the cross.  

Activated coverglass

for protein 

immobilization

PDMS device

Cell seeding 

area

Reservoir

Microchannels
Three different proteins 

added to each reservoir

Assembled device

Protein 1 Protein 2

Protein 3 Immobilized proteins
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Figure 2.4 shows the device before, during, and after simultaneous flow of two 

different fluorescently labeled BSA proteins. 

 

Figure 2.4 Images of a device before, during, and after flow of fluorescent BSA. 
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A) An image of the device at the microchannel cross at 10X magnification. B) The flowing 

of the Alexa conjugated BSA at 488 and 594 nm fluorescence from the left and right 

channels respectively.  The laminar flow pattern in apparent, as magnified in the upper 

right corner.  C) After allowing the proper time for flow, the device was cleaned properly 

and imaged again.  The Alexa 488 and 594-conjugated BSA were immobilized onto the 

PDMS surface, as magnified in the upper right corner. 

For a better visualization of the immobilization pattern of the protein onto its 

specific lane, Figure 2.4 shows the immobilization of Laminin onto one channel and no 

proteins immobilized onto the other channels.  This figure also shows a device that was 

exposed to the same flow conditions with the same protein with the only exception being 

the lack of the PDITC treatment on the glass surface. 

 

 

Figure 2.5 Fluorescently labeled Laminin immobilized onto one channel.  Dashed lines 

represent microchannel walls.  A) On PDITC treated glass, Laminin was immobilized onto 

one lane to better visualize the immobilization pattern.  B) The same experiment was 

conducted in this image with the exception of the PDITC glass treatment procedure. 
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2.5 Results and conclusions 

The device designed for this experiment allowed for the laminar, side-by-side 

flow of three different media into the cell seeding area.  Once three different soluble 

proteins were placed into each of the three reservoirs, they flowed through the 

microchannels and mixed as they approached the cell seeding area, shown in Figure 

2.3B.  Once the adsorption had occurred and the device was washed, cells were seeded 

and allowed to grow.  The microchannel leading to the cell seeding area showed a clearly 

mixed adsorption pattern closer to the cell seeding area and the protein adsorption 

separated closer to the microchannel cross.  This allowed for each individual cell to be 

exposed to all proteins present in the device in the mixed area, then as they separated, 

the cells grew toward the protein that promoted growth the most.  The magnification in 

Figure 2.3C shows the clear separation of the adsorbed proteins at the microchannel 

cross.  For further understanding of the adsorption pattern, Figure 2.4A shows how the 

protein adsorbed from the flow of one channel adsorbs homogenously onto the 

microchannel leading to the cell seeding area but separates and leads only into the 

microchannel where it came from.  This pattern of protein adsorption on activated glass 

perfectly allows for a totally unbiased cell migration preference study. 

Figure 2.4B shows the same experiment performed in figure 2.4A except with the 

exception of using PDITC treated glass, demonstrating clearly that laminin could not 

adsorb to the surface.  After washing the inactivated glass, all laminin was washed away 

and the fluorescent image was blank.  The white dotted lines indicate where the walls of 

the channels are.  These images make very clear the need for both PDITC-treated, 

activated glass and the use of protein laminar flow for the procedure to properly work.  

With these preliminary images taken, it would be logical for a cell from the above cell-
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seeding area to grow and follow the laminin into its channel on the activated glass only, 

assuming laminin promoted the cell’s growth. 

Another interesting observation made from the fluorescent images taken is the 

fact that the microchannel walls are much brighter than the glass surface where the 

protein is immobilized.  Due to it’s chemical structure and properties, PDMS is known to 

swell in the presence of non-polar, organic solvents 1,5.  As noted in figure 1.1, PDITC is 

both non-polar and organic.  Although the glass is treated with PDITC prior to adhesion to 

the PDMS device, the high shear forces involved with the immobilization process most 

likely causes some of the PDITC molecules to detach from the glass surface.  Once 

detached, the PDITC molecules would be free to swell into the PDMS and allow for 

protein immobilization onto the PDMS surface as well.  Since the fluorescent images 

taken are from a top-down manner, the bright PDMS walls are the accumulation of the 

100µm height of the microchannel, whereas the width is only 10µm.  Even if the 

microchannel walls (the PDMS) had less adsorbed protein than the glass surface, the 

100µm stack would look more concentrated than the flat glass surface.  Since the device 

visualized in figure 2.4B did not have any PDITC present, there was no fluorescence 

seen from the microchannel walls.  
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Chapter 3  

Cortical Neuron Experimentation 

 

3.1 Cortical neurons and proteins 

Cortical neurons are the primary cell type in the cerebral cortex and are 

responsible for many higher functions of the brain such as voluntary movement and 

thought 52.  Laminin is a heterotrimeric proteins consisting of an α, β, and γ unit that is 

very substantially present in the cerebral cortex 53.  Laminin is well known to cause 

growth-promotion and regeneration of cortical axons as well as have a major role in the 

development of the brain 51 – 56, 59, 60.  As seen in Table 1.2, laminin binds to the following 

integrin couples on cortical neurons: α1β1, α3β1, α6β1, and α7β1.  Aggrecan is a 

chondroitin sulfate proteoglycan (CSPG) that is present in the central nervous system 

and is known to inhibit neuronal axon growth 16, 57.  For example, aggrecan is released 

after a spinal cord injury and contributes to the glial scar that causes paralysis 57, 58. 

 

3.2 Cell harvesting and culture 

All procedures were conducted according to IACUC (Institutional Animal Care 

and Use Committee) approved protocols at the University of Texas at Arlington. Cortical 

neurons were isolated from embryonic 18-day rat embryos.  The cortical brain tissues 

were dissected, cleaned, minced and enzymatically dissociated (0.125% trypsin in L-15 

medium) for 20 minutes at 37oC. Twenty minutes after, soybean trypsin inhibitor (SBTI, 

1.5% (w/v), Worthington) was added and mechanically dissociated using a fire polished 

glass pipette. The dissociated cells were centrifuged and seeded into the cell seeding 

area (100,000 neurons per device). Cortical neurons were seeded into devices (n=4) 
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where laminin (10mg/ml) was adsorbed onto one microchannel and aggrecan (500µg/ml) 

was adsorbed onto the other two microchannels. Serum free cell culture medium 

(Neurobasal medium supplemented with B-27, invitrogen, and growth factors, BDNF and 

NT-3, 10 ng/ml, Peptrotech) was changed every 2-3 days until cortical axons 

preferentially outgrew toward the specific protein. 

 

3.3 Experiments and Results 

Cortical neurons were seeded into devices (n=4) where laminin (10mg/ml), a 

growth promoting protein, was adsorbed onto one microchannel and aggrecan 

(500µg/ml), a growth inhibiting protein, was adsorbed onto the other two microchannels. 

Serum free cell culture medium (Neurobasal medium supplemented with B-27, invitrogen, 

and growth factors, BDNF and NT-3, 10 ng/ml, Peptrotech) was changed every 2-3 days 

until cortical axons preferentially outgrew toward a protein.  The cortical neurons were 

given sufficient time to allow for significant growth into the preferred channel.  It became 

very evident that laminin was preferred over aggrecan in all experimental trials.  Cells did, 

however, proliferate occasionally into the other two channels, but after short distances 

growth stopped and the axons only continued into the laminin channel.  Figure 3.1 shows 

a montage of the fluorescent and bright field images superimposed onto one another of 

one device 8 days after cell seeding.  In the upper right corner of the figure there is a 

magnification of the leading end of the neuronal axon on the laminin-coated 

microchannel.  Due to the high intensity of fluorescence at the microchannel cross, the 

fluorescent image of the axons leading from the cell seeding area was difficult to 

visualize. 
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Figure 3.1 Cortical neurons experimental results in 10X fluorescence and bright field. 

 

3.4 Conclusions 

The experimental trials with cortical neurons served as a control for this device to 

prove if it worked as expected.  Since it is well known that a neuronal axon would grow 

on laminin opposed to aggrecan if given the opportunity, we had an expected outcome 

that we ended up observing.  In all cases, there was an obvious growth into the 

microchannel coated with laminin and almost no growth into the microchannels coated 

with aggrecan.  As seen in Figure 3.1, there is a small amount of growth into one of the 

aggrecan-coated channels, but significantly less than that in the laminin-coated channel.  

Upon initial growth of the first axon into the microchannel, there was a clear growth 

toward laminin.  As more axons grew into this microchannel, however, the laminin-coated 

microchannel became essentially full or crowded.  When the availability to grow onto the 

laminin-coated channel was no longer an option, the axonal growth cones would attempt 

to grow on the aggrecan-coated microchannels and stop after a very short distance. 
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With the results from this experiment, it becomes apparent that the initial idea 

and goal for the device was possible.  Initial fluorescence experiments, as seen in figures 

2.3 and 2.4, prove that the proteins can immobilize in a desired pattern, while the cortical 

neuron control experiments, as seen in figure 3.1, proves that cells can preferentially 

grown on the device model.  The final goal of use with the designed device is the ability 

to identify the preferential growth patterns of cells that do not already have a known list of 

integrins.  As most of the cells that are normally present in the human body have been 

studied for their growth properties and patterns, use with this device would be mostly to 

confirm what is already widely understood.  Instead, cells that do not have a vast amount 

of knowledge known about them would benefit from this experimental model, such as 

cancer cells. 
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Chapter 4  

Glioblastoma Multiforme Experimentation 

 

4.1 GBM and proteins 

Glioblastoma multiforme (GBM) is the most deadly type of brain tumor and has 

very low survival rates 41.  Patients with GBM continually have recurrence of the tumor 

after surgical resection, chemotherapy, and radiation therapy due to the cancer’s ability to 

migrate and infiltrate surrounding healthy brain tissue 42, 47, 61.  The mode of cell migration 

is similar to that of neuronal axons with growth cones.  The GBM cells modify their 

cellular structure, including shape and rigidity, to allow for interaction with surrounding 

cells and ECM molecules.  The cells polarize and extend actin-containing structures that 

interact with the surrounding microenvironment mainly with integrin receptors 61.  Once 

the cell has adhered to a particular ECM protein, for example, the intermolecular 

chemical reactions trigger the structural change of the cell, including contraction and 

movement.  When comparing GBM cells to healthy brain cells, GBM over-expresses the 

integrins α2β1, α3β1, α5β1, αVβ3 62.  These integrins have been shown to be directly 

involved with cell migration and proliferation as well as cancer cell invasion in the brain 62-

64.  As seen in table 1.1, the major brain ECM components that these integrins bind to are 

as follows.  Integrin α2β1 binds to laminin and collagen, integrin α3β1 binds to laminin, 

integrin α5β1 binds to fibronectin, and integrin αVβ3 binds to fibronectin, vitronectin, and 

tenascin 17.  Therefore, it would be logical that the GBM cells would have highly 

proliferative growth and migration within healthy brain tissue.  The generally accepted 

procedure for identifying a cell’s integrin composition is using an anti-integrin antibody 

assay 65.  Since multiple integrins can bind to the same proteins, exact migration patterns 
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cannot be fully characterized by investigating the integrin-composition of the cell alone.  

Since GBM is so deadly due to its migration patterns, having a comprehensive 

understanding of the migration habits of these cells may lead to new treatment technique.  

 

4.2 Cell extraction and culture 

Two different primary human-derived glioblastoma (hGBM) cells were obtained 

from consenting patients at the University of Texas Southwestern Medical Center (Dallas, 

TX, USA) with the approval of the Institutional Review Board. These two hGBM cells 

were collected from two different patients. First hGBM cells (133p, n=13) were stably 

transduced with a lentivirus expressing m-cherry fluorescent protein and were seeded on 

the cell seeding area of devices with laminin (10mg/ml) adsorbed onto one microchannel, 

fibronectin (10mg/ml) adsorbed onto another microchannel, and no protein adsorbed onto 

the third microchannel.  Second hGBM cells (C419, n=5) were seeded on the cell 

seeding area of devices with laminin, fibronectin and vitronectin (10mg/ml). Serum free 

cell culture medium (DMEM/F-12 supplemented with B-27, and growth factors, mEGF 

and bFGF, 20ng/ml, Peptrotech) was changed every 2-3 days until hGBM cells 

preferentially migrated toward the specific protein.  hGBM 133P cells were given 7 days 

to grow before fixation with 4% paraformaldahyde, and hGBM C419 cells were given 4 

days to grow before fixation with 4% paraformaldahyde. 

 

4.3 hGBM 133P experiments and results 

Human glioblastoma multiforme cells (133P strain) were seeded onto devices 

with Laminin adsorbed onto one microchannel and Fibronectin adsorbed onto another 

microchannel to attempt to differentiate the cell’s preference to these two proteins, since 

they are both highly involved with promoting GBM migration 62, 63.  Figures 4.3A and 4.3B 
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show two of the thirteen trials conducted with the same experimental setup.  DAPI 

staining allowed for quantification of the number of cells that grew toward each protein.  

The total number of cells in each microchannel was recorded and averaged among all 

trials.  Comparing the averages of these values showed no statistically significant 

difference between the protein preferences.  Figure 4.2 shows graphical representation of 

the total average number of cells that proliferated into each of the respective channels 

from all combined trials with statistical significance represented.  Table 4.1 shows the 

data from each of the individual thirteen experimental trials with hGBM 133P.  From the 

Tukey simultaneous tests performed, the p-value for comparison between Laminin and 

Fibronectin was 0.5603, the p-value for comparison between Laminin and no protein was 

0.0038, and the p-value for comparison between Fibronectin and no protein was 0.0509. 

 
 

Table 4.1 Data from each experimental trial with hGBM 133P 

 

 

Trial Laminin (#) Fibronectin (#) No Protein (#) 
1 47 48 2 
2 45 19 2 
3 11 8 0 
4 27 29 1 
5 4 14 0 
6 19 11 1 
7 1 6 0 
8 6 2 0 
9 7 5 0 

10 8 4 0 
11 22 3 0 
12 4 0 0 
13 13 3 0 

Average 16.46153846 11.69230769 0.461538462 
SD 15.15814074 13.56702261 0.776250026 

SEM 4.204111822 3.762815053 0.215293021 
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Figure 4.1 Averaged total number of hGBM (133P) cells migrated into channels with 

respective proteins from all trials. 

 

To correct for possible irregularities between trials, leading to the large error, the 

data was normalized per device to represent the percent of cells that migrated into each 

microchannel from the total number in the device.  These percentages were then 

averaged among all trials and compared for statistical significance.  Figure 4.2 shows 

graphical representation of the average percent of cells that proliferated into each of the 

respective channels from all combined trials with statistical significance represented.  

Table 4.2 shows the normalized data from each of the individual thirteen experimental 

trials with hGBM 133P.  From the Tukey simultaneous tests performed, the p-value for 

comparison between Laminin and Fibronectin was 0.0184, the p-value for comparison 

between Laminin and no protein was below 0.0000, and the p-value for comparison 

between Fibronectin and no protein was 0.0001. 
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Table 4.2 Normalized data from each experimental trial with hGBM 133P 

Trial Laminin (%) Fibronectin (%) No Protein (%) 
1 48.45 49.48 2.06 
2 68.18 28.79 3.03 
3 57.89 42.11 0.00 
4 47.37 50.88 1.75 
5 22.22 77.78 0.00 
6 61.29 35.48 3.23 
7 14.29 85.71 0.00 
8 75.00 25.00 0.00 
9 58.33 41.67 0.00 

10 66.67 33.33 0.00 
11 88.00 12.00 0.00 
12 100.00 0.00 0.00 
13 81.25 18.75 0.00 

Average 60.68821872 38.53698504 0.77479624 
SD 24.12553784 24.07579133 1.262063881 

SEM 6.691220287 6.677423087 0.350033541 
 

 

Figure 4.2 Averaged percent number of hGBM (133P) cells migrated into channels with 

respective proteins from all trials. 
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Figure 4.3 GBM (133P) fluorescent and bright field images with DAPI staining.  A) 

Laminin was adsorbed onto the left channel and fibronectin was adsorbed onto the right 
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channel.  133P strain hGBM cells proliferated toward both proteins but showed slightly 

greater affinity towards laminin.  B) Laminin was adsorbed onto the right channel and 

laminin was adsorbed onto the right channel.  Experiment conducted similar to A. 

 

4.4 hGBM C419 experiments and results 

A second strain of human glioblastoma multiforme cells (C419 strain) was 

similarly tested for protein preference.  In this experiment, however, the proteins Laminin, 

Fibronectin, and Vitronectin were all compared simultaneously.  Each of these three 

proteins were adsorbed onto separate microchannels in different orders for each of the 5 

trials.  In all five trials, 100% of cells proliferated toward laminin.  Figures 4.3A and 4.3B 

show two of the experiments performed.  To disprove the possible hypothesis that cells 

were simply growing along a PDMS wall rather than according to protein preference, 

Figure 4.3C shows an experiment performed with C419 cells in which Laminin was 

adsorbed onto the center channel.  100% of cells, regardless of protein adsorption 

pattern, grew across the microchannel cross into the center lane.  Figure 4.4 shows 

graphical representation of the average number of cells that proliferated into each of the 

respective channels from all combined trials with statistical significance represented.  

Table 4.2 shows the data from each of the individual five experimental trials with GBM 

C419.  From the Tukey simultaneous tests performed, the p-value for comparison 

between Laminin and Fibronectin was below 0.0000, the p-value for comparison between 

Laminin and Vitronectin was below 0.0000, and the p-value for comparison between 

Fibronectin and Vitronectin was 1.0000. 
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Table 4.3 Data from each experimental trial with hGBM C419 

Trial Laminin (#) Fibronectin (#) Vitronectin (#) 
1 4 0 0 
2 8 0 0 
3 5 0 0 
4 6 0 0 
5 4 0 0 

Average 5.4 0 0 
SD 1.673320053 0 0 

SEM 0.464095481 0 0 
 

 

Figure 4.4 Averaged total number of hGBM (C419) cells migrated into channels with 

respective proteins from all trials. 
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Figure 4.5 hGBM (C419) bright field images.  A) Laminin was adsorbed onto the upper 

channel, fibronectin onto the middle channel, vitronectin onto the bottom channel. C419 

hGBM cells showed 100% proliferation toward laminin.  B) Same experimental setup as 
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in 4.5A with similar results. C) Vitronectin was adsorbed onto the upper channel, laminin 

onto the middle channel, and fibronectin onto the bottom channel.  C419 hGBM cells 

showed 100% proliferation toward laminin. 

 

4.5 Conclusions and discussion 

From the initial 133P results based purely on number of cells migrated into 

microchannels, as seen in figure 4.1 and table 4.1, there was no statistically significant 

difference between Laminin and Fibronectin, but there was a difference between Laminin 

and no protein at above 99% confidence, and a difference between Fibronectin and no 

protein at above 95% confidence.  As seen in the data from the individual trials, there 

was a large total cell number difference between some of the trials with some trials 

having total number of migrated cells above 80, where some are as low as 4 or 6.  

Although the number of cells seeded and the duration of culture time remained constant 

throughout, the difference was most likely due to the technique in preparation of the 

device itself.  When the biopsy punch was used to create the reservoir for the cell 

seeding area, the distance between the reservoir edge and the microchannel opening 

directly had an impact on the number of cells that grew into the microchannels over the 

trial time.  For the devices with a larger distance between the reservoir edge and 

microchannel opening, cell clusters formed further away from the microchannel upon 

initial cell seeding than those with shorter distances.  Due to the gradient created by the 

flow of proteins from the microchannel into the cell seeding area, cell clusters that are 

further from the microchannel opening would be less affected by the proteins than those 

that are closer.  Over the same period of time, the total number of cells migrated into the 

microchannels in all trials would be expected to be very different.  This fact lead to the 

high error seen in the data and figure.  As one way to improve the experimental design, a 
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technique would need to be designed to ensure a more consistent reservoir-to-

microchannel distance in all devices.  Given this method of statistical analysis, 133P 

strain of hGBM preferentially migrates toward either laminin or fibronectin over the 

channel with no protein adsorbed, but shows no preference to laminin over fibronectin or 

vice versa.  Since the microchannel containing “no protein” simply had PDITC groups 

present on the glass surface, leaving the surface non-polar and hydrophobic, the 

preference of cells to grow on laminin and fibronectin over that microchannel is logical 

and expected.  

To compensate for the difference in total number of migrated cells seen in the 

133P experiments, the number of cells in each microchannel was taken as a percentage 

of the total migrated cells for each individual trial.  Once all data from each trial had been 

converted to percentages, they were again averaged and tested for statistical difference.  

When using this technique, it was observed that there was a statistically significant 

difference between laminin and fibronectin at a confidence of above 95%, while there 

was a difference between laminin and no protein at a confidence of above 99.9% and 

between fibronectin and no protein at a confidence of above 99.9%.  Therefore, given this 

method of statistical analysis, 133P strain of hGBM preferentially migrates toward laminin 

over fibronectin, and preferentially migrates toward both laminin and fibronectin over the 

microchannel with no protein adsorbed. 

When considering the five trials with hGBM C419, it is observed that 100% of 

cells in every trial grew toward laminin over fibronectin or vitronectin.  A concern at this 

point of experimentation was that cells were simply following a PDMS wall as they turned 

and were not actually making a protein preference decision.  To counter this question, 

laminin was adsorbed to the center microchannel opposed to one of the side 

microchannels, as seen in figure 4.4C.  As observed, the cells grew directly across the 
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microchannel cross into the middle microchannel containing laminin.  This proves that the 

cells are truly growing toward the protein preference rather than being affected by the 

PDMS.  All trials had relatively similar number of cells in the laminin microchannels, 

allowing for a small error.  Unlike the 133P experiments, taking a percentage is not 

necessary since it can already be stated that there is statistical difference between 

laminin and fibronectin as well as laminin and vitronectin at a confidence over 99.9%.  

Since there were no cells in any of the fibronectin or vitronectin microchannels in any 

trial, the p-value of 1.0000 leads to a total lack of statistical difference.  Therefore, given 

this method of statistical analysis, C419 strain of hGBM preferentially migrates strongly 

toward laminin over fibronectin or vitronectin.  Although the percentage analysis of hGBM 

133P showed significant difference between laminin and fibronectin as well, there were 

still a comparable number of cells in both microchannels in any given trial, whereas the 

C419 trials showed 100% cell growth toward laminin. 

With the data from these two different hGBM experiments, it has become evident 

that different strains of hGBM have different characteristics, namely migration patterns.  

This leads to the conclusion that different hGBM strains in different patients have varying 

integrin compositions, resulting in the difference in migration preference.  This would be 

important to know on a patient-by-patient basis to better understand the infiltration pattern 

of cancer cells into the healthy brain tissue.  The leading cause of patient death due to 

hGBM is the inability to completely destroy the tumor cells without destroying too large of 

a section of brain.  This is caused by the infiltration and migration of cells into healthy 

brain tissue leading away from the solid tumor mass.  If a patient that is diagnosed with 

GBM presents to a oncologist and a biopsy of the tumor is acquired, protein migration 

preference could be determined.  For example, if the patient’s cells were to show 100% 

migration preference toward one particular protein similar to that of the trials conducted 



 

39 

with hGBM C419, knowledge could be acquired about the migration patterns of tumor 

cells away from the main solid tumor mass in their brain based on the protein 

composition of various areas of the brain.  With simple anti-integrin antibody studies, the 

composition of integrins in a particular type of cell can be determined, but the overall 

interaction between these integrins when actually exposed to proteins would not be 

understood without actually performing this new test.  Although cell migration within the 

brain is due to surrounding cells as well, interaction with ECM proteins is a major factor.  

The brain contains more than three proteins in its ECM, so several different trials would 

have to be conducted with different proteins in different arrangements on the three 

microchannels to get a true understanding of the migration preference in the brain as a 

whole. 

A successful device has been demonstrated that can create a microenvironment 

that allows for exposure of individual cells to multiple proteins and determines migration 

preference toward these proteins when they separate into their respective microchannels.  

Given the two different strains of hGBM, experiments were conducted that gave insight 

regarding their protein preference to a select list of ECM proteins present in the brain.  

Research in the past has never been able to successfully expose individual cells to 

multiple proteins before quantitatively analyzing migration.  This form of protein exposure 

is crucial when studying migration patterns of tumor cells for several reasons.  When 

hGBM cells are present in a live human brain, they are exposed to multiple proteins 

simultaneously due to the vast complexity of the brain.  Therefore testing of migration 

preference in any other manner would not be as effective.  Additionally, the interaction of 

a cell with multiple proteins may change the migration patterns as compared to being 

exposed individually or with fewer proteins.  For example, the trials conducted with hGBM 

133P exposed the cells to laminin and fibronectin and a certain preference outcome was 
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observed.  If these cells were exposed to laminin, fibronectin, and vitronectin, similar to 

that of the trials conducted with hGBM C419, a different preference outcome may be 

observed.   

In general, this in vitro model is a positive step toward a better understanding of 

the processes involved with in vivo hGBM.  The major limitations of this experimental 

model include the inconsistency of distance between the microchannel opening and the 

cell seeding reservoir edge created by biopsy punch and the fact that the device only 

allows for presentation of three proteins at once. 
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Chapter 5  

Future Work 

 
The brain ECM being much more complex than three proteins, a more complex 

version of this experimental model would be ideal to further understand the migration 

patterns of hGBM in the brain.  If the original schematic design for the device were 

expanded to include five microchannels in which the five major brain ECM component 

proteins, as seen in table 1.2, could be added, the experiment could be conducted to 

demonstrate preference when cells are exposed to all these proteins simultaneously.  

The most difficult component of designing this experimental model was establishing the 

appropriate volume and concentration of protein to add to the microchannel reservoirs as 

well as the incubation time to most efficiently adsorb proteins to the microchannels.  With 

five or more microchannels, as long as the same fluid mechanic properties applied 

including laminar flow, adsorbing the proteins in a similar pattern should be possible. 

Since the PDITC on the glass surface immobilizes proteins by covalently bonding 

to their amino groups, this device model can be used for any protein and any cell 

combination as well as any other molecule that contains amino groups.  This model will 

also prove useful for similar experimentation with other cancer types. 
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