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Dysfunction of the endothelium leads to a number of cardiovascular diseases 

including atherosclerosis and intimal hyperplasia.  As a first step toward engineering a 

synthetic small diameter vascular graft, the strategic use of micrometer scale topography 

and patterned chemistry has been used to control endothelial cell (EC) adhesion, 

spreading and overall function.  Polystyrene (PS) Petri dishes and polydimethylsiloxane 

elastomer (PDMSe) were micropatterned with topographies and fibronectin (FN) using a 

combination of microprocessing and microcontact printing techniques.  ECs were 

cultured for periods of 4, 7 and 14 days on the substrates and analyzed using 

immunoflourescent staining and atomic force microscopy (AFM).   

It was found that ≥1 µm vertical step heights in PDMSe disrupt EC adhesion and 

spreading for lateral spacings from 2 to 100 µm.  Flat PS supported the formation of EC 

monolayers independent of FN coating while PDMSe coated with FN did not support 

xvii 



robust growth.  PDMSe with FN micropatterns 20 to 40 µm in width supported rapid 

initial growth, but cells became stuck resulting in apoptosis by 14 days.  Square packed 3 

µm diameter FN circles spaced at 6 µm demonstrated a cell density significantly higher 

(P<0.05) than all other tested surfaces by 14 days.   On the FN circle patterned PDMSe 

cell density was 1536 ± 247 cells/mm2, half the cell density of 3196 ± 336 cells/mm2 

found in vivo, with an average of 41 ± 12 focal contact adhesions per cell.   

ECs cultured on PS had a dense cytoskeleton with uniform cell elasticity across the 

cell body as found by AFM.  In contrast, ECs cultured on PDMSe coated with FN had a 

cytoskeleton that was less dense and increased in stiffness from the periphery of the cell 

to the nuclear region.  AFM was further used to quantify the expression of P-selectin on 

the surface of ECs mapping both the location of these receptors as well as measuring the 

receptor-ligand bond rupture force.  Results demonstrate that P-selectin forms 1 to 2 µm 

diameter patches at the periphery of the cell when ECs are cultured on PS.  SLeX-(P-

selectin) bond rupture force was calculated as 183 ± 40 pN at a pulling rate of 12 µm/s. 
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CHAPTER 1 
INTRODUCTION 

In today’s aging society, advanced technologies are improving the quality and 

duration of life for people across the world.  As traditional sciences such as biology and 

chemistry merge with the fields of medicine and applied engineering, multidisciplinary 

teams have mapped the human genome, created drugs to treat a host of diseases and 

manufactured medical devices to replace joints and organs such as the heart.  Great 

progress has been made, but the future still holds the most exciting discoveries in the 

biomedical field.  That is because some of the very fundamental issues in understanding 

biology and its interaction with the manmade world are still poorly known.  The building 

block of the human body, a single cell, is an amazingly complex machine that regulates a 

myriad of complex biochemical reactions through its metabolism.  Though a cell can be 

seen easily with an inexpensive optical microscope, visualizing the interaction between 

proteins, lipids and carbohydrates inside the cell requires advanced techniques ranging 

from immunochemical assays and fluorescent, electron and atomic force microscopy to 

DNA and proteomic arrays.    

Ideally, understanding how any one cell in the body functions would allow the 

same findings to be applied to other cell types.  Unfortunately, the difficulty in 

standardizing cellular interaction with environmental stimuli is complicated by highly 

differentiated cell types with specialized functions.  While many cellular processes are 

standard for most mammalian cells such as mRNA transcription and actin based motility, 

most cells have unique functions such as the phagocytic behavior of leukocytes or bone 
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readsorbtion by osteoclasts.  As a result, any valid study of the interaction between cells 

and materials needs to clearly address the cell types involved and the important 

environmental stimuli; be it cytokines, pharmaceuticals, extracellular matrix, manmade 

materials or other cells.   

In this research, endothelial cells (ECs) and the interaction with microengineered 

surfaces is examined to determine conditions that elicit normal EC growth and function 

on these manmade materials.  This is an area of critical interest because ECs are the 

interface between blood and the rest of the body throughout the cardiovascular system.  

Referred to as the intima, the endothelial cell monolayer is on the interior of all blood 

vessels from the largest artery to the smallest capillary.  Dysfunction of the intima leads 

to the development of occlusions that reduce or eliminate blood flow or the formation of 

small clots that break free and form emboli.  A number of clinical procedures exist to 

correct these conditions including drugs that dissolve clots and plaques, endovascular 

techniques that use angioplasty balloons and stents to reopen and maintain patent vessels 

and bypass grafts that circumvent damaged areas.  The research presented in this 

dissertation has direct application to maintaining the patency of these stents and bypass 

grafts. 

The ability to elicit and control normal EC growth on manmade materials is 

imperative because current stents and bypass grafts fail after a period of time due to the 

failure to form or maintain an endothelium.  Autologous vein grafts have a viable 

endothelial cell layer but eventually fail in the arterial circulation due to formation of a 

new occlusion or mechanical failure, such as an aneurysm, at the higher arterial 

pressures.  Stents and artificial vascular grafts fail to form an EC monolayer at all leaving 
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metal and plastic as the long-term blood contacting surface.  Extensive research has been 

conducted trying to improve small diameter vascular grafts ranging from entirely 

synthetic to entirely tissue engineered biological replacements.  Unfortunately, there has 

yet to be any successful designs that have proven safe and effective for clinical use.  

Therefore, it becomes critical to determine why human tissues, and specifically ECs, fail 

to attach and proliferate on artificial graft surfaces.   

To produce a synthetic surface that will promote tissue regeneration of a functional 

EC monolayer in vitro or in vivo requires the engineering of a biomimetic interface.  It is 

theorized that this may be achieved by fabricating a surface that resembles the basement 

membrane that ECs are supported by in blood vessels.  Specifically, this will require 

topography that orients cells and chemistry that provides anchor points for adhesion.  A 

combination of fabrication techniques can be used to engineer the graft surface on the 

cellular level.  Designing micrometer scale topographical features to direct cell growth 

has become commonplace using micromolding techniques adapted from the 

microelectronics industry.  A related method known as microcontact printing (µCP) can 

be used to add chemical functionality to a surface in specific well-defined patterns.  

Combining these techniques results in a system for controlling cell behavior and can be 

used in conjunction with tailored mechanical properties to replicate a natural extracellular 

matrix (ECM).   

In addition to building a biomimetic surface to support EC monolayer growth, there 

needs to be a valid technique to evaluate how ECs are in fact responding to the manmade 

substrate.  Recent advances in scanning probe microscopy, and particularly the subset of 

techniques known as atomic force microscopy (AFM), provide the ability to examine 
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biological systems on the micrometer and nanometer scale and determine mechanical and 

chemical properties of the biointerface.  Studies have demonstrated the ability to 

determine the elastic modulus and topography of living cells and synthetic surfaces in 

simulated physiologic fluids.  The capability of the AFM has been expanded to map the 

location of specific cell surface receptors on the membrane and to quantify the binding 

force to the complementary ligand grafted to the AFM tip [1].  This technique allows the 

cellular response to a synthetic surface to be evaluated and compared to the cell as it 

exists in its natural state in vivo.  While the AFM can be used to evaluate cellular 

response, it is proposed that a unique approach to design and fabrication of a small 

diameter vascular graft by evaluating EC response is found in combining the AFM based 

techniques with the microtopographical and chemical surface modification methods. 

 The research proposed here is not intended to solve the small diameter artificial 

vascular graft problem in one fell swoop.  Rather, it is aimed at attacking the problem 

from a new angle using a combination of techniques rarely combined in the same project. 

As a brief outline, a combination of electron, immunofluorescent and atomic force 

microscopy will be used to quantify the morphology, density and mechanical properties 

of ECs in fresh porcine pulmonary artery.  This will be used as a basis to determine how 

ECs cultured on microengineered surface in vitro compare to the in vivo state.  Then, the 

basic topographical and mechanical properties of the polystyrene (PS) and 

polydimethylsiloxane elastomer (PDMSe) used as cell culture substrates will be 

evaluated.  This will be followed by an in depth evaluation of EC growth on PDMSe and 

PS  surfaces engineered with microtopographies and/or micropatterned fibronectin (FN).  

The ECs will be immunofluorescent labeled to identify the cell nuclei, actin cytoskeleton 

  



5 

and focal contact adhesions.  Digital images captured on an epifluorescent microscope 

will be analyzed using image processing software to determine cell density, spreading, 

cell area and focal contact adhesions per cell as a function of culture substrate and 

incubation time (4, 7 or 14 days).  Then, AFM will be used to find the variation in 

morphology and mechanical properties of ECs on the basic substrates.  This will be 

followed by an advanced AFM technique that probes for the expression of membrane 

receptors (P-selectin in this example).  The location of these receptors on the cell surface 

will be mapped and the receptor-ligand binding force to a ligand functionalized AFM tip 

will be calculated.  Tying all this together will be a unified picture of how 

microengineered surfaces can be used to grow an EC monolayer on an elastomer, how 

the EC properties vary on the different surfaces and the relevance to EC properties found 

from fresh porcine artery.  

 

 

 

 

 

 

 

 

 

  



 

CHAPTER 2 
BACKGROUND 

Introduction 

Engineering an endothelial cell (EC) monolayer requires an in-depth understanding 

of the fundamental issues involved in directing cell adhesion and function.  This includes 

a thorough understanding of the physiology and anatomy of the blood vessels and the 

diseases that lead to dysfunction of the endothelium and underlying basement membrane.  

To design a surface intended to be used in small diameter vascular grafts, it is also 

necessary to review existing artificial vascular grafts and advantages and disadvantages 

associated with each type.  Once a design is realized, the fabrication techniques must be 

fully understood and optimized to ensure the designs are successfully transferred to a 

functional device.  Finally, the techniques used to evaluate the microengineered surfaces 

and EC growth must provide an in vitro model that is relevant to the in vivo performance 

in order to understand and improve the device. 

Anatomy of a Blood Vessel 

 Blood vessels are composed of three layers known as the tunica intima, tunica 

media and tunica adventitia (figure 2-1) [2].  The intima is composed of a monolayer of 

ECs supported by an extracellular matrix known as the basement membrane or basal 

lamina membrane.  This intimal layer is the lumen of the blood vessel and acts as the 

interface between the blood and the rest of the body.  It moderates hemodynamics, 

clotting and mass transport of nutrients and waste into and out of the blood.  The media is 

composed of smooth muscle cells along with elastin.  This layer is responsible for elastic 
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and contractile properties of the vessel.  The compliance and constrictive properties of 

artery during pulsatile flow are due to SMC contraction and the elastic properties of the 

elastin layer.  Also present in the media is collagen that acts as a structural reinforcement 

to prevent excessive dilation of the blood vessel. The third layer is the adventitia and is 

composed mostly of fibroblasts and loose connective tissue.  This layer provides a 

vascular bed to supply nutrients to the tissue of larger blood vessels and is absent for 

small vessels where diffusion can maintain cell viability.  
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Figure 2-1.  Anatomical structure of the blood vessel wall.  (A) An illustration of the 
different tissue and extracellular matrix types.  (B) In this optical micrograph, 
elastic tissue is colored deep purple, collagen is pale pink and cytoplasm (i
smooth muscle and nerve) is purple.  Note the distribution of elastin in the 
wall of this artery.  A continuous sheet of elastin comprises the internal elasti
lamina (white highlight in image at right).  Scattered elastic fibers character
the adventitia.  The intima consists of little more than endothelium, barely 
visible between the internal elastic lamina and the lumen 
(http://www.siumed.edu/~dking2/crr/images/CR023b.jpg).   
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Figure 2-2. Fluorescent micrographs actin filaments and other cell components.  (A) 
Confocal fluorescence microscopy using a thin specimen: bovine pulmonary 
artery ECs, triple stained with BODIPY FL-labelled tubulin antibody, Texas 
Red -X phalloidin staining the actin filaments and DAPI staining the 
chromosomes in the nucleus (not visible) 
(http://www.brc.cornell.edu/brcinfo/mif/Gallery/2color.jpg).  (B) Pulmonary 
artery smooth muscle cells labelled for monomeric G-actin (green) and F-actin 
(red) (http://www.ucl.ac.uk/medicine/bhflabs/fluroimages/Image-1.gif). 

BA 

 

Cardiovascular Disease Linked to Endothelial Cell Dysfunction 

A number of cardiovascular diseases result from dysfunction of the EC layer and 

subsequent occlusion or clot formation.  ECs (figure 2-2A) are rounded and well spread 

cells with a developed actin cytoskeleton.  Because these cells are in the blood stream 

they are designed to exist in a state of constant shear flow, which is needed to prevent 

clot formation on the surface.  Furthermore, the ECs normally produce chemokines like 

nitrous oxide (NO) and antithrombin that act as anticoagulants and maintain normal 

physiologic blood flow [3].  When the EC layer is disrupted, a number of problems occur.  

In atherosclerosis, fatty deposits called plaques develop on the interior of the blood vessel 

at tears of gaps in the endothelium.  As these plaques grow a number of problems occur 

as the ECs fail to cover the deposit.  The primary issue is occlusion of the blood vessel 

from undamaged (figure 2-3A) to mostly occluded (figure 2-3B).  As the plaques grow 
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they become progressively harder causing a high modulus mechanical mismatch between 

the plaque filled region and the surrounding vessel.  This can lead to both rupture of the 

blood vessel and excessive smooth muscle cell growth that further occludes the blood 

flow.  In addition to restricted blood flow, the plaque and fatty deposit surface may be 

thrombogenic producing clot formation and occlusion.  In some situations, these clots 

may break free and form emboli in the blood stream resulting in subsequent stroke or 

heart attack.   

When blood vessels do become occluded, surgical intervention is routinely needed 

to reopen them.  In coronary artery disease, the coronary artery becomes blocked 

preventing the heart itself from receiving adequate blood supply (figure 2-3C).  

Endovascular techniques use a catheter that enters the body through the femoral artery at 

a groin incision and snakes through the body.  Typically angioplasty is performed where 

the restricted section of the artery is expanded using a balloon.  Often, a stent is also 

placed in the blocked area serving as a cylindrical metal cage that physically holds the 

vessel open.  Though initially successful, reocclusion is common due to a relapse of the 

initial disease state.  In the stented area the endothelium is damaged or missing due to the 

original atherosclerosis or the physical trauma caused by the balloon angioplasty and 

stent placement.  The smooth muscle cells typically begin to grow thickening the 

neointima until occlusion occurs.  This process known as intimal hyperplasia is due to a 

missing endothelium and the compliance mismatch caused by the metal stent.  Intimal 

hyperplasia also occurs at the anastomosis between natural vessels due to the stiff sutures 

and at the junctions between natural vessel and artificial vascular grafts.  The best 

solution to a blocked artery is to attach another vessel that circumvents the damaged area 
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(figure 2-3D).  This is done using the internal mammary artery or removing sections of 

the saphenous vein from the leg and using it to run from the aorta to regions of the 

coronary artery distal to the blockage.  Unfortunately, many people do not have good 

veins or have already used them in a previous bypass procedure.  While artificial vascular 

grafts made of polyethylene terephthalate (PET) and expanded-polytetrafluoroethylene 

(ePTFE) work well at large diameters for abdominal aortic aneurysm and similar 

applications, they fail at smaller diameters.  This is due to a highly thrombogenic surface 

that passivates through formation of an adherent clot layer.  At larger diameters, this is 

not an issue because the high shear flow rates prevent excessive thickening.  However, 

smaller vessels have lower shear rates and, combined with a failure to re-endothelialize, 

leads to occlusion from clotting and intimal hyperplasia.  Clearly, an artificial graft that 

remains patent at small diameters of ≤ 6 mm in diameter is needed.  In addition to 

coronary artery bypass grafts, small diameter artificial vascular grafts are need for below 

the knee surgery to prevent the loss of limbs.    

In the initial disease and subsequent surgical interventions, gaps in the endothelial 

or its failure to regenerate leads to vessel occlusion.  The need to elicit normal ECs 

function on natural and artificial vascular grafts and stents is obvious but difficult to 

achieve.  That is the goal of this research and, to understand why, it is necessary to look 

at how and why current graft designs and surface engineering techniques fail. 
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Figure 2-3. Examples of cardiovascular disease resulting from dysfunction of the 
endothelium.  (A) A normal artery.  (B) An artery that is narrowed due tofatty 
deposits. (C) Example of a blockage in a coronary artery.  (D) Example of 
mammary artery and saphenous vein being used as grafts in coronary artery 
bypass graft surgery.  Images from: A and B the Internet Pathology 
Laboratory for Medical Education: Florida State University College of 
Medicine, C the www.merck.com/pubs/mmanual_home/illus/i27_1.gif 
website and D the http://www.learnaboutbypass.com/images/bypass.gif 
website.  

DC 

 

Vascular Grafts – Natural, Synthetic and Tissue Engineered Replacements 

In cardiovascular disease, the frequent treatment for many conditions is the 

resection of the damaged tissue and replacement with an artificial vascular graft.  These 

grafts are made primarily from PET (Dacron) or ePTFE (Teflon) tubes ranging in size 

from 8 to 30 mm in diameter.  Artificial grafts have proven to be successful at diameters 

larger than 6 mm in diameter and remain patent for upwards of 10 years.  Unfortunately, 
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as the vessel diameter decreases in size the rate of complications increases.  The 

problems extend beyond known surgical risks such as infection and excessive bleeding.  

An example is the seal between the native vessel and the replacement artificial graft.  The 

anastomosis in artificial graft placement is characterized by a significant disruption in the 

mechanics of the vessel wall, the blood flow dynamics and the native biological 

environment.   

Analysis of Current Vascular Grafts 

Artificial vascular grafts have had a long and successful history as viable 

replacements for diseased and damaged blood vessels.  The two materials that currently 

have FDA approval are Dacron and Teflon woven and knitted grafts for aortic, 

pulmonary and other large caliber vessels.  While these grafts work well at large 

diameters, they have extremely poor patency at or below 6 mm in diameter.  There are a 

multitude of underlying reasons for the high rate of occlusion, but the main cause is 

neointimal hyperplasia, or excessive growth of smooth muscle cells (SMCs).  As 

discussed, mechanical mismatch between natural and artificial vessels creates a region of 

high stress concentration that elicits an adaptive response by the body.  The SMCs at the 

anastomoses respond by growing and thickening the vessel wall, and at small diameters 

blood flow is stopped.  In addition to the mechanical stress, SMCs grow due to poor re-

endothelialization of the lumen, and a lack of chemical cues that maintain quiescent 

SMCs.  From these facts, it is proposed that a functional small diameter vascular graft 

will be able to prevent neointimal hyperplasia and promote re-endothelialization of the 

artificial graft lumen as an anti-thrombogenic surface. 

 This design goal has been recognized by many researchers and a number of small 

diameter vascular grafts have been fabricated and tested both in vitro and in vivo.  The 
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artificial vascular grafts fall into different categories, and for some the term artificial does 

not mean synthetic.  A number of thorough review papers have evaluated the different 

artificial grafts approaches, and there are many strengths and weaknesses to build upon 

[4-6].   

Clinically evaluated grafts for medical procedures such as coronary artery bypass 

grafts (CABG) are either biological or synthetic in origin.  Table 2-1 lists the main types 

of grafts used, their origin and the 5-year patency rates.  As mentioned, the synthetic 

ePTFE and PET grafts have low patency at small diameters with intimal hyperplasia, 

thrombosis and suture aneurysm being the major complications.  Biological grafts are 

much more successful at small diameters and are harvested from different sources.  

Xenografts typically come from cow arteries, but suffer from degeneration and 

calcification when placed in humans.  Furthermore, there exists a risk of disease 

transmission between species (the possibility of which has been demonstrated with mad 

cow’s disease).  Allografts are typically harvested from cadavers and organ donors and 

include both vein and artery grafts.  Due to cryopreservation methods and host immune 

response, these grafts also fail due to degeneration, calcification and poor healing.  

Autografts are currently the best grafts and are widely used for CABG and other small 

diameter graft procedures.  Because they are from the host and are used immediately after 

harvesting, these grafts due not suffer from degeneration, calcification or long-term 

chronic immune response.  Arterial grafts show a ~95% 5-year patency thus representing 

the design goal of any artificial vascular graft.  Due to limited supply of artery, vein 

grafts are more commonly used but suffer from intimal hyperplasia due to compliance 

mismatch and break down from an inability to remodel to the higher pressure when 
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placed in arterial circulation.  The main problem with autografts is the limited supply, and 

this is the reason an artificial graft is needed for patients that can not provide arterial or 

venous autografts.   

  

Table 2-1. Types of small caliber vascular grafts and their performance (adapted from 
Teebken and Haverich) [4]. 

 Autograft 
Vein 

Autograft 
Artery 

Allograft 
Different 
Sources 

Xenograft 
Different 
Sources 

Prosthesis 
Plastic 

Examples Great 
saphenous 
vein, arm 
veins, popliteal 
veins, 
superficial 
femoral vein 

Internal and 
external iliac 
artery, 
superficial 
femoral 
artery, 
internal 
thoracic 
artery 

Artery, great 
saphenous vein, 
umbilical vein, 
cryopreserved 
vein segments 

Bovine 
carotid/internal 
thoracic artery 

Dacron and 
ePTFE 

Availability Limited; 
diameter <1 to 
>6 mm 

Very limited; 
diameter <1 
to >8 mm 

Limited/good; 
diameter 4-6 
mm 

Good; diameter 
4-8 mm 

Very good; 
diameter 6 to 
>30 mm 

Long-term 
results 

Complete 
healing, 
degeneration 
and aneurysms 
are rare, 
intimal 
hyperplasia 

Very good No complete 
healing, 
degenerative 
disease; 
calcifications; 
transmission of 
disease 

Degeneration, 
calcifications, 
intimal 
hyperplasia; 
transmission of 
disease 

Intimal 
hyperplasia, 
thrombosis, 
obstruction, 
suture 
aneurysms 

5-year 
Patency 

~75% (great 
saphenous 
vein); ~65% 
(arm veins) 

~95% ~60% 
(umbilical vein) 

~59% (bovine 
xenografts) 

~40% 
(ePTFE); 
~80% (EC 
seeded) 
ePTFE) 

Compliance 
Mismatch 

Favorable Favorable Less favorable Less favorable Unfavorable 

 

 Rather than using the limited supply of autologous vein and artery, many 

researchers have investigated the use of other tissues and cells for rebuilding blood 

vessels [4].  Harvested biological materials include pericardium, cutis, fascia, 

peritoneum, small intestine, ureter, diaphragm, subcutis, cutis and various allogenic and 

xenogenic decellularized arteries.  While these grafts have seen varying degrees of 

  



15 

success, they all fail due to poor adaptation to the mechanical stress of arterial circulation 

and poor healing.    

Instead of adapting mature tissues for use as vascular grafts, cells can be used to 

buildup the grafts in a process termed tissue engineering.  There is a lot of potential to 

this process and it has already achieved impressive results in laboratory settings.  A tissue 

engineered blood vessel (TEBV) uses in vitro cell culture techniques to build up an 

intima composed of ECs, a media composed of smooth muscle cells and an adventitia 

composed of fibroblasts.  Different bioreactor designs build the layers separately and then 

combine them or construct all three layers simultaneously [7-9].   These TEBVs have 

equivalent mechanical properties to natural artery because the media and adventitia 

produce collagen and elastin.  Also, they are non-thrombogenic because of the well 

formed EC layer that produces characteristic markers such as von Willebrand factor and 

anti-thrombin.  Despite these excellent properties, these TEBVs are disadvantageous 

because of their biological nature.  The only way to prevent immunogenic response is to 

use autologous cells, and use of autologous cells requires harvesting, in vitro expansion 

and culture in bioreactors for at least 2 to 3 months [7, 9].  Thus, TEBVs are not 

appropriate for acute applications reinforcing the need for a suitable small diameter 

artificial vascular graft with no biological antigens to trigger the immune system. 

The Mechanics of the Cardiovascular System and Vascular Grafts 

 In the context of the cardiovascular system, one needs to address both the 

mechanics of the vasculature and the fluid dynamics of the blood to ensure proper 

biological function.  Therefore, when engineering a device it is necessary to understand 

the forces that will be encountered and to select the appropriate materials to withstand 

those stresses.  All FDA approved artificial grafts are based on PET or ePTFE, both of 
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which are glassy polymers at ambient and physiologic temperatures.  As such, they due 

not match the viscoelastic mechanical properties of natural tissue.  This is thought to be 

one reason that artificial graft patency is severely reduced at smaller diameters.  

Conversely, autologous vein grafts demonstrate excellent patency even at very small 

diameters.  Vein grafts however still fail due to poor remodeling to higher arterial 

pressures overtime leading to arteriosclerotic plaques and eventually occlusion.  If an 

artificial graft can match the patency rates of vein grafts, then it will be deemed an 

incredible success, if it can improve on the patency rates even further then it will be a 

medical breakthrough.  To that end, it is critical that a thorough understanding of 

mechanics of the cardiovascular system, and specifically small diameter arteries and 

blood flow through them, be achieved. 

Current artificial vascular grafts are composed of a woven or knit fabric in the case 

of Dacron or a continuous, porous tube in the case of Teflon.  The materials are in a 

glassy polymer state with a relatively high elastic moduli of ~1 GPa.  Artificial grafts 

have minimal compliance and are the main contributing factor to the drastic change in the 

vessel wall mechanical properties.  In addition, the sutures connecting the artificial graft 

to the natural vessel also contribute to the compliance mismatch and act as stress 

concentration points at the anastomotic line.  The change in mechanical properties at the 

anastomosis is thought to be one cause of intimal hyperplasia.   The mechanical 

properties of the natural artery or vein are quite different from that of the Dacron or 

Teflon found in artificial grafts.  There are differences in mechanical properties between 

veins and arteries as well.  Arterial pressure is higher and therefore the elastic modulus is 
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higher than for veins.   This translates to a thicker and stronger media in arteries.  This 

structure is quite different from that found in artificial grafts.  

B A 

Figure 2-4. - Computer models showing the stress concentration due to sutures at (A) 
end-to-side and (B) end-to-end artificial graft to host artery anastomoses [10]. 

 

 The stress concentrations caused by the sutures can be seen in figure 2-4, which is 

a mathematical model of an artificial graft to host artery (A) end-to-side anastomosis and 

(B) end-to-end anastomosis [10].  It is believed that the smooth muscle cells react to these 

concentrated stresses and proliferate as some sort of biological compensation.  At larger 

vessel diameters, the high shear rate of the flowing blood prevents excessive thickening 

and vessel occlusion.  However, at smaller diameters the smooth muscle cells continue to 

grow causing intimal hyperplasia.  The compliance mismatch is evident even when no 

artificial graft is used.  In total natural vessel anastomoses, the compliance mismatch due 

to the sutures alone is significant.  Figure 2-5 shows graphs of (left) the compliance 

coefficient and (right) the elastic modulus along the vessel axis moving from the 

proximal to distal side of the anastomosis.  From these graphs, it is clear that a significant 

discontinuity exists at the anastomotic line, and is believed to contribute to intimal 

hyperplasia [11].     
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BA 

Figure 2-5. Graphs showing the change in compliance in an artery-to-artery anastomosis 
due solely to the applied sutures [11]. 

 

Microscale Patterning of Topography and Chemistry on Surfaces 

 Directing cell growth and function is critical for the successful development of 

tissue engineered scaffolds for both in vivo and in vitro tissue and organ repair.  

Similarly, the coatings and surface treatments of implantable medical devices must be 

incorporated seamlessly into the host or they will be rejected by an acute or chronic 

inflammatory immune response.  To address this issue, engineering the biointerface 

between cells and tissues and synthetic materials has seen a rapid growth in research 

during the past decade.  The current paradigm seeks to engineer the biomaterial to 

incorporate seamlessly into the physicochemical properties of the host tissue and to meet 

the metabolic requirements of specific cell types.  This includes controlling the 

topography, chemistry, surface energy and mechanical properties of the biomaterial 

surface.   

The ability to add topography and chemistry to surfaces has expanded in the last 

decade.  Using photolithographic methods adapted from the microelectronics industry, 

both chemistry and topography can be added to polymer surfaces at the micrometer and 

nanometer scale in complex spatial arrangements.  For example, topography is added to 
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polydimethylsiloxane elastomer (PDMSe) by photolithographically patterning a silicon 

wafer and curing the polymer against it [12, 13].  This technique may be used with other 

polymers directly or using the PDMSe negative as a mold.  These PDMSe molds have 

been pioneered by Whitesides et al as microfluidic devices for pattering surface using 

protein solutions [14-23].  The microfluidic devices can be used for patterning, precise 

mixing of biologic fluids, cell culture or any combination there of.  Similar to the 

microfluidic process is using patterned PDMSe substrates to stamp other surfaces using 

micro-contact printing [24, 25].  Whitesides has also introduced a number of microlens 

array techniques that allow the rapid prototyping of new microtopography and 

microfluidic system designs [26].  Another approach that looks promising is the 

adaptation of standard inkjet printers to use protein solutions instead of standard inks [27-

29].  Careful tuning of solution properties allows a simple CAD program to design and 

then print complex protein patterns on polymer sheets.  These techniques combine to 

allow a wide array of methods for topographical and chemical surface patterning, all of 

which can be done inexpensively in a laboratory setting. 

The study of defined patterns of topography have stemmed from observations that 

roughness of a biomaterial surfaces influences cell and tissue response.  Cells also been 

shown to move along well defined topographical features, and drastically change their 

morphology in response to this texture [30-35].  Clark et al found cell response to a 

single 5 µm step that groove depth increased cell alignment substrata of varying widths 

and depths (4 to 24 µm repeat width, 0.2 to 1.9 µm depth) [36, 37].  Astroglial cells 

showed preferential adhesion to pillars and wells on the scale of 0.5 to 2.0 µm in width 

and 1.0 µm in height [38].  Walboomers and Jansen used rat dermal fibroblasts on 

  



20 

polystyrene, polylactic acid, silicone, and titanium coated polystyrene substrates to show 

that the microtextures influence cell guidance, while surface chemistry influences 

morphology [34].  Porcine vascular ECs can be polarized by 5 mm wide, 5 mm tall ridges 

(figure 2-6 parts A and B) as well as and 5 mm pillars can be used to decrease cell 

spreading (figure 2-6B) [39].  From these studies it is clear that the height, width and 

spacing of micrometer scale topographic features greatly affect cell growth and function.   

Figure 2-6.  Optical microscopy of stained PVECs on a textured RFGD treated siloxane 
elastomer substrate.  (A) smooth and 5mm high, 1000 mm long textured 
ridges (10X), (B) 5 mm high textured pillars (10X), (C) smooth and 5mm 
high, 60 mm long textured ridges (10X) [39].  

 

In addition to topography, surface chemistry appears to play a large role in the field 

of contact guidance for controlling cell proliferation and metabolism.  Cells will exhibit a 

preference to hydrophilic areas of patterned cellulose acetate and palladium metal 

surfaces [40].  Similarly, patterns of alternating hydrophobic dimethyl-trichlorosilane 

groups with aminosilane groups on glass slides cause cells to preferentially adhere to the 

hydrophilic areas [41, 42].  Biomedical polymers are modified with gas plasmas to 

increase hydrophilicity or to graft specific proteins and polymers to the surface [43, 44].  

The size of chemical patterns can also influence cell death with a dependence of pattern 

area on the percentage of apoptosis in bovine and human ECs (figure 2-7) [45].  In 
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addition, fibronectin patterns can be used to direct the formation of focal adhesions to 

surfaces using techniques similar to that employed in the research to be presented (figure 

2-8) [46].  

 Figure 2-7.  Effect of spreading on cell growth and apoptosis in bovine (A) and human 
(B) endothelial cells. Percentage of cells undergoing apoptosis or DNA 
synthesis were plotted as a function of projected cell area. Apoptosis was 
measured 24 h after plating. DNA synthesis detected by the incorporation of 
BrdU either over the first 24 h after plating (A) or between 20 and 24 h after 
plating, during S-phase (B) [45].  

 

Atomic Force Microscopy and Its Application to Biological Systems 

The traditional role of the AFM has been to measure the topography of surfaces 

with near atomic resolution.  A standard AFM setup is shown in figure 2-9.  A wide 

variety of materials have been imaged including metals, ceramics, polymers and 

biological systems.  Depending on the material and microscope setup, morphology, grain 

structure, phase structure, electronic structure, magnetic structure, conductivity and 

mechanical properties may be determined on the nanometer and micrometer scale [47].  

There are a number of imaging modalities that can be used depending on material type, 
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Figure 2-8. Focal adhesion formation increases as cell spreading is promoted. (A) 
Diagrams of adhesive patterns (left), phase contrast images of cells (middle), 
and immunofluorescence images of vinculin in a series of micropatterned 
substrates where single cells can spread across multiple, small adhesive 
islands.  The bottom row shows a cell on an unpatterned FN substrate. Scale 
bars indicate 10 µm in length. (B) Quantitation of total contact area of FN per 
cell (ECM per cell), projected cell area (cell spreading), and amount of 
vinculin per cell on three different micropatterned substrates containing 3, 5, 
or 10 µm circular islands. (C) Quantitation of total vinculin and 
phosphotyrosine per cell plotted against projected area of cells for cells 
cultured on many different micropatterned geometries, including squares, 
circles, lines, and unpatterned substrates [46]. 

 

but the two most common are tapping mode and contact mode.  Contact mode imaging 

applies constant force to the surface and is in continuous contact.  Tapping mode imaging 

vibrates the cantilever and thus the tip makes intermittent contact with the surface at the 

maximum amplitude of each cycle.  There are advantages and disadvantages to each 
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method that depend on the material being imaged, the tip material and geometry and the 

environment.  For example, to actually achieve atomic resolution requires using contact 

mode in a vacuum with an atomically sharp tip on a hard, relatively flat, sample.  When 

evaluating biomaterials, these criteria are impossible to meet and resolution is on the 

nanometer rather than Angstrom scale.  The real advantage of the AFM is its ability to 

operate in diverse environments.  The best example of this is imaging in liquid 

environments for in vitro and in situ examination of biological systems.   There is also 

another type of imaging called force volume that is used to get topographic data that uses 

a 2-dimensional map of force curves to reconstruct the surface.   

Each cantilever has a specific stiffness that requires a given force to bend it a set 

distance.  This relation is expressed in the familiar Hook’s Law, F = kx, where the force, 

F, is equal to the displacement, x, times a proportionality constant, k.  The constant k is 

referred to as the spring constant.  Typically, when using the AFM, distances are 

expressed in nm, forces in nN and the spring constant in N/m.  The standard AFM contact 

mode tip substrate model D-NP (Digital Instruments, Veeco Metrology Group) in figure 

2-10 is micromachined from silicon nitride with a layer of gold deposited on the backside 

of the cantilever to improve laser beam reflection.  There are four cantilevers on the 

substrate, each with a different overall length and leg width with a corresponding spring 

constant.  It is important to use a cantilever with a spring constant that is sensitive enough 

to measure the surface in question.  AFM cantilevers are available with spring constants 

ranging from less than 0.01 N/m to as high as 100 N/m.  This wide range allows imaging 

of nearly any type of solid material in both tapping and contact modes.  For low Tg 

polymers and cells, the relatively low modulus and softness requires a minimum of forces 
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be used to prevent damage to the surface.  Selecting the appropriate cantilever geometry 

and spring constant is based on both the imaging modality to be used and the anticipated 

modulus of the material.   

Figure 2-9.  Schematic of the Dimension 3100 AFM used for all analyses.  A small probe 
with nanometer radius of curvature is controlled by XYZ piezoelectrics and 
brought dawn to the surface with a stepper motor.  Deflection of the cantilever 
is measured by reflecting a laserbeam off it to a photodetector.  A feedback 
loop controls the piezoelectrics to maintain contact with surface at a specified 
contact force.  A video camera is used to align the laser beam on the cantilever 
and to define where the AFM tip will contact the experimental surface. 
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Controlled Stepper Motors Sample
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Force measurements for elastic modulus are almost always performed using silicon 

nitride (Si3N4) contact mode tips because of the variety of available spring constants.  

Tapping mode tips such as model TESP, (Digital Instruments, Veeco Metrology Group) 

have a tip radius of 5-10 nm and a high cantilever spring constant of 20-100 N/m.  The 
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force from this tip would easily penetrate soft polymeric samples or be blunted by harder 

samples if used in a contact mode.  Both results are unacceptable because plastic 

deformation of either the tip or sample will cause a change in contact area and give 

erroneous data.  The Si3N4 probes have a tip radius of 40 nm and lower spring constant 

that has been shown to work well with polymers such as PDMSe and PS. 

Figure 2-10. Schematic of a silicon nitride substrate  used for contact and force volume 
mode AFM.  Each side has 0.6 µm thick, 100 and 200 µm long V-shaped 
cantilevers on it, with the wider leg and higher spring constant cantilevers on 
the bottom (not drawn to scale) (adapted from [1]). 

AFM Force Curves  

The AFM is used to measure elasticity and adhesion using force curves.  Rather 

than rastering the AFM probe across the surface in an XY plane, the tip is moved only in 

the Z-axis.  The tip is moved from a non-contact region above the surface down into the 

sample until a set tip deflection or depth is reached and then retraces its motion.  All 

measurements are recorded as voltages and then converted to more useful units, such as 

nanometers using conversion factors.  Therefore, the force curve is really a graph 

comparing the voltages obtained from the scanner z-axis position vs. the tip deflection.  

The horizontal axis is the voltage applied to the z piezoelectric as the tip-substrate is 

moved towards the sample.  The vertical axis is the voltage read from the photo detector 

0.12 N/m 

0.06 N/m 

0.68 N/m 

0.32 N/m 
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array recording the position of the laser beam bouncing off the cantilever as the tip makes 

contact with the sample and the cantilever bends. 

Force Curve Anatomy 

It is necessary to understand the anatomy of a standard force curve obtained with 

AFM

 

drawi

 before a more detailed analysis can be done.  Figure 2-11 shows a force curve 

obtained on a PDMSe sample showing the common components of the graph.  The force 

curve records the extension and retraction, more commonly referred to as the trace and 

retrace, of the tip starting from a non-contact position above the surface.  The tip extends 

down into the surface at a defined speed and then retracts after either a set distance or tip 

deflection is reached.  The force curves produced by the Nanoscope IIIa version 5 release 

12 software use white to designate the trace and yellow for the retrace as a convention.   

To illustrate the tip/sample interactions during the force measurements, each

ng in figure 2-12 illustrates the forces acting on the tip and its resulting deflection.  

As the tip begins approaching the surface there are no forces acting on it and the 

cantilever beam has no deflection.  The reflected laser beam is centered in the photo 

detector array.  As the tip gets closer to the surface, forces interacting between the tip and 

the sample become great enough to over come the spring force of the cantilever and the 

tip suddenly jumps into contact with the surface seen in Figure 2-12B.  This causes the 

sudden dip in trace curve seen at point b of figure 2-11.  These attractive forces include 

Vander walls, electrostatic and capillary in air.  As the z piezoelectric continues to move 

the tip substrate towards the sample, the cantilever bend changes from concave down, to 

flat and then to concave up as seen in Figure 2-12B to 2-12D.  This change in cantilever 

bend is seen as the change from a positive slope in the force curve at point b to a negative 

slope in the force curve at point c of figure 2-11.  The area with negative slope is referred 
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to as the contact region and involves both cantilever deflection measured by the photo 

detector and sample deformation (Figure 2-12D).  It is the slope of this region from 

which elastic modulus values are extracted.  The z piezoelectric continues to move down 

until specified distance is traveled or the tip deflection reaches a set value and then 

reverses direction, i.e., retraces.  The retrace is similar to the trace until the tip begins to 

separate from the surface.  As seen in Figure 2-12E, the tip holds on to the surface even 

as the z piezoelectric continues to move away due to adhesive forces.  This is well 

illustrated at point e in Figure 2-11 where the large adhesive force seen for the PDMSe 

extends well below the zero deflection position.  Eventually the spring force of the 

cantilever exceeds the adhesive force between tip and sample and the tip breaks free and 

returns to its resting deflection as seen in 2-12F and at point f, Figure 2-11.   

Figure 2-11. A force curve as output by the Nanoscope version 5 release 12 s

a 
b 

d 

c 

e 

f 

oftware.  
The white line is the extending (trace) movement and the yellow line is the 

a) 

 

retracting (retrace) movement.  The horizontal axis is the z piezoelectric 
position in nm and the vertical axis is tip deflection in nm.  The numbered 
areas correspond to the schematic drawings in figure 2-12 and represent (
noncontact, (b) attractive jump-on, (c) extending linear contact region, (d) 
retracting linear contact region, (e) adhesive pull-off and (f) noncontact 
regions of the force curve.  Force curve from a PDMSe sample (adapted from
[1]). 
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Figure 2-12. Schematic drawing representing the tip and sample interaction during trace 
and retrace seen in the force curve in Figure 2-11.  In each picture the tip 
position and cantilever deflection are seen as well as the laser beam reflecting 
off the back of the tip to the photodetector array.  The arrow in each picture 
represents the direction the z piezoelectric is moving.  The interactions are
noncontact, (B) attractive jump-on, (C) extending linear contact region, (D) 
retracting linear contact region, (E) adhesive pull-off and (F) non-contact 
regions of the force curve (adapted from [1]).   
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Interpretin

The ce and distance are the force 

pical force curves exhibit 

non-s

2-13.  When the AFM tip touches the surface a receptor-

ligand

g Specific Interactions from AFM Force Curves 

basis for detecting the specific interaction for

curves measured by the AFM between the tip and sample.  Ty

pecific interactions characterized by a single adhesion upon retraction from the 

surface.  The cause of this non-specific adhesion is a combination of electrostatic and van 

der Waals interactions, capillary forces and molecular entanglements.  Specific 

interactions are due to chemical bonding between the tip and sample and these bonds 

must be ruptured in order to retract from the surface.  Proper functionalization of the tip 

and surface allow the mechanics and binding between single molecules to be examined 

and has been demonstrated for DNA strands, Avidin to Biotin, antigen to antibody and 

PSGL-1 to P-selectin interactions [48-61].   These papers provide the basic methodology 

for interpreting the adhesion events seen in the retrace portion of the force curve and 

analyzing them appropriately.   

The basis of the adhesion events is the uncoiling and rupture of single molecules 

interactions as shown in Figure 

 bind forms and is compressed on the surface as the proteins adopt a globular form.  

As the tip retracts a stress is applied to the complex and the protein chains begin to 

unravel through low-energy rotations about the carbon backbone and scission of intra-

chain bonds.  When the chains are fully unraveled the high-energy covalent bonds 

between backbone carbon atoms is stressed causing the weak point, the specific receptor-

ligand bond formed through hydrogen bonding, to fail.  This bond rupture occurs for each 

receptor-ligand pair and a single or multiple bonds may fail at one time depending on the 

interaction geometry.  These force measurements are replicated hundreds of times across 
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the cell surface and then statistically analyzed to find the force and distance of the 

interaction. 

Figure 2-13.  Illustration of a receptor-ligand pair as it stretches and ruptures.  The 
receptor-ligand pair begins in a compressed state with the protein in a globular 

he C-

 

Receptor-Ligand is Compressed

Molecules Unravel 

C-C-C Backbone is Stretched

Bond Rupture

Receptor-Ligand is Compressed

Molecules Unravel 

C-C-C Backbone is Stretched

Bond Rupture

form.  As the pair is stretched the protein on ravels until it is taught and t
C-C backbone is stretched.  Upon reaching a critical force, the specific 
interaction ruptures and the extended proteins collapse back down to a 
globular form (adapted from [1]). 

  



 

CHAPTER 3 
ULTRASTRUCTURAL ANALYSIS OF PORCINE PULMONARY ARTERY 

Introduction 

To engineer a monolayer of endothelial cells as a blood contacting surface in 

artificial vascular grafts it is imperative to understand the properties of the endothelial 

cell lumen in vivo.  The properties that are important constitute the complete metabolic 

and structural makeup of the cells.  Morphology, mechanical properties, contact 

inhibition and expression of specific cell surface markers are used as gross indicators of 

endothelial cell function.  These properties are also important in understanding a wide 

array of vascular related pathologies including arteriosclerosis, aneurysm, emboli and 

occlusions.   

Materials and Methods 

Harvesting Porcine Pulmonary Artery 

Porcine pulmonary artery was harvested and prepared for analysis using a 

combination of analytical techniques.  The protocol is based on that used by Dr. Block’s 

(VA Hospital, Gainesville, FL) group for harvesting of primary porcine pulmonary 

vascular endothelial cells (personal communication).  Adult pigs were slaughtered by Mr. 

Sanford in Trenton, FL.  The pigs were sacrificed and then slaughtered for use in the 

meat industry.  When the heart and surrounding tissue was removed from the pig, 

typically 30-40 minutes after the pig was killed, the required tissue was excised.  As 

illustrated in figure 3-1, the pulmonary artery was identified and cut away from the heart 

and surrounding connective tissue.  The inflow direction of the artery was marked on the 

31 
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outside of the vessel using a permanent marker.  The artery section was then repeatedly 

washed with phosphate buffered saline solution (PBS) to remove any blood and then 

stored in formalin (10% formaldehyde in PBS), PBS or RPMI 1640 media (Sigma).  

Once stored in the appropriate solution, the samples were transported back to the 

University of Florida in a cooler on ice. 

Figure 3-1.  This is an example of a porcine heart where the pulmonary artery is labeled 
as the pulmonary trunk.  The pulmonary artery can be seen originating from 
the right ventricle and would terminate at the lungs if they were still attached. 
(http://science.tjc.edu/images/fresh_heart_specimen/ant-labeled.jpg)  

 

Smaller tissue sections were cut from the resected artery for AFM and SEM 

analysis.  To look at the vessel lumen, longitudinal strips were cut from the vessel wall 

using a scalpel and a pair of tweezers to stabilize the tissue during cutting (Figure 3-2).  

The strips were ~2 cm long and 0.5 to 1 cm wide with long axis parallel to the length of 

the artery.  The inflow direction was marked with a small spot of indelible ink on the 
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adventitia side.  To look at the composition of the arterial wall, cross-sectional rings ~3 

mm wide were cut with a scalpel and glued down to SEM stubs.   

Glue on SEM stub or 
in Petri dish for AFM 

Mark inflow 
direction with 
indelible ink 

Cut longitudinal 
strip from artery 

Figure 3-2.  A schematic of the way strips of tissue are cut from the artery, marked for 
blood flow direction and glued to a substrate for AFM or SEM analysis. 

 

Scanning Electron Microscopy of Porcine Artery 

Tissue samples were directly analyzed with SEM.  Fixed samples were trimmed to 

the desired shape and dehydrated using an ethanol series.  In detail, samples were 

removed from the fixative and placed in PBS, 70% ethanol and 95% ethanol for 15 

minutes each.  Samples were then placed in 100% ethanol overnight and dried in 

desiccator at 37ºC for 4 hours.  After drying samples were mounted on SEM stubs, coated 

with Au/Pd for 3 minutes and imaged on a Jeol 6400 SEM equipped with an Oxford ISIS 

image capture system.  

Fluorescent Microscopy 

Fixed sections of porcine pulmonary artery were stained in order to visualize the 

morphology of the endothelial cell layer.  Sections approximately 5x5 mm in size were 

 



34 

super glued in the center of a 35 mm diameter Petri dish with the lumen facing up.  The 

Petri dishes were then filled with PBS and the cells were stained.   .  For epifluorescent 

microscopy, cells were stained in a PBS solution of 4',6-Diamidino-2-phenylindole 

(DAPI) at a concentration of 330:1 to visualize the cell nuclei.  Concurrently, to visualize 

the actin cytoskeleton cell were also stained with phalloidin-TRITC at a concentration of 

5 µM for 12 hours in an incubator at 37°C.  Both types of fluorescent stains were imaged 

on a Zeiss Axioplan 2 microscope using the appropriate epifluorescent filters.  Images 

were acquired using an Axiocam 11 megapixel digital camera (Zeiss) at a resolution of 

3900x3090 pixels using Axiovision 3.1 software.   

Optical Image Processing 

Images were post processed using ImageJ v1.31 (NIH) to enhance 

brightness/contrast and count cells.  ImageJ is an open source software product sponsored 

by the NIH and written in Java so it will run on Windows, Macintosh and Linux 

platforms; it is available for download at http://rsb.info.nih.gov/ij/.  Microscope images 

captured at 3900x3090 pixels were opened in ImageJ and contrast/brightness enhanced to 

make the nuclei as clearly visible as possible.  Due to the curved surface of the arterial 

wall and the microscopes depth of field, the entire image was not focused.  The center of 

the image was always adjusted to be in focus and the surrounding out of focus areas were 

cropped out.  Within this cropped area, 5 to 8 separate regions of interest (ROI) were 

examined in order to best view the cell nuclei.  Each ROI was further enhanced by 

adjusting the brightness and contrast and using the sharpen filter to accentuate the edges 

of the nuclei.  Nuclei were counted using the cell counter plugin for ImageJ by manually 

clicking on each nucleus in the ROI and recording the number of nuclei.  The average 
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area occupied by each cell was calculated by dividing the total area of the ROI by the 

number of nuclei counted in the same region (equation 3-1).  This process is summarized 

in figure 3-3 where the images as processed in ImageJ are displayed including the cell 

counter and results windows.   

Equation 3-1  
image areacell area

number of nuclei
=  

Figure 3-3.  An example of the methodology used to examine fluorescent images of the 
stained cell nuclei in fixed porcine artery.  The well illuminated area is 
cropped and then small regions of interest (ROI) are examined.  Each ROI is 
contrast and brightness enhanced, filtered to enhance nuclei edges and then 
the nuclei are hand counted.  ImageJ tracks each tagged nucleus providing 
total number upon completion. 

Atomic Force Microscopy of Porcine Artery 

All scanning was performed on a Dimension 3100 AFM (Veeco Metrology) 

equipped with a Nanoscope IIIa controller and version 5.12r3 software.  Imaging was 

performed in Hanks balanced salt solution (HBSS) using a liquid tip holder.  For all 

imaging modes, 200 µm long and thin silicon nitride cantilevers (Veeco Metrology) with 

 



36 

0.06 N/m spring constant were used.  Contact mode was used to determine surface 

topography and force volume mode was used to map the mechanical properties.   

Mounting the tissue samples 

Porcine pulmonary artery was analyzed in small sections by atomic force 

microscopy (AFM) to determine the morphology and mechanical properties of the lumen.  

Pieces were cut from the artery wall with an approximate area of 1 to 2 cm2 and 

transferred to a tissue holder in a 35 mm diameter Petri dish.  This modified Petri dish 

had a short metal wire in the bottom bent in to a ‘C’ shape and epoxied to the dish in the 

middle.  The tissue samples were placed under the free ends of the wire and clipped into 

place along the edges leaving nearly the entire lumen of the artery wall exposed face-up 

in the middle of the Petri dish.  The Petri dish was then filled with HBSS so the liquid 

extended ~2 mm above the lumen.  The Petri dish was placed in the AFM stage and held 

in place using double-sided scotch tape.   

17.5 mmBA 

Figure 3-4.  Photographs of the AFM experimental setup used to analyze fresh and fixed 
sections of porcine pulmonary artery.  (A) The Petri dish containing the 
section of artery is taped to the AFM stage and the scanner is then lowered 
directly into the fluid until the tissue is contacted.  (B) A close-up of the 35 
mm diameter Petri dish showing the section of artery flattened against the 
bottom and held in place using a metal clip. 
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Examining topography in contact mode 

Examination of the porcine artery in contact mode AFM required a number of 

special imaging parameters.  This was due to the unique problems associated with 

imaging a section of tissue versus cells grown and immobilized on a standardized 

substrate such as glass or polystyrene culture dishes.  The luminal surface of the artery is 

a nondescript white and is not easily focused on using the AFM optical alignment system.  

There are two methods that may be used to focus the surface, which is needed to properly 

align the AFM tip before it can be engaged.  One option is to focus on the edge of the 

tissue section where the discontinuity between the tissue and the surrounding liquid 

media can be resolved.  The other option is to quickly drain the liquid from the Petri dish, 

use a black indelible ink marker to put a spot in a region of the surface that will not be 

examined, and then quickly rehydrate the sample.  This procedure takes less than 15 

seconds and the black spot made by the marker is easily focused on.  Once the luminal 

surface is focused on, the AFM can be engaged in standard contact mode.   

Contact force between the AFM probe and artery was minimized by setting the 

deflection setpoint at, or 0.1 to 0.5 volts below, the noncontact deflection position.  Scan 

rates are kept low to prevent damage to the tissue with maximum scan rates dependent on 

the chosen scan size (Table 3-1).  The scan speed is given as  

Equation 3-1   scan speed = 2*(scan size)*(scan rate)

and never exceeds 100 µm/s.   

The main issue when examining tissue samples and other non-flat substrates by 

AFM is the maximum change in the Z-axis that occurs during an XY scan.  While the 

lumen is quite flat at the scan sizes used in these experiments, it is not possible to ensure 
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that the lumen surface is in a plane completely orthogonal to the AFM tip.  As such, the 

lumen surface will have some tilt resulting from the natural curvature of the vessel and 

the way it sits in the Petri dish tissue mount.  This tilt can be automatically corrected 

using standard flattening algorithms built in to the AFM analysis software.  However, 

when this tilt exceeds the maximum Z-axis range of the AFM, the piezoelectrics max out 

and the AFM can no longer track the surface.   

The maximum Z-axis range of the Dimension 3100 AFM used in these experiments 

is 6.14 µm, and this was constantly exceeded when imaging the porcine artery at scan 

sizes greater than 10 µm.  To compensate for this, the Z-axis stepper motor was used to 

move the entire scan head up or down as needed in 0.5 to 1.0 µm increments.  Using this 

method, it was possible to image at scan sizes up to 100 µm, equivalent to 10,000 µm2, 

but not without causing other problems.  Using the Z-axis stepper motor to move the 

scanner caused a momentary loss of contact between the AFM tip and sample that lasted 

1 to 2 seconds.  As the tip re-establishes contact there is piezoelectric creep that occurs on 

the X, Y and Z piezoelectrics that results in a bad scan line in the images and 0.1 to 1 µm 

shift in the image position.  As a result, many of these images can not be optimally post-

processed using flattening and plane-fit algorithms to remove sample tilt and curvature.  

In addition, using this method requires the tedious procedure of constantly watching the 

AFM scan throughout a 30 minute scan in order to move the Z-axis stepper motor as soon 

as the Z-axis piezoelectric is maxed out.  Due to this limitation, future studies should be 

conducted on an AFM with a minimum Z-axis piezoelectric range of 10 µm, though 20 

µm would be optimal. 
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Table 3-1.  Maximum scan rates and scan speeds for selected scan sizes when examining 
fresh porcine artery by contact mode AFM. 
Scan Size [µm] Scan Rates [Hz] Resulting Scan Speed [µm/s] 

1 2 4 
5 1 10 
10 1 20 
50 0.5 50 

100 0.33 to 0.5 67 to 100 
 

Examining topography and stiffness in force volume mode 

Force volume images were acquired by forming a 2 dimensional array of force 

curves on the sample surfaces.  As such, examining each force curve allows the substrate 

properties at that point to be determined.  The topographic image produced by force 

volume was lower resolution than that produced by contact mode.    This is the result of 

time constraints, as a 64x64 data point force volume image takes 2 hours to complete 

while a 512x512 data point contact mode image takes a maximum of 30 minutes to 

complete.  Cells could only be imaged for ~6 hours before they began to die from lack of 

nutrients.  The topographic image produced by force volume is constructed as a surface 

plot drawn through the maximum tip deflection of each force curve.  This value is varied 

slightly but is typically set at 100 nm.  The force curve rate is set at 2 Hz, which allows 

the maximum imaging speed to be achieved with out introducing imaging artifacts due to 

hydrodynamic drag of the AFM cantilever in the liquid medium.  Force curve scan size 

(Z-axis) ranges from 1.5 to 2.0 µm depending on the particular samples.  Force volume 

scan size (X and Y axis) ranges from 5 to 100 µm depending on the specific location 

being examined and the desired level of detail.   

AFM data analysis 

Contact mode images were post processed using WSxM software (Nanotec Inc.).  

This freeware application opens a variety of SPM data formats and has enhanced 3-
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dimensional rendering capability as compared to the Nanoscope v5r12 software supplied 

with the Dimension 3100 AFM.  All the contact mode topography images were opened in 

WSxM and then flattened as needed.  A 0th order flatten was always performed 

normalizing the relative position of each scan line to its neighbors so that a continuous 

surface was formed.  This is a standard practice as an arbitrary Z-axis displacement exists 

for each scan line and this must be normalized to recreate the 3-dimensional surface.   In 

addition to the 0th order flatten, a 1st order flatten was applied to those images where an 

obvious tilt to the surface existed.  This included all images where an adjustment of the 

Z-axis stepper motor was needed to compensate for Z-axis piezoelectric max out as well 

as samples that had tilts within the Z-axis piezoelectric range.  For the porcine artery, any 

small bowing of the surface was not corrected for as it was interpreted as a real feature of 

the artery wall and not an imaging artifact. 

Force volume images were analyzed using two different processes.  The 

topographic image produced by the force volume mode was analyzed using the WSxM 

software by the same procedure just described for the contact mode topographic images.  

Analysis of the individual force curves of the force volume image were performed using 

a combination of software.  The Nanoscope v5r12 software (Veeco Metrology) was used 

to open the force volume dataset and save individual force curves as ASCII text files.  

These text files were then opened in the WSxM software as force curves and the slope of 

the contact region, non-contact deflection, maximum deflection and etc… were recorded 

in an excel spreadsheet.  From these values, the elastic modulus of the cell was calculated 

using the appropriate model in Excel (using methods described in appendix A). 
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Results and Discussion 

SEM Analysis of Porcine Artery 

SEM analysis of the fixed artery sections verified that the structure of the 

experimental tissue agreed with published results [62].  Figure 3-5 shows a cross-section 

of the artery wall illustrating the three different tissue layers of the artery wall.  The 

visisble layers include the tunica intima, tunic media and tunica adventitia.  This is the 

anticipated structure of the blood vessel and simply serves to confirm that the pulmonary 

artery has the expected morphology. 

Lumen 

Tunica Intima 

Tunica Media 

Tunica Adventitia 

Figure 3-5.  A SEM micrograph of a pulmonary artery cross-section.  The three layers of 
the arterial wall, the tunica intima, tunica media and tunica adventitia, can 
clearly be identified as changes in tissue morphology. 

SEM of the lumen verifies the known ultrastructure of the endothelial cell 

monolayer in general.  Shown in figure 3-6, each subpart demonstrates the monolayer 

nature of the endothelium as well as overall cell morphology.  Figure 3-6A is a low angle 
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image at ~20˚ to the surface and reveals how the ECs form a carpet-like surface structure 

with no apparent gaps.  A close-up of this surface shown in figure 3-6B indicates that the 

ECs in this location of the artery are elongated.  The twisted cell bodies and variable 

heights are due to the fixation procedure, which causes desiccation and ~25% tissue 

contracture.  Top down images of the lumen show that EC morphology and alignment 

vary with location on the artery lumen.  It is apparent that even over short distances of 

100 to 200 µm, ECs can change alignment from parallel to nearly 45˚ off axis to the flow 

direction of the blood (figure 3-6C).  Zooming in on this section (figure 3-6D) shows the 

elliptical shape of the cells and the continuous packing.  Figure 3-5E shows a section of 

artery lumen where the ECs are more randomly aligned and more round in morphology.  

Figure 3-6F is interesting because 4 leukocytes can be seen sitting on the surface of the 

endothelium.  The presence of these leukocytes, which usually adhere to activated ECs, is 

indicative of the stress induced in the tissue between the time the pig was killed and the 

time the pulmonary artery was actually removed, cleaned and placed in fixative.  Ideally, 

the tissue would be fixed at the time of death.  This is referred to as perfusion fixation 

and involves administration of a fixative intravenously at the time of death to preserve 

tissues and prevent necrosis.  
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Figure 3-6.  SEM micrographs taken of the lumen of fixed sections of porcine pulmonary 
artery.   (A) A low angle image of the lumen showing the continuous, carpet-
like EC monolayer of the lumen.  (B) A close-up of part A illustrating the 
close-packed ECs, but also the twisted distortion of the cell body thought to be 
due to the SEM fixation process.  (C) a top-down view of the lumen showing 
ECs elongated in the flow direction.  (D) A close-up of part C showing more 
detail of the cell bodies.  (E) A region where 4 leukocytes are stuck to the 
ECs.  (F) A region where the ECs have a rounded, rather than elongated, 
morphology. 
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Optical Microscopy of Endothelial Cell Monolayer 

EM analysis because the fixation 

proce

 

The fluorescent microscopy complimented the S

dure did not involve dehydration in ethanol and exposure to vacuum.  Figure 3-7 

shows an example of the fluorescently stained tissue sample with the blue stained nuclei 

and red stained actin images overlaid on top of each other.  From the image it is clear that 

the cells are closely packed together as seen in SEM.  Some nuclei were blurred in 

appearance from the surface moving in and out of the focal plane due to the curvature of 

the vessel wall.  The phalloidin-TRITC stain shows the presence of actin in a continuous 

network throughout the surface.  This suggests that the ECs form a confluent monolayer 

with close tight junctions between the membranes adjacent cells.  This corresponds to 

known characteristics for ECs in blood vessels where the cells are coupled together to 

form a semi-permeable membrane between the blood and the rest of the body.  

Quantitative analysis of cell density reveals 3,215 ± 336 cells per mm2 corresponding to a 

cell area 316 ± 35 µm2.  This larger cell area, than seen with SEM analysis, but is more 

realistic since the fixation process does not result in noticeable tissue contracture as 

preparation for SEM analysis does.  Both the SEM analysis presented and research by 

others demonstrates that ECs in some areas are elongated to the direction of flow.  

However, they are still closely packed and the calculated cell area is a good target for 

engineered EC monolayers. 

 

 

 

 



45 

Figure 3-7.  Fluorescent image of lumen of a fixed porcine pulmonary artery.  The cell 
nuclei of the ECs are stained blue using DAPI and the actin cytoskeleton 
network is stained red using phalloidin-TRITC. (100x magnification) 

 

AFM of Fresh Porcine Pulmonary Artery 

Topography by contact mode 

AFM performed on living sections of artery provided information on cell 

morphology and mechanical properties without having to worry about any artifacts 

introduced by fixation, staining or coating for SEM.  The contact mode images 

demonstrated that the endothelium could be imaged and that the surface was extremely 

smooth with even and continuous transitions between cells.  Figure 3-8 shows a series of 

scans of different random areas on the surface of the artery.   These AFM images are 

qualitatively similar to published observations of ECs in fresh rat aorta and after exposure 
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to shear flow in vitro [63, 64].  In figure 3-8A, identification of the different parts of the 

cell in the AFM scan are shown.  The approximate region of intersection between 

adjacent cells is taken as the minima in height between cells.  The lack on any clear seam 

in the cell membranes prevents a more accurate determination.  The 25 µm scan also 

shows a single EC nucleus and the presence of stress fibers extending from the top of the 

nucleus down to the cell periphery can be seen.  This is important because it indicates the 

arrangement of the actin stress fibers in the cell at a level of detail not possible by 

fluorescent microscopy using the actin stain (figure 3-7).   

Morphometric analysis of the AFM topographic scans provides detailed 

information about the size of the ECs.  Cell width and height for each cell were 

calculated from the same cross-section taken at the peak of the nuclear area.  Given the 

seamless integration between adjacent cells, the cell periphery was defined as the height 

minima between them.  Because some cells appeared elongated in a one direction, widths 

were always taken across the narrowest part of the cell.  The average EC width on the 

fresh porcine artery was 40 ± 17 µm with the large standard deviation due to the variation 

in cell shape from more round (figure 3-8D) to more elongated (figure 3-8B).  Cell 

heights were more consistent at 2.53 ± 0.86 µm measured as the difference in height 

between the cell periphery and the peak of the nuclear area.  Cell dimensions are likely to 

change based on the location that the ECs are from.  For example, areas of the lumen 

subjected to higher shear rates have ECs with cell bodies elongated in the flow direction.  

While all the ECs are taken from the same region of the vessel, the shear environment 

that existed in the artery in vivo is not known for these samples. 
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Cell body (cytoplasm) 
 
Nucleus 
 
Stress fibers 
 
Imaging artifact 
 
Approximate junction 
  between adjacent cells 

DCB 

A 

Figure 3-8.   Contact mode AFM topographic scans of fresh porcine pulmonary artery 
imaged in HBSS at ambient conditions.  (A) 25 µm scan size with stress fibers 
visible extending from the raised nucleus down to the cell perimeter.  (B) 
Image of a 50 µm scan size showing the main cell body of 2 ECs and parts of 
others.  (C) Image of a 25 µm scan size centered on a region between 3 ECs.  
(D) A large 87.2 µm scan size showing 3 closely spaced ECs and a depressed 
area devoid of cell nuclei. 

Mechanical properties by force volume mode 

In addition to contact mode, force volume mode was used to produce a 

topographic image.  Figure 3-9A reveals 3 raised areas corresponding to cell nuclei 

within a 50 µm scan size demonstrating the close packing of the ECs.  This is a 

topographic image constructed from the z-axis piezoelectric height corresponding to the 

maximum tip deflection for each force curve.  In other words it is topography based on an 

 



48 

iso-force surface through the force volume data set.  The occasional bright spots in the 

image are due to adhesions between the AFM tip and the surface.  This problem is 

illustrated clearly in figure 3-9B where many of these adhesions occur.  Figure 3-9B is 

the same area as 3-9A, but captured as an array of 64x64 force curves rather than 32x32 

force curves.  This decreases the spacing between subsequent force curves and increases 

the imaging time 4-fold allowing experimental drift in the system to increase the applied 

force.  As a result, fragments of membrane and other debris accumulate on the AFM tip 

and cause adhesions to form to the cells.  This corrupts the force curve data, and to avoid 

this only 32x32 force curve scans were analyzed.   

5.0µm 5.0µm

BA 

Figure 3-9. An example of the adhesions that form between the AFM tip and cell 
membrane when the tip becomes contaminated with membrane and protein 
fragments after too much force is applied.  (A) A topographic scan produced 
from a force volume dataset showing 3 raised nuclei in close proximity.  (B) 
Another topographic scan produced from a force volume set with artifactual 
streaks in the image due to adhesion between the AFM tip and the ECs. 

Force volume images were interpreted by comparing the force curves obtained as 

a function of the region of the surface they came from.  Figure 3-10 shows a 3-

dimensional rendering of the surface shown in figure 3-9A with 4 regions of interest 
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identified with dashed circles.  Regions 1, 2 and 4 are raised portions of the surface that 

indicate cell nuclei are there.  The force curves from each region were overlaid in single 

plots to help visualize differences between the mechanical properties.  Features of the 

force curves correspond to specific mechanical properties.  The top curves of each plot 

are the approach curves as the AFM tip indents into the surface while the bottom curves 

are the retract curve as the AFM tip pulls away.  Nearly all the approach curves are linear 

indicating that the interaction is entirely elastic.  The elastic modulus is based on the 

slope of the approach curve using the methods described in appendix A.  The retract 

curve indicates that the cell is a viscoelastic material as the non-linearity in the slope is 

due to viscous loss.  The hysteresis between the approach and retract curves taken as the 

difference in the area under the curves can give the energy lost to viscous flow [65].   

Examination of the force curves from across the cells in figure 3-10 reveal 

important information about the variation in elastic modulus as a function of location on 

the lumen.  Exact values for the elastic modulus computed as the average from the force 

curves in each identified region are listed for figures 3-10 and 3-11 in table 3-2.  The 

elastic modulus for regions 1, 2 and 4 is ~20 kPa showing that the stiffness of all three 

nuclei is the same.  Each of these regions is significantly different than region 3 (P<0.05) 

indicating the mechanical contribution of the cell nuclei and associated cytoskeletal 

components as compared to the rest of the cell body.  While the difference between the 

regions is statistically different, the magnitude is only ~2 kPa suggesting that the surface 

of the lumen is relatively homogenous in terms of elastic modulus.  This is consistent 

with the AFM images of topography (figure 3-9A) and the fluorescent image of the actin 

cytoskeleton (figure 3-8) showing a qualitatively smooth and continuous lumen surface.  

 



50 

Looking at the force curves also shows a difference in the viscoelastic properties.  

Regions 1, 2 and 4 have retract curves that are approximately linear when compared to 

the retract curves from region 4.  Also, there is a larger historesis in region 4 suggesting 

more fluid/cytoplasm is contributing to viscous loss.    

Figure 3-10.  The topography of a section of artery reconstructed from the force volume 
image.  Force curves from the circled regions were analyzed in order to 
determine the average elastic moduli.  Corresponding plots from the force 
curves in each region are overlaid in the numbered graphs.  Regions 1, 2 and 4 
are taken on raised areas indicating nuclei and region 3 is a lower area of the 
cell body.  There is a significant difference between the elastic modulus of 
regions 1, 2 and 4 compared to region 3 (P<0.05). 
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Smaller areas of the lumen were examined in order to determine if more subtle 

variations in elastic modulus existed.  Figure 3-11 show a 3-dimensional image of an area 

spanning between two nuclei with regions of interest correlating to stress fibers indicated 

by dashed circles.  The goal was to see gradations in elastic modulus moving from the 

nuclei down to the cell periphery.  Calculated values for elastic modulus are recorded in 

table 3-2 and show vary little change between the regions.  There is a significant 

difference between the elastic modulus in regions 1 and 4 (P<0.05) and regions 2 and 

(P<0.05).   This re-emphasizes the conclusion that the elastic properties of the lumen are 

relatively homogeneous as the variations in elastic modulus seem to be 5-10% at most.  

An increase in the viscous loss is still apparent and is most noticeable when comparing 

region 1 directly over a nucleus to region 4 at the cell periphery. 

An important observation is that the elastic modulus calculated from regions in 

figure 3-10 are approximately twice the values calculated for region in figure 3-11.  

These images were captured with the same cantilever so the variation is not due to the 

AFM probe.  Rather the differences suggest variations in elastic modulus with 

macroscale changes in position on the lumen.  Unfortunately, the exact location of these 

images in terms of the overall pulmonary artery was not recorded, but these images were 

captured in areas of the same artery ~10 mm apart.  Future studies should examine this 

difference more closely to determine the magnitude of long-range variation of elastic 

modulus and how it compares to the flow characteristics of blood in those areas. 

 
. 
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igure 3-11.  The topography of a section of artery reconstructed from the force volume 
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F
image showing a thin slice spanning across nuclei from two adjacent cells.  
Force curves from the circled regions were analyzed in order to determine th
average elastic moduli.  Corresponding plots from the force curves in each 
region are overlaid in the numbered graphs.  Regions 1, 2, 3 and 4 are movi
from a raised to lower area and region 5 is a raised area.  There is a significant 
difference between the elastic modulus of regions 1 and 4 (P<0.05) and 
regions 2 and 4 (P<0.05). 
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Table 3-2. Elastic modulus for different regions of porcine artery lumen 
Figure Region Elastic Modulus [kPa]

1 19.92 ± 1.00 3-10 
2 19.91 ± 0.51 
3 18.08 ± 1.33 
4 20.28 ± 0.91 
1 10.56 ± 0.21 
2 10.59 ± 0.29 
3 10.33 ± 0.17 
4 10.17 ± 0.32 

3-11 

5 10.45 ± 0.47 
 

he values for elastic modulus of the lumen compare well to those obtained by 

others

T

 using a variety of techniques.  The application of a Hysitron nanoindenter to fresh 

samples or porcine aorta revealed an elastic modulus of 0.232 ± 0.078 MPa [66].  This 

technique uses a relatively large indenter with 100 µm radius of curvature tip compared 

to the AFM tip with a 40 nm radius of curvature.  As such, the nanoindenter probes 

multiple cells at one time and can not resolve sub-cellular mechanical properties.  The 

order of magnitude difference in elastic modulus may be due to the different artery type; 

however it is more likely due to sample desiccation.  Use of the nanoindenter requires 

exposing the tissue to air during imaging, a technique that questions the entire validity of 

the methodology for biological samples.  AFM has also been used to directly measure EC 

mechanical properties from fresh rat aorta [64].  This study did not calculate the elastic 

modulus directly, however it showed variation in mechanical properties with location on 

the cell.  The cell nuclei were significantly stiffer than the surrounding cell body with no 

significant difference in stiffness between nuclei of different cells.  This same paper saw 

similar results in terms of topography with some cells elongated and other more rounded 

and with the same continuous transition between adjacent cells.  Mechanical properties of 

ECs have been studied on synthetic surface in vitro as well [63, 65, 67-70].  For example, 
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ECs grown on gelatin-coated polystyrene in static culture had an elastic modulus of 6.8 ± 

0.4 kPa over the nucleus and 1.4 ± 0.1 kPa near the cell periphery [65].  ECs exposed to a 

2 Pa shear force demonstrated a stiffer mechanical response indicating a possible reason 

why the examined cells had a higher elastic modulus than reported in vitro [63].  

Similary, the same ECs grown in static culture demonstrated an increase in elastic 

modulus with static culture time ranging from 1 to 15 kPa [68].  Clearly, the elastic 

modulus values obtained for the ECs in the porcine artery agree well with the literature.  

The unique difference is the relatively homogeneous elastic modulus across the cell body 

not seen for ECs in culture.  In addition, there is an increase in the viscous loss over the 

cell periphery probably caused by the flow cytoplasm through the porous cytoskeleton. 

Conclusions 

The ECs formed a continuous, c olayer on the vessel surface with the 

ECs a

arpet-like mon

pproximately aligned in the direction of flow.  EC shape varied from an elongated 

ellipse to approximately circular depending on the region of the artery examined.  

Fluorescent microscopy revealed a similar close packing of the ECs as well as a robust 

actin network within and connected throughout all the cells.  From AFM, living ECs in 

fresh artery showed a smooth and continuous transition between cells with close packing 

similar to that seen in the other techniques.  The mechanical properties were relatively 

homogeneous throughout the lumen though small, statistically significant differences 

were seen in the elastic modulus of regions over the cell nuclei compared to regions over 

the cell periphery. 

 

 



 

CHAPTER 4 
EFFECT OF ARGON PLASMA TREATMENT ON PDMS ELASTOMER 

INVESTIGATED BY AFM 

Introduction 

Using the AFM to calculate elastic modulus and surface roughness allows 

nanometer scale resolution when examining material surfaces.  This capability becomes 

important when examining the effect of surface treatments that change the chemical and 

physical structure of a material.  When engineering biomaterials these surface properties 

become critical to the success of the biointerface between the synthetic and biological 

components.  Polydimethylsiloxane elastomers (PDMSe) are an example of a widely 

used medical polymer, but often its properties need to be enhanced.  We have examined 

the difference in surface properties caused by the use of a radio frequency glow discharge 

(RFGD) argon plasma treatment to increase hydrophilicity of the PDMSe.  By using the 

AFM, the top surface can be examined on the same scale of nanometers and micrometers 

that proteins and cells function within.    

Materials and Methods 

Sample Preparation   

The PDMSe used was Silastic T-2 (Dow Corning).   It has good dimensional 

stability, self-degassing properties and optical transparency.  Hydrosilylation PDMSe 

maintains shape in aqueous environments.  The transparency and uniform surface, which 

can be produced with minimal defects, is excellent for viewing through with standard 

light microscopy techniques.  Silastic T-2 was also chosen over other PDMSe because 

55 
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there were minimal unknown or non-disclosed additives, allowing for comprehensive 

control of additives and chemical modifications.   

The two components of the Silastic T-2 were mixed together in 10:1 w/w base resin 

to curing agent ratio in ~200 g batches.  Each batch was degassed for 20 minutes and then 

allowed to sit for another 5 minutes at atmospheric pressure for continued degassing.  A 

60cc syringe with a catheter end was filled with the PDMSe prepolymer and used to 

dispense ~2 mL of PDMSe per 35 mm diameter polystyrene culture grade Petri dish 

(Corning).  Any bubbles that formed during pouring were popped with a needle and the 

Petri dish covers were put on to prevent dust from the air settling on the curing PDMSe.  

The PDMSe was allowed to cure for at least 24 hours at room temperature before being 

used.  According to the manufacturer the PDMSe was cured after 24 hours at 25°C [71].  

The resulting PDMSe film thickness was ~2 mm. 

Argon RFGD Plasma Treatment 

Plasma treated PDMSe was prepared by exposing fully cured films to RFGD argon 

plasma.  Two types of plasma systems were used; a home built bell jar system (BJS) and 

a commercial reactive ion etcher (RIE).   Both experimental systems are illustrated in 

figure 4-1 and there are a number of significant differences between the systems.  The 

BJS operates by flowing argon gas at low pressure through a narrow glass column around 

which is wrapped a metal RF coil.  An AC current is passed through the RF coil to 

generate a magnetic field that ionizes the argon gas creating plasma.  Below the RF coil 

the bell jar opens up into a larger chamber where the sample sits on a raised platform.  A 

vacuum outlet at the bottom of the bell jar pulls the argon out maintaining a constant flow 

at a low pressure of ~50 mTorr.  As the argon plasma flows from the RF coil region 

down to the outlet the plasma dissipates with the power dropping proportional to the 
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inverse square of the distance.  The separation distance between the sample surface and 

the RF coil was maintained at 2.5”.  For all samples treated in the BJS, pressure was 

maintained at 50 mTorr, the argon gas flow rate was 8 sccm and the RF power was 50 W. 

In the RIE system, the sample chamber is completely filled with the plasma, which is 

generated by passing an AC current between large plates at the bottom and top of the 

chamber.   This system was operated at the same conditions as the BJS; 7 sccm argon, 50 

mTorr and 50 W.  After treatment samples were immediately covered with Hanks 

balanced salt solution (HBSS) to prevent hydrophobic recovery and stored up to 7 days 

before AFM analysis.  

Figure 4-1.  An illustration of the two different types of plasma systems used to treat the 
PDMSe.  The home built system flows argon through an RF coil and then 
directs the plasma onto the sample.  The reactive ion etcher uses two plates on 
the top and bottom of a chamber filled with argon to create a plasma that 
surrounds the entire sample. 
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AFM Operation 

 A Dimension 3100 AFM with a Nanoscope IIIa controller (Digital Instruments) 

was used for all measurements.  The silicon nitride cantilevers (Veeco Metrology) have a 

spring constant of 0.06 N/m that matches the low modulus of the PDMSe.  Samples were 

imaged in HBSS to eliminate capillary forces while imaging the soft polymer surface and 

to maintain the plasma modified PDMSe surface.   

The AFM scanner was lowered directly into a 35 mm Petri dish coated with 

PDMSe on the bottom and filled with 1.5 mL of HBSS (figure 4-2).  Contact mode 

imaging was used to obtain high resolution topographic images of the surface.  Scans 

sizes varied from 1 to 100 µm at scan rates of 1 to 2 Hz.  The force curves used to 

measure the elastic modulus and adhesion, were obtained with the AFM operated in a 

contact force volume mode or standard force curve mode.   Force volume mode allowed 

Figure 4-2.  A schematic of the AFM experimental setup used to image the PDMSe 

for both the topographic images and the force data to be obtained in a single scan.   

submerged in HBSS.  The AFM scanner was lowered into the liquid filled 
  

 

orce curves were also performed to look at the change in elastic modulus with 

indentation depth and indentation rate.  These were performed with the AFM in force 

Scan Head 

Petri Dish 

Liquid 

AFM Probe 

Substrate 

Petri dish and scanned a coating of plasma treated PDMSe on the bottom.

F
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calibr

and sample interaction were modeled using a Hertzian approach to 

rce curves (see appendix A for details).  

The H

ation mode.  A 5x5 arrays of force curves were spaced at 1µm intervals on an XY 

grid.  Each row was either incremented in indentation depth or force curve rate.  For 

increasing indentation depth, constant cantilever deflections of 34.5, 172.4, 345 and 700 

nm were used.  The actual indentation depths depend on both the cantilever deflection 

and the elastic modulus of the material, but may be estimated as 9, 20, 50 and 70 nm for 

the 34.5, 172.4, 345 and 700 nm cantilever deflections respectively.  PDMSe as cast 

against air, cured against glass or as cast and plasma treated for 10 s or 1 min were 

examined to determine if there were differences in elastic modulus with depth.  For 

increasing indentation rates, cantilever deflection of 700 nm (~70 nm indentation) at 

0.50, 1.00, 3.49, and 7.00 Hz was used on as cast PDMSe.   With a force curve range of 

1500 nm, the corresponding indentation speeds were 1.5, 3.0, 10.5 and 21.0 µm/sec 

respectively.   

Analysis of Force Curves for Elastic Modulus 

The tip 

determine the sample elastic modulus from the fo

ertz model predicts elastic deformation when two spheres are brought together 

under load [72].  Sneddon extended this relation to include the case of an infinitely stiff 

tip with a conical shape indenting a soft, planar sample [73].  In reality, the tip is a four-

sided pyramid, but the approximation of a cone is used to simplify the model and, due to 

the small indentation depth, the error is assumed to be negligible.  The elastic modulus is 

calculated from the contact region of the force curve.  For PDMSe at ambient conditions 

the Poisson’s ratio is assumed to be 0.5 as the polymer can be considered an ideal 

elastomer.  Statistical analysis of the surface elastic modulus is performed using one-way 

ANOVA followed by Tukey’s pairwise comparisons. 
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Results and Discussion 

Topography 

There were visible change e PDMSe after treatment with 

ma (Figure 4-3).  The as cast PDMSe had a relatively smooth surface from 

curing

. 
Material Roughness, Rq [nm] 

s in the topography of th

the argon plas

 against air with no unique features present.  After exposure to the argon plasma 

the PDMSe surface changed significantly with a reduced RMS roughness (table 4-1).  It 

appears that the plasma treatment ablated the surface and smoothed out the roughness.  

There were the occasional small spikes believed to be dust particles.  The most 

interesting features in the plasma treated PDMSe were the occasional cracks in the 

surface (visible in figure 4-3B as indicated by the arrow).  It is thought that the cracks 

result from the mechanical stress induced while handling the samples.  These were 

extremely infrequent in the samples cured in the 35 mm diameter Petri dishes but they 

were quite prevalent in free standing films after being handled normally.   

 

Table 4-1. Variation in RMS roughness of the different polymers examined

Polystyrene 9.1 ± 8.0 
PDMS Elastomer (E = 1.4 MPa) 26.9 ± 5.6 
PDMS Elastomer (plasma treated) 6.8 ± 4.5 

 

 

he Argon RFGD plasma treated PDMSe surface is heavily modified compared to 

the as cast PDMSe.  It is well known that the plasma treatment used here can cause major 

surfac

T

e modification by altering the surface chemistry [74, 75].  The plasma breaks 

surface bonds and causes free radicals to form on the surface.  Immediately following the 

plasma treatment, the chamber is repressurized with air and the oxygen reacts with the 
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free radicals on the surface of the polymer.  A silica like layer of SixOy forms on the 

surface that is much stiffer than the PDMSe bulk and PDMSoligomers. 

Figure 4-3.  Topographical images of the PDMSe (A) before and (B) after treatment with 
2

mode.  

crack B A 

an argon plasma.  The 100 µm  areas were imaged in liquid using contact 

equipment used and the duration of the plasma exposure time.  For the BJS, the only 

differ

The morphology of the surface generated by the plasma treatment varied with the 

ences in morphology were the appearance of surface cracks that began to 

spontaneously appear after 5 to 10 minutes of Argon exposure and increased with any 

mechanical stress on the film.  For the RIE, no cracking was observed even at the 

maximum exposure of 10 minutes; however there were still noticeable changes in surface 

morphology.  After 1 minute exposure, a finger-like morphology arose that qualitatively 

resembles spinoidal decomposition (figure 4-4A).  However, since this is a homopolymer 

that is not a possibility because there is no second phase.  This instead is likely a buckling 

phenomenon resulting from the surfaces stresses as the silica-like layer grows.  

Increasing exposure time to 10 minutes in the RIE plasma causes a coarsening of this 

surface morphology (figure 4-4B).  The cause of the coarsening may be preferential 

etching of low crosslink density areas, continued surface buckling (as seen in figure 4-
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4A) or may be a rearrangment of SixOy to reduce surface energy.  There is no change in 

RMS roughness between the 1 min and 10 min treatment times. 

Figure 4-4.  AFM contact mode topographic scans of PDMSe tre

10µm 10µm

1 min, Rq = 6.26 nm 10 min, Rq = 5.90 nm
BA 

ated with (A) 1 minute 
exposure and (B) 10 minute exposure to argon plasma in the RIE.  For the 

. 

 

 closer look at the 1 minute RIE plasma treatment sample reveals that the finger-

like p

same size scan area of 10 µm, a distinct change in surface morphology is 
observed even though the surface roughness remains essentially unchanged

A

rojections snake around on the surface for 2 to 20 µm (figure 4-5 A and B).  Cross-

section analysis of this area shows that the finger-like features are 3.2 ± 0.5 nm high and 

1.4 ± 0.1 µm wide (figure 4-5C).  These dimensions indicate that this is indeed the silica-

like layer and not PDMS oligomers because the width is much larger than that of a single 

polymer chain.  Furthermore, it can not be a bundle of PDMS oligomers either because 

the low Tg and lack of a Tm indicate that PDMS does not form crystals and the chains 

only crosslink at the vinyl functionalized end groups rather than along the backbone. 

 



63 

 In general, these surfaces have RMS roughness values that are <10 nm.  However, 

determining the critical surface roughness that affects cells is difficult.  Each cell type has 

unique behaviors that are dependent on its genetic code and physical environment.  For 

example, micrometer scale ridges have been shown to cause polarization of porcine 

vascular endothelial cells (PVECs) [13, 76].   A surface with 5 µm high, 5 µm wide ridges 

separated by 5 µm valleys has an Rq = 2.5 µm, which is 2 to 3 orders of magnitude higher 

than the roughness of these samples.  Grooves as small as 100 nm in width and 30 nm 

deep direct cell growth and the contact guidance effect increases with the feature aspect 

ratio.  The best results for directing cells without drastically changing the morphology 

occur at 500 nm depths [77].  Assuming equal groove width and spacing between 

grooves, this 500 nm depth results in a surface roughness of Rq = 250 nm, which is still 

much larger than the inherent roughness of these PDMS and PS surfaces.  Surface 

roughness from 20 to 70 nm increased rat neural cell adhesion to silicon wafers but 

caused no directed response [78].  Though different cell types are known to respond to 

surface topography differently, the low surface roughness of these materials is below the 

limit reported in the literature.  Thus, it is concluded that the surface roughness, which is 

<10 nm, and the isotropic surface morphology of these samples will increase adhesion 

but will not elicit any directed cell response. 
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Figure 4-5.  The 1 minute RIE plasma treated PDMSe had a surface morphology (A) that 
appeared similar in morphology to phase separated spinoidal decomposition 
seen in block copolymers.  A close-up of this region (B) shows an ~4 nm 
height variation and the size of these ‘fingers’ can be quantified using (C) a 
cross-section plot. 

 

Force Curve Properties 

The as cast PDMSe force curves elicit a large adhesive jump-on and an even larger 

adhesive pull-off indicating that there are long-range attractive forces (figure 4-6).  The 

rounding of the jump-on and pull-off minima, which are normally sharp, is due to the soft 

sample-tip interaction combined with the adhesion to the tip.  The magnitude of the 

adhesion force is likely due to a contamination of the AFM tip with oligomeric PDMS.  It 
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is known that any PDMSe will have some unreacted PDMS oligomers left over that are 

not incorporated into the bulk.  As the surface energy of the PDMS oligomers is lower 

than that of the bulk, they will wet the surface.  The AFM tip is composed of silicon 

nitride and it too has a higher surface energy than the PDMS chains.  When the AFM tip 

contacts the PDMSe surface, the oligomeric PDMS transfers to the tip and coats it.  The 

resulting surface structure is illustrated in Figure 4-7.  It is believed that the long-range 

interaction is due to the attractive force between the PDMS oil on the tip and sample 

surface.  The PDMS oils do not interfere with the elasticity measurements because they 

are compressed during the linear contact region; however, they do have a measurable 

effect on adhesion. 

Polymer Elastic Modulus 

The PDMSe had a surface elastic modulus of E = 1.5 ± 0.8 MPa, which is nearly 

identical to the bulk elastic modulus of E = 1.4 MPa.  The similarity is likely due to the 

extremely low Tg for PDMSe of -120°C and the nearly ideal ‘rubber elasticity’ behavior 

exhibited by this polymer at room temperature.   The plasma treated PDMSe did not have 

an associated change in the elastic modulus of the bulk because the plasma is only a 

surface treatment.  The plasma treatment was applied to the standard Silastic T-2 so its 

bulk elastic modulus was 1.4 MPa and the surface elastic modulus when plasma treated 

was 3.0 ± 0.9 MPa.  The surface elastic modulus of the plasma treated PDMSe was 

significantly different than the untreated PDMSe (P < 0.05).  There was a clear shift in 

the type of force curve interaction too with no jump-on adhesion and force curve shape 

that resembled that of a hard surface rather than a soft surface prior to the plasma 

treatment (4-6B). 
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A 

B 

Figure 4-6.  Representative force curves from (a) PDMSe and (b) argon plasma treated 
PDMSe. Force curves were recorded during force volume imaging.   

Figure 4-7.  Drawing illustrating PDMS oligomers (oils) coating the surface of the bulk 
elastomer and the silicon nitride AFM tip.  This is believed to occur during 
imaging of the PDMS samples and is responsible for the large jump-on and 
pull-off adhesive forces seen in the force curves. 
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Table 4-2.  Elastic modulus of polymers surfaces indented ~5 nm in to the substrate 
Material Elastic Modulus [MPa] 
Polystyrene 4.4 ± 1.4 
PDMSe 1.5 ± 0.8 
Plasma Treated PDMSe 3.0 ± 0.9 

 

The PS showed the highest elastic modulus of any of the polymers tested with E = 

4.4 ± 1.4 MPa.  The modulus was statistically different than the four other materials (P < 

0.05).  This is a very low value compared to the bulk elastic modulus for standard PS, 

taken as E ~3 GPa for a thermoplastic below its Tg [79].  The difference is theorized to be 

based on the difference in chain mobility between the bulk and surface material.  PS is an 

amorphous thermoplastic with a Tg of 100°C.  These experiments were conducted at 

22°C, therefore while the bulk material was in a glassy state, the exposed free surface had 

enhanced chain mobility and few physical entanglements to restrict it.  As a result, the 

polymers radius of gyration should increase, resulting in a more “liquid-like” behavior 

and decreased elastic modulus.  In addition, the plasma treatment oxidizes the surface, 

which increases the water content forming a hydrogel layer.  Hydrogels such as 

polyHEMA have a bulk elastic modulus varying from 0.1 to 1 MPa depending on 

crosslink density and hydration state [80].  Thus, it is suggested that the low PS surface 

elastic modulus is due to the free, hydrogel-like chains.   

Change in elastic modulus with indentation depth 

Subtle difference in surface properties due to curing PDMSe against a silicon wafer 

or against air were examined along with the difference in a 10 second and 1 minute RIE 

plasma treatment.  The PDMSe samples were indented at depths dictated by constant 

cantilever deflections of 34.5, 172.4, 345 and 700 nm.  Figure 4-8 shows the elastic 

modulus as a function of cantilever deflection for the different sample treatments.  The 

 



68 

indentation depths depend on both the cantilever deflection and the elastic modulus of the 

material, but may be estimated as 9, 20, 50 and 70 nm for the 34.5, 172.4, 345 and 700 

nm cantilever deflections respectively.  A number of interesting results emerge from this 

data.  The elastic modulus for PDMSe cured against air and cured against glass is ~225 

kPa compared to a bulk elastic modulus of ~1.4 MPa.  This result is consistent with the 

theory that the PDMS oligomers segregate to the surface.  However, as indentation depth 

is increased the elastic modulus drops further to a value as low as ~20 kPa.  The cause of 

this behavior is thought to be due to the fused silica filler used in the Silastic T-2 polymer 

as a reinforcement phase migrating to the surface, but this conclusion is unsubstantiated.  

The argon plasma treatment increased the surface elastic modulus by roughly 50% to 

~330 kPa.  There was no significant difference in the elastic modulus between the 10 sec 

and 1 min plasma treatment times indicating that the effects on the surface were 

equivalent at the RF power and times used and only was detectable within the first ~20 

nm of the surface.   

The variation in elastic modulus of the PDMSe and plasma treated PDMSe 

compared to the values reported earlier demonstrate the main issue with AFM based 

elasticity measurements.  Small variations in tip geometry and cantilever spring constants 

can easily skew results by 50% or more.  Thus, this technique is best at reporting relative 

differences than absolute values.  Even the best tip calibration methods are prone to 20% 

error and often require specially shaped cantilevers [81, 82]. 
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Elastic Modulus vs Indentation Depth
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Figure 4-8.  The elastic modulus of PDMS elastomer cured against glass, air cured, air 
cured with 10 sec argon plasma treatment and air cured with 1 min argon 
plasma treatment.  All samples were examined under liquid buffer to 
minimize capillary effects.  There was only a significant difference between 
the untreated and plasma treated samples (P<0.05).  Force curve indentation 
were performed at 1 Hz for all samples. 

 

PDMSe viscoelastic properties 

The viscoelastic properties of the surface were examined at the maximum 

cantilever deflection of 700 nm (~70 nm indentation) at 0.50, 1.00, 3.49, and 7.00 Hz.   

With a force curve range of 1500 nm, the corresponding indentation speeds were 1.5, 3.0, 

10.5 and 21.0 µm/sec respectively.  No statistical difference was found between the 

different indentation rates.  However, there was a trend between the trace (indentation) 

and retrace (withdrawal) elastic moduli suggesting a small viscous component to the 

elastic modulus at these temperatures and indentation rates.  In terms of establishing firm 

adhesion to the surface, most cells and microorganisms will see the PDMSe surface as 
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completely elastic in character.  The formation of adhesions occur at a frequency of 0.1 to 

0.01 Hz, and the experiments (figure 4-8) show no viscous loss below 0.5 Hz.   

Rate Dependence of Elastic Modulus
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Figure 4-9.  Dependence of the elastic modulus on indentation speed for both trace 
(indentation into the sample) and retrace (withdrawal from the surface).  There 
are clear trends of a higher elastic modulus for trace compare to retrace, but 
no significant difference between indentation rates. 

 

Force Volume Images 

In the Silastic T-2 system used here, there is a silica particulate phase that adds 

considerable strength to the bulk PDMSe.  At the small indentation depths there is some 

evidence of a harder phase that would indicate the silica particles were near the surface.  

However, there is also no visible phase segregation in the force volume slice that is 

independent of the topography.  Noise seen in the force volume slices is due to the high 

contrast and the surface shows no variation in elastic modulus with XY position.  The 

exception to this is the plasma treated PDMSe as there are the occasional visible cracks in 

the plasma treated surface.  These cracks are actually interruptions in the hardened 
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surface layer that expose lower modulus PDMSe underneath.  Close examination of the 

force volume slice shows a faint line that appears to correspond to the crack visible in the 

topographic image.  Close up images of the crack do not reveal any change in elasticity 

though further examination is warranted. 

Conclusions 

 The PDMS elastomer showed long-range attractive forces and a soft interface 

while the PS and plasma treated PDMS showed a stiffer interface with only a standard 

pull-off adhesion event.  In terms of cell growth, the surfaces will appear quite different 

on the cellular level.  The shallow probing with the AFM tip is on a similar scale to the 

surface seen by cells and reveals similar uniform elasticities.  The real differences are the 

PDMS oil coating that is seen on the PDMS elastomers (not the plasma treated PDMS).  

These oils will definitely interact with any cell approaching the surface.  Due to the 

inherent hydrophobicity of PDMS, the oil will not enter the aqueous solution of the cell 

environment and thus the proteoglycans produced by the cells will have to compete with 

the oil layer for anchoring on the bulk elastomer.  It is therefore anticipated that the 

hydrophobic and oil covered PDMS elastomer will not be a good cell growth surface 

without further modification.  In contrast, the oil free plasma treated PDMS and PS 

should be better.  The increased hydrophilicity of the plasma treatment should also 

enhance cell adhesion and spreading.  Unique variations in surface morphology of the 

RIE plasma treated PDMSe were observer, but are unlikely to influence cell adhesion 

given the small RMS roughness <10 nm.  The lack of hysteresis between the trace and 

retrace curves on as cast PDMSe indicates that it is behaving as an ideal elastomer as 

ambient conditions. 

 



 

CHAPTER 5 
ENDOTHELIAL CELLS CULTURED ON MICROENGINEERED SURFACES 

EVALUATED BY FLUORESCENT MICROSCOPY 

Introduction 

In these experiments, ECs are grown on various polymer surfaces that have been 

modified in order to improve cell adhesion, spreading and function.  These surfaces are 

designed to elicit the formation of a normal EC monolayer for potential application in 

small diameter vascular grafts and stent coatings.  The surfaces are microengineered with 

micrometer scale topographies and micrometer scale patterns of protein incorporated into 

the surface.  This is achieved using a variety of techniques that combine microprocessing 

methods with microcontact printing (µCP) of protein solutions.  The goal is to direct the 

formation of focal contact adhesions between the ECs and the substrate with proteins and 

to direct cells through contact guidance cues with the topography.  The cell growth is 

evaluated using immunofluorescent staining of the cell nuclei, actin cytoskeleton and 

focal contact adhesions.  Qualitative assessment is based on the ability of the ECs to form 

a monolayer and on individual cell shape.  Image processing is used to quantify the cell 

growth characteristics. 

Materials and Methods 

Substrate Production 

Microtopographical surface patterns 

Microtopographies were fabricated in polydimethylsiloxane elastomer (PDMSe) by 

curing prepolymer against micromachined silicon (Si) wafer masters following 

72 
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established protocols [39, 83].  Briefly described, the desired micropatterns were initially 

generated in one of the following computer aided design (CAD) programs: Macromedia 

Freehand 10, Autodesk Mechanical Desktop 5 or Conventor depending on the particular 

type of photomask to be used.   These designs were then transferred to photomasks for 

use in photolithography.  For designs with minimum feature sizes of 25 µm or greater, 

photomasks (figure 5-1) were created on overhead transparency film using a Hercules 

linotype 5000 DPI image setter by Pageworks Inc. (Cambridge, MA).  For designs with 

smaller feature spacing <25 µm, a chrome on quartz glass photomask (figure 5-2 shows 

the CAD design) was fabricated by electron beam writing (Compugraphics, Inc.).  

Contact photolithography was used to transfer the patterns in the photomask into Si 

wafers as illustrated in figure 5-3.  Polished Si wafers of 2”, 3” or 4” diameter were spin 

coated with positive photoresist (Shipley 1818) and exposed to UV light.  Exposed 

photoresist coated Si wafers were developed with Microposit 321 and etched to various 

depths using deep reactive ion etching (DRIE).  After etching, the remaining photoresist 

was removed with acetone and then the Si wafer was piranha etched to remove any 

remaining organic matter (photoresist and DRIE passivation layer residue).  To ensure 

the PDMSe did not bond to the Si wafer, hexamethyldisilizane (HMDS) was used as a 

passivation layer.  HMDS was removed from the bottle through a septum using 3 mL 

syringe with a needle tip and liberally applied to the surface of the wafer as an even 

coating.  The HMDS was allowed to evaporate to a dry film and then the wafer was 

washed with distilled water to remove excess HMDS residue that was not adsorbed to the 

wafer.  A single HMDS treatment was used for ten replications with PDMSe before it 

was reapplied. 
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Figure 5-1. These are optical micrographs of photomasks printed on standard 
transparency using a high-resolution 5000 DPI image setter.  The patterns are 
(A) 50 µm wide hexagons and separated by 25 µm, (B) 100 µm wide 
hexagons and separated by 25 µm, (C) 75x50 µm wide hexagons and 
separated by 25 µm and (D) 100x50 µm wide hexagons and separated by 

. CAD drawings of the patterns used for 

25 µm.  Scale bars represent 200 µm.   

Figure 5-2 the chrome on glass photomask.  (A) 
40 µm wide stars spaced at every 60 µm, alternate rows of stars rotated 45˚.  

 

o create micropatterned PDMSe films, Silastic T2 (Dow Corning) PDMSe was 

mixed

BA 

(B) Hexagons 20 µm from face to face with 2 µm spacing between adjacent 
faces. 

T

 in 10:1 ratio by mass of base resin to curing agent and mixed thoroughly.  To 

remove air bubbles, the PDMSe was degassed for 20 minutes under vacuum and then 

allowed to sit at atmospheric pressure for another 5 minutes for all bubbles to dissipate.  

A mold was used to ensure uniform film thickness.  Two 8”x 8”x 3/8” glass plates were 
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used as the top and bottom of the mold.  Each glass plate was covered with a thin PET 

film held in place with double sided tape.  A micropatterned Si wafer was placed in the 

center of the bottom plate and surrounded by three spacers, each made of two stacked 

microscope slides.  The PDMSe prepolymer was poured on top of the wafer and allowed 

to spread to cover the entire wafer surface.  Bubbles that formed and floated to the top of 

the liquid polymer were popped with a needle.  The top plate was then placed with a 5 lbs 

weight on top to maintain the proper spacing.  Samples were allowed to cure for 24 hours 

at room temperature and then removed and cut into small sections of patterned area ~1 

cm2.   

Figure 

Photomask

Silicon wafer

Photoresist

UV light Reactive 
Ion Etching

Epoxy PDMS elastomer

A 

5-3. This diagram outlines the steps to produce micrometer scale topographical 
features.  (A) A Silicon wafer is coated with photoresist and exposed to UV 

 

y 

light through a photomask.  (B) The exposed photoresist is removed and the
remaining resist is baked to harden it.  (C) Reactive ion etching is used to 
anisotropically etch the exposed silicon with micrometer scale patterns.  (D) 
The remaining resist is removed from the etched silicon wafer and PDMS 
elastomer is then cured against the wafer to create a negative of the surface.  
(E) The PDMS elastomer negative is used as a mold to create an epoxy cop
that is identical in surface topography to the original silicon wafer.  (F) 
Additional PDMS elastomer samples are cast against the epoxy master to 
preserve the integrity of the original patterned silicon wafer.   

Photoresist Epoxy Silicon wafer PDMS elastomer 

B C 

D E F 
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To c Se 

substrates were fixed to the bottom of 35 mm diameter tissue culture grade polystyrene 

Petri dishes (Corning) (Figure 5-4).  To do this, the Petri dish was filled with 2 to 3 mL of 

PDMSe prepolymer and then the cured micropatterned PDMSe substrates were pushed 

down in the center of the prepolymer filled Petri dish.  The PDMSe was allowed to cure 

for 24 hours at room temperature creating a uniform PDMSe surface with a textured 

region in the center of the Petri dish surrounded by flat PDMSe.   

Figure 5-4.  Samp rfaces are prepared by placing 
a cured m eter Petri dish 

er.  ECs in media 

The  

adhesion.  The PDMSe films, fixed in the Petri dishes, are plasma treated with an Argon 

radio frequency glow discharge (RFGD) plasma.  The plasma treatment system used is a 

gas flow system where the sample sits in a bell jar with a gas inlet column at the top and a 

vacuum outlet at the bottom.  The gas inlet column has an RF coil surrounding it that 

ionizes the argon gas as it flows through and strikes the samples in the bell jar.  Three 35 

mm diameter Petri dishes were placed in the bottom half of a 9 cm diameter Petri dish 

and placed on a metal stand 2.5” below the RF coil in the bell jar.  The pressure was 

reduced to 50 mTorr and then the chamber was purged 3 times with argon at a flow rate 

reate samples for cell culture experiments, the micropatterned PDM

ECs and media 
Micropatterned area 

 PDMSe film 
meter) 

Surrounding flat
Petri dish (35 mm dia

les for cell culture with micropatterned su
icropatterned substrate in the center of a 35 mm diam

and curing in place by surrounding it with PDMSe prepolym
are poured into the remaining volume of the Petri dish and cultured for 4, 7 or 
14 days.  

hydrophobic PDMSe is surface modified to increase the hydrophilicity for cell
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of 1000 sccm.  PDMSe samples were exposed for 1 minute to plasma generated with an 

RF power of 50 W and an argon flow rate of 8 sccm at 50 mTorr. The samples were 

removed from the bell jar and covered with sterile Hanks balanced salt solution (HBSS) 

immediately after the plasma treatment.  Some samples were also incubated with a 

solution of 50 µg/mL fibronectin (FN) in HBSS for 1 hour.  The FN treated samples were 

subsequently washed 3x with HBSS and then seeded with PVECs.   

Chemical surface micropatterns 

Chemical surface micropatterning was performed using µCP of FN on the 35 mm 

diameter polystyrene Petri dishes and the plasma treated PDMSe.  The µCP process is 

well established as a method to pattern proteins and other molecules for directing cell 

adhesion and growth [45, 84-86].  In the experiments, the µCP stamps were made of 

PDMSe and fabricated in the same manner as the PDMSe substrates with 

microtopographies just described.  µCP features 1 µm deep were sufficient to effectively 

micropattern surfaces.  Stamps were fabricated as 1 cm2 PDMSe squares with the desired 

micropattern covering one entire side.  The patterned sides of the stamps were Argon 

plasma treated using the previously described protocol for a period of 1 minute to 

enhance wetting by the FN solution.  µCP was performed using methods similar to those 

published and described in figure 5-5 [45, 84].  Before proceeding, both the µCP stamp 

and substrate to be patterned were sterilized in 70% ethanol for 5 minutes, patted dry with 

Kimwipes and the allowed to air dry.  Stamps were inked with a 50 µg/mL solution of 

FN in phosphate buffered saline (PBS) by dripping on the solution using a pipette and 

allowing it to incubate at room temperature for 1 hour.  Next, the stamps were rinsed 

thoroughly with HBSS to remove excess FN and then dried under nitrogen.  To pattern 
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flat surfaces, the stamps were placed patterned side down in the bottom of a 35 mm 

polystyrene Petri dish or in the bottom of a Petri dish coated with a thin layer of cured 

PDMSe.  Care was taken to place the stamp down firmly the first time so that it did not 

shift and cause multiple stamping.  Once positioned, the stamp was lightly pushed on the 

backside with a pair of tweezers to seal the stamp against the surface.  To ensure a 

constant pressure, 15 mL centrifuge tubes were filled with 10 mL of distilled water and 

placed top down on the back of the stamp.  Care was taken with balancing the centrifuge 

tube so it stood straight up and applied even pressure to the stamp.  After 1 hour 

incubation, the stamps were removed and the FN patterned surface washed 3 times with 

sterile PBS. 

Figure 5-5.  A

AAddssoorrbb  FFiibbrroonneeccttiinn  oonnttoo  SSttaammpp  SSttaammpp  FFiibbrroonneeccttiinn  oonnttoo  SSuubbssttrraattee  SSttaammpp  FFNN  oonnttoo  SSuubbssttrraattee  

PDMSe Stamp

Fibronectin Seed Endothelial Cells

n illustration of the µCP process where FN is adsorbed to a PDMSe stamp 
and transferred to another surface. 

 

Cell Culture 

porcine vascular endothelial cells (PVECs) were obtained from the 

resear

suspended in additional media to reach the desired cell concentration.  Cell seeding 

Primary 

ch group of Dr. Edward Block at the Malcolm Randall VA medical center 

(Gainesville, FL).  PVECs were provided in suspension at an approximate concentration 

of 200,000 cells per mL and diluted to 50,000 cells per mL for seeding on 

microengineered surfaces.  The cell were counted on a hemocytometer (Sigma) and 
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Table 5-1. Different microengineered surfaces used as substrates for EC culture. 
Abbreviation Surface Type 
PS Standard tissue culture grade PS 35 mm diameter Petri dish 
PS_FN Standard tissue culture grade PS 35 mm diameter Petri dish coated with 

physisorbed FN 
PDMSe_plasma A 2 mm thick PDM

plasma treated for 
Se film in the bottom of a PS Petri dish argon RFGD 

1 minute 
PDMSe_FN A 2 mm thick PDMSe film in the bottom of a PS Petri dish argon RFGD 

plasma treated for 1 minute and coated with physisorbed FN 
PDMSe_hex_plasma , 20 

or 1 
A 2 mm thick PDMSe film in the bottom of a PS Petri dish with l µm deep
µm wide hexagons and separated by 2 µm;  argon RFGD plasma treated f
minute 

PDMSe_hex_FN , 20 A 2 mm thick PDMSe film in the bottom of a PS Petri dish with l µm deep
µm wide hexagons and separated by 2 µm;  argon RFGD plasma treated for 1 
minute and coated with physisorbed FN 

PDMSe_Hex_04_plasma A 2 mm thick PDMSe film in the bottom of a PS Petri dish with l µm deep, 50 
µm wide hexagons and separated by 25 µm;  argon RFGD plasma treated for 1 
minute 

PDMSe_Hex_04_FN A 2 mm thick PDMSe film in the bottom of a PS Petri dish with l µm deep, 50 
µm wide hexagons and separated by 25 µm;  argon RFGD plasma treated for 1 
minute and coated with physisorbed FN 

PDMSe_Hex_06_plasma A 2 mm thick PDMSe film in the bottom of a PS Petri dish with l µm deep, 
100 µm wide hexagons and separated by 25 µm;  argon RFGD plasma treated 
for 1 minute 

PDMSe_Hex_06_FN 
d 

A 2 mm thick PDMSe film in the bottom of a PS Petri dish with l µm deep, 
100 µm wide hexagons and separated by 25 µm;  argon RFGD plasma treate
for 1 minute and coated with physisorbed FN 

PDMSe_Hex_10_plasma A 2 mm thick PDMSe film in the bottom of a PS Petri dish with l µm deep, 
75x50 µm wide hexagons and separated by 25 µm;  argon RFGD plasma 
treated for 1 minute 

PDMSe_Hex_10_FN A 2 mm thick PDMSe film in the bottom of a PS Petri dish with l µm deep, 
75x 50 µm wide hexagons and separated by 25 µm;  argon RFGD plasma 
treated for 1 minute and coated with physisorbed FN 

PDMSe_Hex_13_plasma , A 2 mm thick PDMSe film in the bottom of a PS Petri dish with l µm deep
100x50 µm wide hexagons and separated by 25 µm;  argon RFGD plasma 
treated for 1 minute 

PDMSe_Hex_13_FN , A 2 mm thick PDMSe film in the bottom of a PS Petri dish with l µm deep
100x50 µm wide hexagons and separated by 25 µm;  argon RFGD plasma 
treated for 1 minute and coated with physisorbed FN 

PS_FN_star ars Standard tissue culture grade PS 35 mm diameter Petri dish with µCP FN st
40 µm tip to tip at 60 µm intervals 

PDMSe_FN_hex A 2 mm thick PDMSe film in the bottom of a PS Petri dish argon RFGD 
plasma treated for 1 minute with µCP FN hexagons 20 µm face to face, 
separated by 2 µm and hexagonally packed 

PDMSe_FN_star A 2 mm thick PDMSe film in the bottom of a PS Petri dish argon RFGD 
plasma treated for 1 minute with µCP FN stars 40 µm tip to tip at 60 µm 
intervals 

PDMSe_FN_circle  A 2 mm thick PDMSe film in the bottom of a PS Petri dish argon RFGD
plasma treated for 1 minute with µCP FN circles 3 µm diameter at 6 µm 
intervals and square packing 
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media consisted of RPM BS), 

1% L-glutamine and 2% antibiotics (100 U/ml of penicillin, 100 µg/ml of streptomycin, 

skeleton of the cells was stained using phalloidin-TRITC (Sigma).  

ns between the cells and the microengineered surfaces were 

visua

ntly stained to visualize the cells.  PVECs were rinsed twice with phosphate 

buffe

I 1640 media supplemented with 10% fetal bovine serum (F

20 µg/ml of gentamicin, and 2 µg/ml of Fungizone).  Cells were incubated at 37˚C and 

5% CO2 for periods of up to 16 days.    Media was replaced every 48 to 72 hours using a 

maintenance media of RPMI 1640 media supplemented with 4% FBS, 1% L-glutamine 

and 2% antibiotics.   

Fluorescent Staining 

 The actin cyto

Focal contact adhesio

lized by staining vinculin with mouse anti-vinculin primary antibodies (Sigma).  

Goat anti-mouse secondary antibodies conjugated to Alexa Fluor 488 (Molecular Probes) 

were used to complete fluorescent staining of the focal contact adhesions.  Micropatterns 

of FN on the substrate surfaces were stained with rabbit anti-FN primary antibodies 

(Sigma) followed by goat anti-rabbit conjugated to Alexa Fluor 488 secondary antibodies 

(Molecular Probes).  Cell nuclei were stained using 4',6-Diamidino-2-phenylindole 

(DAPI). 

At the designated time points, PVECs were removed from the incubator and 

fluoresce

red saline (PBS) and then fixed in 4% paraformaldehyde for 5 minutes.  Following 

fixation, the PVECs were rinsed three times with PBS and then treated with 0.3% Triton 

X in PBS for 7.5 minutes to increase permeability.  PVECs grown on PS, PS_FN, 

PDMSe_plasma, PDMSe_FN and topographically patterned PDMSe were stained for 

focal contact adhesions using mouse anti-vinculin primary antibody at a concentration of 

400:1 in PBS for 1 hour at 37°C.  Next, the PVECs were rinsed 5 times in PBS and then 
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incubated in goat anti-mouse Alexa Fluor 488 secondary antibody at a concentration of 

400:1 in PBS for 1.5 hours at 37°C.  Following incubation with the secondary antibody, 

the PVECs were washed 5 times with PBS and then the cell actin was stained with 

phalloidin-TRITC at a concentration of 5 µM for 12 hours at 37°C.  Before the PVECs 

with the phalloidin-TRITC were placed in the incubator, 4 µL DAPI per mL of PBS was 

added.  Following incubation, the PVECs were rinsed 5 times with PBS to remove non-

specifically adsorbed phalloidin-TRITC and DAPI and then covered with PBS for 

imaging.  For PVECs cultured on FN micropatterns, the FN was stained in order to 

visualize how the cells adapted to the underlying chemistry.  FN was stained with rabbit 

anti-FN primary antibody at a concentration of 400:1 for 1 hour at 37°C.  Next, the 

PVECs were rinsed 5 times in PBS and then incubated in goat anti-rabbit Alexa Fluor 

488 secondary antibody at a concentration of 400:1 in PBS for 1.5 hours at 37°C.  PVECs 

stained for FN were then subsequently stained with phalloidin-TRITC for actin and DAPI 

for cell nuclei as previously described. 

Imaging 

Samples were imaged on a Zeiss Axioplan 2 microscope equipped with 

cence and a digital capture system.  Images were acquired at either 100x or 

400x 

epifluores

magnification with a resolution of 3900x3090 pixels.  Digital images were acquired 

using an Axiocam digital camera (Zeiss) via the Axiovision 3.1 software and stored at 

full resolution in the TIFF image format to preserve maximum detail.  Each TIFF file was 

~35 MB in size requiring an external USB hard drive plugged into the microscope 

computer in order to remove the files to another PC for post processing. Attempts to store 

images as JPEG files resulted in loss of detail such as blurring of the actin stress fibers 
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when using digital magnification.  For each fluorescent stain, a separate image was 

captured and analyzed individually and subsequently combined into an overlaid image.  

Bright field was used to enhance imaging of the microtopographical features.  The bright 

field images were incorporated into the post processed image to locate cells in relation to 

the surface microtopography.   

Image Processing 

The images were post processed using ImageJ to quantify the stained cellular 

conversion from pixels to micrometers was accomplished using an 

optica

use ECs have a well developed actin cytoskeleton, the 

entire

components.  The 

l reference standard (model P/N #P-000-0004-0, Pacific Nanotechnology) imaged 

at 100x and 400x with a maximum 3900x3090 resolution.  The generated TIFFs were 

analyzed in ImageJ using the measure command.  This conversion factor was entered into 

ImageJ and used in all subsequent quantitative calculations.  Analysis was performed 

using the analyze particles command in ImageJ with slight variations to the options 

depending on the image type.   

The phalloidin-TRITC stain was used to quantify percent coverage of the ECs 

within the field of view.  Beca

 cell is easily visible and enhancing the contrast and brightness of the image will 

produce signal from the entire cell.  Figure 5-6 parts A, C and E illustrate the process 

used to enhance the signal from the actin stain.  The TIFF is opened in ImageJ as seen in 

figure 5-6A and modified with a smooth filter if scan lines from the digital camera 

capture are present.  Next, the contrast and brightness are increased in order make the 

cells bright red and the surrounding area dark black as shown in figure 5-6C.  Then, the 

image is converted to grayscale by changing it to an 8-bit image.  This is converted to a 

black and white binary image by selecting the “process  binary  threshold“ 
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command as shown in figure 5-6E.  Once the binary image is generated, it can be 

analyzed using the “analyze  analyze particles…” command with the maximum 

particle size set to a value greater than the total image size of 11 mega pixels.  The results 

generated were recorded in excel and the percent coverage was calculated as  

Equation 5-1 Percent coverage = (Acovered by cells)/(Afield of view)*100 

where a confluent cell layer would have 100% coverage.   

The mouse anti-vinculin stain was used to quantify the number of focal contact 

s illustrated in figure 5-6 parts 

B, D 

adhesions produced between the ECs and the substrate.  A

and F, a similar analysis procedure to that used for the actin stain was employed.  

Because of the small size of the focal contact adhesions, a smoothing filter was applied a 

maximum of one time to prevent loss of signal.  As seen in figure 5-6B, there can be a lot 

of background signal that needs to be eliminated to see all the focal contact adhesions.  

This is done by increasing both the contrast and brightness to make the focal contact 

adhesions bright green and the surrounding cell body and uncovered areas dark black 

(figure 5-6D).  The image is converted to 8-bit grayscale and then converted to a binary 

image using the “process  binary  threshold“ command (figure 5-6F).  Focal contact 

adhesions were counted using the “analyze particles…” command setting the minimum 

particles size as 1 and the maximum particle size as 100.  Recorded in Excel are the total 

number of focal contact adhesions per cell and the average area and standard deviation of 

the focal contact adhesions.   
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Figure 5-6.  An illustration of the image processing performed in ImageJ in order to 
quantify the cell properties for the actin (A, C and E) and vinculin (B, D and 
F) stains.  The TIFFs were opened as captured (A and B) and then 
brightness/contrast enhanced (C and D) to highlight the desired features.  For 
the actin stain, contrast and brightness were increased to get signal from the 
entire cell (B).  For the vinculin stain, the brightness was decreased and the 
contrast was increased to get signal only from the focal contact adhesions.  (E 
and F) TIFFs were converted to a binary image using the threshold command 
and then quantified using the analyze particles command.    

FE 

DC 

BA 
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The DAPI stain was used to visualize the cell nuclei and count the number of cells 

visible per image.  The analysis is similar to that performed for the actin and vinculin 

stains, with a step added to separate apart adjacent and overlapping nuclei (figure 5-7).  

The TIFF images were opened in ImageJ (figure 5-7A) and contrast/brightness enhanced 

(figure 5-7B) to make the nuclei bright blue and the background dark black.  TIFFs were 

then converted to 8-bit grayscale and then to a binary image using the “process  binary 

 threshold“ command (figure 5-7C).  As seen in figure 5-7C, the close proximity of 

some cell nuclei results in overlapping of the fluorescent signal and merging of multiple 

nuclei.  To obtain accurate cell counts using the “analyze particles…” command these 

nuclei need to be separated.  This is done automatically by using the “process  binary 

 watershed“ command which analyzes the shape of round particles and determines 

where the junctions are.  The results of the watershed process is a thin, one pixel wide 

line that separates the nuclei as shown in figure 5-7D.  The cell nuclei are then counted 

using the “analyze particles…” command with a minimum particle size set at 10 and a 

maximum size set at 1000.  Recorded in Excel are the total number of nuclei and the 

average area and standard deviation of the nuclei.   

Additional information is calculated by combining data from the individual stained 

images.  The average cell area is found by dividing the area of cell coverage by the 

number of cell nuclei within an image.  

Equation 5-2 
nucleiofnumber

A
A image

cell =  

The average number of focal contact adhesions per cell is found by dividing the area of 

cell coverage by the total number of focal contact adhesions. 
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 Equation 5-3  

 
number of focal contact adhesionsfocal contact adhesions per cell

number of nuclei
=  

Figure 5-7.  An illustration of the image processing used to count cell nuclei and nuclear 
area.  The (A) TIFF in opened in ImageJ and (B) contras/brightness enhanced 
to maximize signal from all nuclei.  The TIFF is then (C) converted to a 
binary image and merged nuclei are separated (D) using the watershed 
function.  (D) Arrows indicate where the watershed function separates merged 
nuclei by inserting a thin, one pixel wide line between them.   
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Statistical Analysis 

The data for cell density, percent cell coverage, cell spreading and the number of 

focal contact adhesions per cell was analyzed using SigmaStat 3.0 (SPSS Inc.).  The 

affect of substrate type and culture time on these results were compared using 2-way 
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ANOVA followed by Tukey’s pairwise comparison between the different means. 

Statistical significance was based on a P < 0.05. 

Results and Discussion 

Surface Analysis of Cell Culture Substrates 

Topography of flat and micropatterned PS and PDMSe 

  All substrates used for cell culture were analyzed to determine the surface 

topography and chemistry.  AFM was used to characterize the flat and 

microtopographically modified PS and PDMSe substrates.  Analysis showed that there is 

an inherent surface roughness associated with the flat sections of the different substrates.  

As seen in figure 5-8A, the PS surface looks like a fibrous mat of crisscrossing strands. 

This surface structure is thought to be the result of the plasma treatment used by the 

manufacturer to increase the hydrophilicity of the PS to enhance cell adhesion.  Even 

though the surface is quite irregular, the RMS roughness is still under 10 nm (table 5-2).  

The PDMSe surfaces are different with changes observed depending on how the samples 

were cast and the effects of the plasma treatment.  Samples cured against the Si wafer had 

a surface structure that was a negative of the etched wafer.  Figure 5-8B shows that this 

PDMSe surface has no evidence of any fiber-like structures as seen with the PS.  

Examination of the Si wafer revealed a very similar surface structure (figure 5-9) for the 

example of the hexagon pattern.  In contrast to casting against the Si wafer, air cast 

PDMSe had a smoother surface characterized by an RMS roughness less than 10 nm 

(figure 5-8C and table 5-2).   

Plasma treatment is known to alter the PDMSe surface chemistry by changing it to 

a silica-like material [74, 75].  This occurs because the plasma ablates the surface and 

causes chain scission of the PDMSe polymer chains.  The result is the formation of a hard 
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silica-layer with a low surface RMS roughness less than 10 nm (figure 5-8D and table 5-

2).   Plasma treating the air cured PDMSe does not change the RMS surface roughness.  

Plasma treating the PDMSe cured against the etched Si wafer decreases the surface 

roughness to <10 nm, which is approximately the same as PS and air cured PDMSe.  The 

cross-sectional profiles in figure 5-9 show that the roughness of the flat areas is many 

orders of magnitude below that of the engineered topographies and that they are well 

shaped with close to 90˚ angles between the vertical and horizontal surfaces.  In addition, 

all the microfeatures have nearly identical heights of 1.2 µm for the large hexagons, 0.5 

µm for the small hexagons and 2 µm for the stars.  As a result, all the cell culture 

substrates have essentially the same surface roughness for the completely flat surfaces 

and surfaces with flat areas between engineered microtopographies.  

Figure 5-8.   (A) Fluid tapping mode image of PS (625 µm2 area).  (B) PDMS elastomer 
imaged with tapping mode in fluid (100 µm2 area).  This sample was the 
standard Silastic T-2   

Å

BA 
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Rq = 13 nm

200nm

Rq = 13 nm

200nm

C

BA

 

Figure 5-9. AFM tapping mode topographic images of the hexagonally patterned silicon 
wafer master.  (A) A large 100 µm scan size of the hexagonally patterned 
area.  (B) A 5 µm scan size enlargement of the area within a single etched 
hexagon.  (C) A 1 µm scan size top down view of another etched area. 

Table 5-2. Variation in RMS roughness of the different materials examined. 
Material RMS Roughness, Rq [nm]
Polystyrene 9.1 ± 8.0 
Etched silicon wafer 22.5 ± 6.4 
PDMSe cured against silicon wafer 26.9 ± 5.6 
PDMSe cured against air 3.1 ± 1.30 
PDMSe Argon plasma treated 6.8 ± 4.5 
PDMSe Argon plasma treated and coated w/ FN 5.4 ± 3.3 
 

PDMSe replicated the microtopographies with high fidelity and the plasma 

treatment did not degrade these features.  Figure 5-10 illustrates the topographies in 

PDMSe as analyzed by AFM.  The important elements to note are the imperfections in 

the large hexagon sidewalls compared to the nearly flawless sidewalls of the stars 

(compare figure 5-10 parts A, B and C to part D).  This loss of fidelity is not due to the 
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PDMSe replication but rather the transparency based photomask used to generate the 

patterns.  The toner used to print the transparency has a finite particle size that prevents 

straight lines to be produced on a scale less than 10 µm.   In contrast, the photomask 

generated with the electron beam has no noticeable roughness.  As a result, the 20 µm 

hexagons, 40 µm stars and 3 µm circles in PDMSe all had the high fidelity sidewalls. 

The topography of the Si wafer was also analyzed by AFM directly.  This helped 

ensure that the fidelity of the PDMSe replication was good.  It also determined the 

nanometer scale roughness of the Si wafer that was replicated by the PDMSe.  This was 

useful because the PDMSe is hard to analyze at the nanometer scale due to adhesion to 

the AFM tip.  Figure 5-9 shows a scan of hexagonal patterned PDMSe wafer at a 2 µm 

depth with high resolution scans showing the flat etched areas with a root mean square 

(RMS) roughness of 13 nm.  This roughness is a product of the DRIE process, which 

ablates the Si wafer during etching and does not remove material as atomic monolayers.   

Immunoflourescent staining of FN micropatterns on PS and PDMSe 

Immunoflourescent staining was used to visualize the FN patterns that were µCP onto the 

surface of the PDMSe.  For flat PDMSe and PS surface incubated with FN solutions, the 

entire stained surface glowed green (figure 5-11D).  This is to be expected since the 

entire surface is coated and control staining PS and plasma treated PDMSe showed only 

low levels of non-specific staining.  All FN micropatterns replicated well on both PS and 

plasma treated PDMSe.  However, the increased hydrophilicity of PS produced more 

uniform FN coverage across the individual patterns compared to PDMSe where some FN 

accumulated at the pattern edge.  With plasma treated PDMSe, there were always some 

regions where the pattern transfer was poor or inverted.  The 
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 Figure 5-10. AFM tapping mode images showing the topography of the PDMSe 
substrates.   
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inverted pattern seems to result when some hydrophobic recovery of the PDMSe occurs 

and FN collects between the microfeatures on the stamp and is transferred this way to the 

substrate.  The 3 µm diameter circles at 6 µm intervals (figure 5-11A) were actually the 

result of a star patterned stamp an order of magnitude smaller than in figure 5-11C.  Due 

to the small feature size of 4 µm stars at 6 µm intervals, tailoring the photolithography 

process allowed these features to be morphed into 3 µm diameter circles and used 

accordingly.  Thus, it is valid to call these FN circles, as visualized in the stained 

micrograph (figure 5-11A).  In addition to the intended patterns, there were occasional 

small spots of highly concentrated FN due to imperfection in the µCP process. 

Figure 5-11. Fluorescent images of µCP FN patterns.  The patterns are (A) 3 µm diameter 
circles separated by 3 µm, (B) hexagons 20 µm wide face-to-face, (C) 40 µm 
wide stars and (D) flat continuously coated PDMSe. 

DC 
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Immunoflourescent Imaging of Cell Structure 

Qualitative summary of EC response to microengineered surfaces  

 PVECs cultured on all the surfaces were analyzed using immunofluorescent 

staining and quantified using image processing.  Figure 5-12 is a collection of composite 

images combining a blue DAPI stain for the cell nucleus, a red phalloidin-TRITC stain 

for the actin cytoskeleton and a mouse anti-vinculin antibody followed by a green 

secondary antibody stain for focal contact adhesions.  For cells grown on FN 

micropatterns, a rabbit anti-FN antibody followed by a green secondary antibody stain 

was used to visualize the micropatterns instead of using the mouse anti-vinculin stain.  

Cells were imaged after culture periods of 4, 7 and 14 days because it provided the best 

indication of which cells would reach confluence and become quiescent.  A couple of 

cultured substrates were contaminated by bacteria and those squares are filled with a grey 

square in figure 5-12.  The control surface was culture grade PS and cells reached 

confluence by 1 week.  The addition of FN to the surface increased the rate of cell 

spreading on most substrates.  Flat plasma treated PDMSe demonstrated very poor 

growth with cell shape typically highly elongated and spindle-like.  FN coated plasma 

treated PDMSe had slightly better growth. But the cell morphology still exhibits poor 

spreading characteristics and low density.   

The surfaces with the hexagonally patterned topography inhibited cell adhesion.  

The only areas with cell growth were the flat areas between the 1 µm microtopography 

steps consisting of the raised region surrounding the hexagons.  Every sample tested with 

topography drastically reduced cell density and spreading.  Cell apoptosis was complete 

after 14 days. FN coating did not improve cell growth across the microtopography, but it 

did increase the number of cells spreading onto the continuous areas.  The end result is 
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that for growing an EC monolayer, topographical steps of 1 µm or more disrupt cell 

spreading and adhesion.  Thus the microtopography evaluated is more significant than 

either the FN chemistry or the plasma generated surface chemistry.  This response, 

however, can not be generalized to all cells because both the topography and protein 

reaction is specific to the cell type.  PVECs grew better on flat surfaces patterned with the 

FN chemistry and will be examined in detail. 

EC response to microtopographies and the disruption of cell spreading 

ECs grown on the microtopographically modified PDMSe substrates did not 

produce a viable cell monolayer.  Cell adhesion and spreading on the surface was 

disrupted by the 1 �m topographical step height.  None of the patterns tested were able to 

support desirable EC growth with measured cell densities far less than that achieved with 

flat PDMSe_plasma and PDMSe_FN at all culture time points.  The addition of FN did 

increase cell density and spreading, but not enough to improve the poor performance of 

the surface.   

Figure 5-13 demonstrates the EC response to 4 different surfaces, where the 

topography directs cell growth, but not towards a monolayer.  As seen in figure 5-13A 

the ECs group together into multicellular bundles, yet still send out long cytoplasmic 

protrusions.  The extensions are likely probing for more favorable surface conditions that 

would promote adhesion.  They may also be used to help anchor the cell to the surface, as 

the extreme ends of these extensions stain strongly for vinculin contained in focal contact 

adhesions.  The multicellular bundles occur because the ECs prefer to be in contact with 

each other rather than the substrate.  The addition of FN to the surface (figure 5-13B) did 

not vastly improve adhesion and spreading on the surface.   However, what is clearly  
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Figure 5-12 continued. 
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Figure 5-12 continued. 
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Figure 5-12.  Fluorescent images taken at 4, 7 and 14 days for PVECs cultured on all the 
experimental surface conditions used.   

 

noticeably is the surface directed guidance of the multicellular EC bundle around the 

lowered hexagons in order to stay on the continuous raised area.  This is interesting 

because it demonstrates a strong contact guidance affect of topographical features that are 

depressed into the surface as compared to those rising up from the surface.   While 

numerous studies have demonstrated contact guidance by raised features, this is the only 

known study to show this phenomena for depressed features [22, 32, 34, 38, 41, 87-95].  

It was initially theorized that the ECs would individually settle into each lowered 
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hexagon, but this did not happen and very few ECs were ever found there.  Lowered 

hexagons with over twice the area (figure 5-13C) and with FN added (figure 5-13D) did 

not change this result.  With these longer hexagons the ECs still preferred adhering to the 

continuous raised area with the same contact guidance affect directing the ECs around the 

hexagons.  In most of these cells there was significant colocalization of the cell nucleus 

with the actin cytoskeleton and vinculin.  In fact, the actin cytoskeleton and vinculin are 

both diffusely stained, indicating that neither actin filaments/stress fibers nor focal 

contact adhesions are well developed.   

In addition to the large hexagons lowered into the PDMSe surface, another 

substrate was fabricated with hexagons 20 µm wide face-to-face, raised 1 µm from the 

surface and separated by 2 µm face-to-face.  An AFM topographic image of this surface 

is presented in figure 5-14.  This same substrate was used as the stamp to µCP FN 

hexagons of the same dimension on PS and PDMSe (figure 5-11B).  ECs were cultured 

on the PDMSe_hex_plasma and PDMSe_hex_FN for periods of 4, 7 and 14 days with 

extremely poor results.  There were sparse cells in completely rounded morphology after 

4 days and no evidence of any ECs at 7 and 14 days.  Adhered cells were not accidentally 

removed during the fixation and staining process either because prior observation using 

an inverted light microscope showed no cells as well.  Interestingly, on these hexagon 

surfaces, ECs were visible as well adhered cells on the flat PDMSe surrounding the 

patterned area.  This provides strong evidence to the conclusion that ECs are extremely 

sensitive to topography even at the scale of 1 µm in the z-axis.   

The fact that this PDMSe surface with raised hexagons prevented any endothelial 

adhesion may prove useful for other applications.  While there is no apparent need to 
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prevent EC adhesion, preventing adhesion of other epithelial tissues may be desirable in 

specific situations.  For example, stopping corneal epithelium from binding to ocular 

implants, stopping the urethral epithelium from binding to urinary catheters and 

preventing the formation of post surgical adhesion using microtopographically patterned 

and degradable barrier films.  

DC 

BA 

Figure 5-13.  ECs cultured on microtopographically patterned PDMSe for 14 days.  
Substrates pictured are (A) PDMSe_Hex_00_plasma, (B) 
PDMSe_Hex_00_FN, (C) PDMSe_Hex_00_plasma and 
PDSMe_Hex_00_FN. 
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Figure 5-14.  AFM topographic image of PDMSe patterned with 20 µm wide raised 
hexagons.  This surface prevented adhesion of ECs with cell growth restricted 
to the flat surface surrounding the patterned area. 

 

Looking at EC adaptation to flat substrates with and without FN 

 PVECs were grown on PS as a control surface because it is widely used to culture 

and experiment on nearly all cell types.  Figure 5-15 provides close-up images of PVECs 

grown on PS and PS_FN at 4 and 14 days culture.  These samples were stained for the 

nuclei, actin and focal contact adhesions; no staining of the FN was performed because it 

was a continuous coating.  PS_FN demonstrated the most rapid cell spreading of any 

substrate tested reaching confluence prior to 4 days culture.  The PS had reached 90% of 

confluence by 4 days and looked qualitatively the same after 14 days of culture.  There 

was no obvious change in the number or organization of focal contact adhesions between 

the culture time points.  The results for the FN coated PS were slightly different as the 

enhanced adhesion of the cell to the surface increased cell spreading.  The FN coating 

decreased cell density while maintaining confluence by increasing individual cell 

spreading.  An interesting result for ECs on PS_FN is that cell morphology changes 
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between 4 and 14 days culture even though the EC are in a continuous monolayer the 

entire time.  Comparing figure 5-15C to 5-15D, EC shape changes from essentially round 

to a combination of elongated and round cells.  Qualitatively, it appears that the ECs try 

to continue growing by snaking around other cells as far as possible.  It should be noted 

that even at 14 days of culture; the ECs remained in a monolayer.  

 Cells grown on plasma PDMSe and FN-PDMSe did not adhere in high density or 

spread well.  Figure 5-16 shows a close-up of cells cultured for a period of 14 days and 

stained for the nuclei, actin and focal contact adhesions; no staining of the FN was 

performed because it was a continuous coating.  The ECs tended to cluster into 

multicellular bundles and did not form any kind of monolayer or multicellular layers.  

The individual cells were highly elongated and spindle-like with a cell body aspect ratio 

of at least 20:1.  These cells had very thin sub micron wide pseudopods extending 

upwards of 25 µm from the cell body.  Cell density appeared slightly higher on the FN-

PDMSe, however, the qualitative results were the same and the cells were abnormal in 

appearance and likely not functioning properly. 

There were some general observations of ECs on micropatterned FN surfaces.  

The cells always appeared to adapt to the underlying chemistry in some manner.  Figure 

5-17 shows the edge of a growing EC monolayer of cells on a substrate patterned with 

FN hexagons.  In this image, the green stain is for vinculin; however a low level of cross-

reactivity with the FN patterns allowed both to be visualized with some additional image 

processing in Photoshop.  The bright yellow color of the advancing front indicates the 

overlay of actin and focal contact adhesion suggesting the cells are crawling in that 

direction.  Looking at the magnified inset shows the ECs with many of the nuclei located 
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over a FN hexagon.  Closer examination of EC response to each type of FN micropattern 

on each type of substrate provides more detail. 
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Figure 5-15.  (A) PS 4 day.  (B) PS 4 day.  (C) PS with FN 4 day.  (D) PS with FN 14 
day.   

 

FN micropatterns on plasma PDMSe and PS had similar results.  Given the poor 

cell adhesion and spreading on PDMSe, cells grown on the FN patterned PDMSe showed 

an extreme preference for the protein covered areas compared to the bare plasma PDMSe 
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area.  Figure 5-19 provides some close-up images of PVECs on these surfaces and the 

general results are well illustrated.  On the FN stars and FN hexagons, the PVECs 

adhered preferentially to the protein and the cell body shape contorted to the pattern.  

Obviously, any cell growing in a shape defined by a simple geometric primitive is not 

going to support normal cell growth and function.  In fact, often cells would become 

stuck on a single protein pad as in figure 5-19D, although at times they would have the 

energy to spread on the same pattern as in figure 5-19C.  The best pattern proved to be 

one that had very small protein areas compared to the size of a cell.  Figure 5-19A shows 

PVECs grown for 4 days on 3 µm diameter FN circles and the cells spread well.  By 7 

days cultured cells formed a monolayer on these FN circles using them as anchor points 

at which to lay down focal contact adhesions.  This is the first known example of getting 

ECs to form a monolayer on PDMSe using chemical micropatterning and is important 

because it demonstrates this morphology on an elastomer.   

BA 

Figure 5-16.  (A) PDMSe plasma 14 day.  (B) PDMSe plasma with FN 14 day 
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Figure 5-17.  PVECs cultured 2 days on plasma treated PDMSe patterned with 20 µm FN 
hexagons.  Hexagons visible from small cross reaction with primary or 
secondary antibody.  This is the edge of the patterned region as the growing 
monolayer approaches the non-patterned area in black. 
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Figure 5-18 shows PVECs growing on PS with FN stars at 4 and 14 days of culture.  

The cell actually tries to adapt its shape to that of the FN micropattern, and be seen 

clearly in figure 5-18A.  Cells still reach confluence as seen in figure 5-18B, however, the 

shape is still influenced by the underlying pattern and cell density is lower than that 

found on PS and FN_PS.  While the ECs can adapt to the pattern, it does disrupt cell 

adhesion and spreading reducing the utility as an EC tissue engineering material. 

BA 

Figure 5-18. PVECs grown on PS patterned with FN stars for periods of (A) 4 days and 
(B) 14 days in culture. 

 

Quantifying The Cell Density, Percent Coverage And Cell Area 

Cell density as function of time indicates how cells are proliferating on the different 

substrate types.  From the qualitative results shown in figure 5-12, it is obvious that some 

surfaces promote excellent cell growth while others results in minimal growth.  The 

surfaces with 1 µm high microtopographies with and without FN coatings were not 

analyzed further because the ECs did not grow on them.  Therefore, the surfaces of 

interest were the flat PS and PDMSe substrates and the FN micropatterns generated on 
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these flat surfaces.  Figure 5-20 shows the change in cell density with culture time on 

different substrates.  See Appendix A for a complete statistical analysis of cell density as 

a function of substrate type and culture time.   

DC 

BA 

Figure 5-19.  PVECs are grown on FN micropatterned plasma PDMSe.  The 
micropatterns are (A) 3 µm diameter circles, (B) 40 µm stars and (C and D) 
20 µm hexagons. 

 

The TIFFs analyzed were all captured at 100x with a field of view of 1,527,295 

µm2.  These results only indicate the cell density on a surface and do not completely 
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describe how the cells are spreading.  ECs on PS and PS_FN were consistently in the 

range of 500 to 700 cells/mm2 at all time points with no statistical difference between 

them.  Cell density on PS and PS_FN was significantly different than every other surface 

treatment except for PDMSe_FN_star.  Similar to the PS, the PDMSe_plasma and 

PDMSe_FN were not significantly different even though there was a significant 

difference between these two surfaces and the FN patterned PDMSe substrates. ECs on 

PDMSe_FN_hex and PDMSe_FN_star formed confluent patches in small areas never 

larger than half a field of view.  Thus, cell densities were low and the inconsistent growth 

suggests that these surfaces were not suitable for the entire EC population or for robust 

cell division and growth.  The highest cell density was seen for PDMSe_FN_circle, 

which continued to increase in number at each culture time point reaching 1536 ± 247 

cells/mm2 by 14 days.  The cell growth on PDMSe_FN_circle was significantly higher 

than all other substrates including the PS and PS_FN controls. 

The continued increase in cell density for ECs cultured on PDMSe_FN_circle, even 

though confluence is reached between 4 and 7 days, demonstrates the proliferative 

capacity of this surface.  This is not expected because only 20% of the surface is coated 

with FN, while the rest is plasma treated PDMSe which demonstrated poor cell adhesion, 

spreading and growth.   Apparently, the absence or presence of an adhesion ECM protein 

is not the only factor needed to adhere cells. It seems that the distribution of that protein, 

FN in this case, also plays an important role as the PDMSe_FN_hex and 

PDMSe_FN_star surfaces failed.    

 



108 

Figure 5-20.  A plot of cell density on different engineered surfaces at 4, 7 and 14 days 
culture time.  Represented are cell numbers per 1,527,295 µm2, the field of 
view at 100x, error bars represent ± one standard deviation. 
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The cell density of ECs on PDMSe_FN_circle was plotted against a linear scale of 

culture time to look at the proliferation rates (figure 5-21).   The initial number of cells at 

zero days was calculated by taking the seeding density of 50,000 cells/mL, multiplying 

by the seeding volume of 1.5 mL, dividing by total area of the Petri dish of 962,112,750 

µm2 and then multiplying by the field of view of 1,527,295 µm2.  This results in an 

average of 119 cells settling out of solution within the 100x field of view at 2.5 hours of 

the seeding.  The experimental data can be interpreted by comparing it to fermentation 

growth rates.  In binary growth, there is an initial lag as sufficient cell numbers are built 

up.  After this point the growth rate becomes exponential and the number of cells 

increases rapidly.  This is followed by a rate limiting step that slows the growth rate and 
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causes the number of cells to stabilize.  In the case of bacteria, the rate limiting step is 

usually nutrient supply, however for properly functioning ECs the rate limiting step is 

contact inhibition.  Applying this model to the data (figure 5-21), to lag and subsequent 

exponential growth occur in the first 4 to 5 days.  After this point, as the ECs reach 

confluence, the cell growth rate drops off.   The complex growth characteristics prevents 

an exact fit to the data, but qualitative interpretation indicates that the cell number is 

unlikely to exceed 3000 cells within the 1,527,295 µm2 field of view (a cell density of 

1964 cells/mm2). 

Figure 5-21.  Plotted is the number of cells on PDMSe_FN_circle as a function of culture 
time.  The dashed line represents a standard binary growth curve adapted from 
bacteria fermentation.  Error bars represent ± one standard deviation and cell 
number is given per 100x field of view (1,527,295 µm2). 

Cells on PMDSe FN Circles with Time

0

500

1000

1500

2000

2500

3000

0 2 4 6 8 10 12 14 1

Culture Time [days]

C
el

l N
um

be
r

6

1. Initial growth lag 
2. Exponential growth phase 
3. Growth decay rate limited b

contact inhibition 
y 

31 2 

 

 



110 

While the increase in cell density with culture time is important, it needs to be 

compared to the rate at which the ECs form a confluent monolayer.  This can be 

visualized by plotting the percent coverage of the substrate as function of cell culture 

time (figure 5-22).  See Appendix A for a complete statistical analysis of percent 

coverage as a function of substrate type and culture time.  The time to reach confluence 

depends on both the proliferation rate of the cells and the area each cell occupies.  From 

figure 5-22 it becomes evident that there are two general responses seen.  Both the 

PDMSe_plasma and PDMSe_FN fail to reach confluence achieving ~40% coverage at 

best with no significant difference between them.  The PS surfaces and the FN patterned 

PDMSe surfaces are covered more rapidly with all having significantly higher percent 

coverage at early time points.  The cells achieve confluence on the PS_FN substrate by 4 

days culture proving that this surface has excellent growth characteristics, thought it is 

not significantly different than PS and PDMSe_FN_circle.  The remaining FN patterned 

PS and PDMSe substrates stimulated similar initial cell growth rates.  Confluence was 

only reached on the PS_FN_star surfaces.  Apoptosis occurred after 7 days and 14 days 

on the PDMSe_FN_hex and PDMSe_FN_star surfaces, respectively. The fact that 

apoptosis occurred for ECs on the PDMSe_FN_star and PDMSe_FN_hex indicates that 

the area, and possibly shape of the FN pattern is vitally important.   

In terms of cell spreading and adhesion to a surface, one of the most important 

factors is cell area.  This is calculated by dividing the area of substrate coverage by the 

number of cells to determine the average area occupied per cell, per substrate per culture 

time point (figure 5-23).  See Appendix A for a complete statistical analysis of cell area 

as a function of substrate type and culture time.  A cell area that is too low would suggest 
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Figure 5-22.  A plot of percent coverage of ECs on the different engineered substrates as 
a function of culture time.  Error bars have been omitted to prevent clutter.  
There are no data points for PDMSe_FN_hex at 7 and 14 days or for 
PDMSe_FN_star at 14 days because cell cultures had died. 
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that the cell is poorly adhered to the surface while a high cell area would suggest that the 

cell is pinned down to the surface.  Analysis of the fluorescently stained, fixed sections of 

porcine pulmonary artery reveals an average EC area of 316 ± 35 µm2.  Thus, the ideal 

synthetic surface will direct ECs to adhere and grow at similar cell areas and densities.  

On PS and PS_FN, the cell area remained the same throughout culture at ~1500 µm2 with 

no significant difference between the surfaces.  ECs on PDMSe_plasma had a 

significantly lower cell area than on PDMSe_FN at all time points yet both demonstrated 

a peak in cell area at 7 days that is significantly higher than cell area 4 and 14 days.  This 

is thought to represent a maximum effort by the cells to spread onto to PDMSe before 
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failing, and then retracting.  One substrate, PS_FN_star had continued cell spreading 

throughout all time points and was significantly greater than all other surfaces.  This is 

likely the result of the ECs being able to reach across to neighboring FN stars, spreading 

fully, and then extending to another star.  This is actually an unwanted result because the 

ECs spread far beyond the normal in vivo size.  ECs on both PDMSe_FN_star and 

PDMSe_FN_circle decreased in cell area with culture time with no significant difference 

between them.  However, while the number of cells on PDMSe_FN_star decreased as 

well, the number of cells on PDMSe_FN_circle increased dramatically over the same 

time period (figure 5-20). 

Evaluating EC response to the different engineered surfaces shows that a number of 

properties are important in evaluating the relative performance.  Comparing cell density, 

percent coverage and cell area demonstrates that the PDMSe_FN_circle substrate 

produces an EC monolayer that most closely resembles the ECs on the arterial lumen.  At 

14 days, this surface is confluent with an average cell area of 617 ± 39 µm2, or roughly 

twice the 316 ± 35 µm2 found for the porcine artery.  This is the best result achieved and 

suggests that small FN pads designed to direct the formation of adhesions to the surface 

are the best designs.  The importance of the FN micropatterns for directing adhesion, and 

specifically the formation of focal contact adhesion to the substrate is examined further to 

answer this question. 

 

Quantifying Focal Contact Adhesions To The Substrate 

Analyzing how focal contact adhesions form between ECs and the engineered 

substrates is necessary to understand the resulting cell behavior.  The first variable looked 
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at was the variation in the size of focal contact adhesions as a function of the surface on 

which they were formed.  Figure 5-24 looks at the variation in focal contact adhesion 

diameter between ECs and PS, PS_FN, PDMSe_plasma and PDMSe_FN.  There were no 

statistical differences in the average diameter, i.e., 1.86 ± 0.35 µm2 of the focal contact 

adhesions and the variation in cell spreading is due to the formation of additional 

adhesions.  This suggests that any variation in size was less than the detectable limit and 

less than a 20% variation of average diameter of the focal adhesion..   

Figure 5-23.  A plot of the average cell area as a function of the engineered substrate ECs 
were cultured on and the length of time they were cultured.  Cell areas need to 
be compared with cell density and cell morphology to understand if the 
response is favorable or not.  Error bars represent ± one standard deviation. 
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Figure 5-24.  A plot of the variation in the diameter of focal contact adhesions between 
ECs and engineered substrates.  For each substrate type, values are pooled 
from 4, 7 and 14 days culture.  Error bars represent ± one standard deviation. 
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Figure 5-25 shows the number of focal adhesions per cell that formed between the 

ECs and the PS, PS_FN, PDMSe_plasma, PDMSe_FN and PDMSe_FN_circle substrates 

with a clear difference depending on surface properties.  Because FN contains the –RGD- 

amino acid sequence known to bind integrin receptors responsible for forming focal 

contact adhesions, it is reasonable that the FN coating increased the number of contacts 

formed for PS and PDMSe.  PS_FN showed a significant increase in focal contacts at an 

average of 90 ± 8 per cell compared to the 44 ± 10 per cell for PS at 4 days.  

Interestingly, the number of focal contact adhesions on PS_FN dropped to 28 ± 6 and 35 

± 10 per cell at 7 and 14 days respectively.  This is likely due to a decrease in the number 

of adhesions needed to stabilize the cell since the EC monolayer is well formed and the 
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cells have stopped proliferating and spreading.  Cells on PDMSe_FN showed a trend 

towards twice the number of focal contact adhesions as compared to cells on 

PDMSe_plasma though there was no statistical difference at any time point.  The low 

number of focal contact adhesions for PDMSe_plasma and PDMSe_FN is likely due to 

the overall poor adhesion and spindle-like shape that prevented binding to the surface.  

The PDMSe_FN_circle substrate elicited nearly the same number of contact adhesions as 

the PS at 4 days and the PS_FN at 14 days.  Even though the number of cells increased 

and the average cell area decreased, the number of focal contact adhesions per cell 

remained relatively constant at ~40 per cell with no statistical difference between time 

points.  Focal adhesions were not examined for PDMSe_FN_star and PDMSe_FN_hex 

due to apoptosis by 14 days. 

Figure 5-25.  A plot of number of focal contact adhesions per cell as a function of the 
engineered substrate ECs were cultured on and the length of time they were 
cultured.  Error bars represent ± one standard deviation. 
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Looking at the arrangement of focal contact adhesions within the cells reveals some 

additional information about cell adhesion.  Figure 5-26 shows a close-up centered on an 

EC from each surface analyzed for adhesions in figure 5-25.  For surfaces treated with 

FN as a continuous coating or a patterned area, focal contact adhesions appear throughout 

the cell, and most notably underneath the nucleus (figure 5-26 A, C and E).  In contrast, 

the PS and PDMSe_plasma samples had focal contact adhesions organized mostly at the 

periphery of the cell (figure 5-26 B and D).  It should be noted that cells pictured are 

from 4 days culture time and that changes in cell area and focal contact adhesions per cell 

change with time as described above.  Furthermore, only well spread cells were examined 

representing a minority of the EC population on PDMSe_plasma and PDMSe_FN where 

the cells tended to become spindle-like and bundle together into multicellular structures.  

By examining cells at only 4 days culture, this grouping behavior of ECs on PDMSe was 

minimized since it became more prevalent with longer culture times.  Looking at the 

images directly, the PS (figure 5-26D) focal contact adhesions are arranged mostly at the 

periphery of the cells with some additional adhesions dispersed underneath the cell body.  

Furthermore, the actin cytoskeleton appears well developed with robust staining 

throughout most of the cytoplasm.  When the PS is pretreated with FN, the PS_FN 

substrate elicits a much stronger adhesions with a visible increase in the number of focal 

contact adhesions throughout the cell with an apparent uniform distribution (figure 5-

26E).  Adhesion, spreading and proliferation were so rapid on the PS_FN that a complete 

monolayer was formed at 4 days culture and the EC had to be examined in contact with 

neighboring cells.  In addition, some of the focal contact adhesions on the PS_FN appear 

as larger green spots.  This is due to the brightness/contrast enhancement used to prepare 
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the image for presentation causing the merger of the fluorescent signal from adjacent 

adhesion locations.  This suggests that more adhesions formed in close proximity than 

were needed to adhere the cell to the substrate.  Likely, this is the reason the number of 

focal contact adhesions decreased with culture time for ECs on PS_FN. 

EC adhesion and spreading on the PDMSe_plasma was the lowest seen for any of 

the flat surfaces tested.  Focal contact adhesions were organized almost entirely near the 

periphery of the cell and the actin cytoskeleton was diffuse with very few brightly stained 

lines indicative of stress fibers (5-26B).  This low number of adhesions coupled with a 

poorly developed cytoskeleton suggests that on the PDMSe_plasma the ECs have poor 

mechanical stiffness.  Also visible in figure 5-26B is a cytoplasmic extension running out 

of the image area.  These pseudopods were a common occurrence on the PDMSe_plasma 

and PDMSe_FN and could run many 10’s of micrometers in length.  ECs on the 

PDMSe_FN had more focal contact adhesions than plasma treatment alone, however 

adhesion was still poor (figure 5-26A).  Additional focal contact adhesions were evident 

under the cell body, usually organized directly under the cell nucleus as seen in figure 5-

26A.  The cells on PDMSe_FN appeared to have more brightly stained stress fibers in the 

cytoskeleton.  The larger cell area and greater number of focal contact adhesions of ECs 

on PDMSe_FN versus PDMSe_plasma suggests better adhesion to the surface, though at 

all culture time points there was no statistical difference in the percent coverage of the 

substrate at ~40%.  This is because the cells preferred to bundle into multilayers rather 

than spread out into a monolayer.  The PDMSe_FN_circle had a unique result compared 

to the other engineered surfaces (figure 5-26C).  The number of focal contact adhesions 

remained constant throughout the culture time even though the cell area decreased 
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throughout that same period.  The organization of the focal contact adhesions through out 

the cell were relatively uniform, likely due to integrin binding to the regularly spaced 

underlying FN micropattern.  The actin cytoskeleton was also highly developed with 

many of the stress fibers appearing to run in between nearby focal contact adhesions.  

Also, many of the actin stress fibers appeared to run in two, over laid 2-fold symmetry 

axes.  To clarify, the stress fibers appeared to align to the underlying FN micropattern 

either aligning to the sides the diagonals of the square lattice.  

The PDMSe_FN_circle surface appears to be the best option because it results in 

the highest cell density with a cell area close to that seen for ECs in natural artery and a 

well developed actin cytoskeleton. However, to understand why this is happening 

requires a more detailed analysis of ECs on the PDMSe_FN_circle substrate.  While the 

focal contact adhesions and underlying FN micropattern could not be stained 

simultaneously due to a lack of the appropriate fluorescent filter (figure 5-27A), it is still 

possible to determine if the focal contact adhesions are co-localized with the 

micropattern.  This is done by overlaying a grid with 6 µm line spacing on top of the 

fluorescent image.  From figure 5-27B, it is apparent that the focal contact adhesion do 

line-up along lines that are spaced at 6 µm intervals.  The alignment is not perfect due to 

the fact that each FN circle is 3 µm in diameter and the overlaid line is less than 1 µm 

wide at the image scale. 
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Figure 5-26.  A close-up of an EC cultured on different surfaces showing the variation in 
the number and arrangement of focal contact adhesion (green 
immunofluorescent stain for vinculin) and organization of the actin 
cytoskeleton (red phalloidin-TRITC fluorescent stain for actin).  ECs are 
cultured for 4 days on (A) PDMSe_FN, (B) PDMSe_plasma, (C) 
PDMSe_FN_circle, (D) PS and (E) PS_FN. 
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Figure 5-27.  Examining the alignment of focal contact adhesions of ECs on 
PDMSe_FN_circle to the underlying FN micropattern.  The images are  

 

In addition to organization of the focal contact adhesions to the underlying FN 

micropattern, the actin filaments and stress fibers appear to arrange in a similar manner.  

Figure 5-28 shows a close-up of an EC on the PDMSe_FN_circle surface where the FN 

patterned has been stained instead of the focal contact adhesions.  Yellow lines have been 

overlaid on the image and aligned to some of the actin fibers.  The actin fibers appeared 

to stretch from one focal contact adhesion to another as seen in figure 5-27.  Since these 

focal contact adhesions appear to be well aligned to the FN circle micropattern, it is 

reasonable that the actin fibers have the same arrangement.  Actin fibers at the periphery 

seem to be the most well aligned with the actin fibers around the nucleus less clear in 

their alignment.  In terms of cell function, causing the actin cytoskeleton and focal 

contact adhesions to align to such a regular square lattice array is undesireable.  However, 

incorporation of some patterns variability, possibly generated through a noise factor in 

A B
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generating a new micropattern design, may provide enough discontinuity while still 

engineering the adhesion to the surface. 

Figure 5-28.  Lines overlaid on top of an image of an EC on the PDMSe_FN_circle 
surface to show alignment to the underlying FN micropattern. 

 

Conclusions 

These results demonstrate that micropatterns of both topography and chemistry 

can change the way cells grow on a surface.  While the goal of this research is to enhance 

EC monolayer growth, it was found that the topography tested actually disrupts EC 

growth.  This may indicate why traditional small diameter vascular grafts fail due to 

failure of ECs to grow on the inner woven surface with topographical height changes in 

the range 10 to 100 µm.  The chemical micropatterning proved to be effective in the 

absence of topography for directing cell growth and allowing ECs to form a monolayer 
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on the PDMSe.  Clearly, the size and shape of the micropattern is critical in controlling 

this adhesion.  For example, the 40 µm stars and 20 µm hexagons altered the entire cell 

shape into an unnatural morphology.  However, the small 3 µm diameter circles actually 

enhanced normal spreading by providing a regular location for focal contact adhesion 

formation to the substrate. 

 



 

CHAPTER 6 
CELL RESPONSE TO ENGINEERED SURFACES ANALYZED BY ATOMIC 

FORCE MICROSCOPY 

  Introduction 

The ability to image live cells using the AFM provides a powerful technique for 

quantifying a variety of biological properties.  By physically probing the surface, 

tip/sample interactions can be analyzed in order to determine morphology, mechanical 

properties, cytoskeletal structure, cell surface markers and other properties.  In addition to 

these capabilities, the AFM can operate in a liquid environment leading to a number of 

advantages.  In liquid, the medium surrounding the tip and sample is well controlled 

eliminating the capillary forces that occur in air, which would rip apart a cell.  By 

controlling the force between the AFM tip and sample to a few nanoNewtons, damage to 

cells can be avoided.  More importantly, operating in liquid allows measurements on 

intact cell to be performed.  This improves biological relevance because the cells have 

not been altered physically or chemical by exposure to stains or fixatives as used for 

optical and electron microscopy.   

In this chapter AFM is used to quantify the morphology, cytoskeletal structure and 

mechanical properties of the ECs on PS and PDMSe surfaces.  While ECs on these 

surfaces have been evaluated with fluorescent microscopy, AFM provides valuable 

information to expand ones understanding of how the cells interact with the substrate.  

Measuring the cell morphology adds a critical 3rd dimension to the data allowing 

calculation of cell volume and its relation to cell adhesion and normal cell function.  

123 
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Coupled to the morphology is the organization of the actin cytoskeleton as visualized 

through deformation of the cell membrane during contact mode imaging.  

Mechanical properties are determined by analyzing force curves generated from 

force volume imaging.  These force curves provide data on the contact between the tip 

and sample as well as any adhesions or repulsions during the approach and retract to the 

surface.  Fitting the data in these curves to mathematical models results in the ability to 

calculate the elastic modulus of the substrate.  In addition, the shape of the force curves 

can reveal information about the viscoelastic properties of the material.  By using the 

AFM in simulated physiologic fluid, the mechanical properties of ECs can be determined 

as a function of the underlying substrate and the length of culture.      

 Materials and Methods 

Substrate Production 

Silastic T2 (Dow Corning) PDMSe was mixed in 10:1 ratio by mass of base resin 

to curing agent and mixed thoroughly.  To remove air bubbles, the PDMSe was degassed 

for 20 minutes under vacuum and then allowed to sit at atmospheric pressure for another 

5 minutes for all bubbles to dissipate.  PDMSe samples for cell culture were created by 

curing 2 to 3 mL of PDMSe prepolymer in 35 mm diameter Petri dishes.  The PDMSe 

was allowed to cure for 24 hours at room temperature creating a uniform and flat PDMSe 

surface.   
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ECs and media 
Flat PDMSe film 
Petri dish (35 mm diameter) 
 

Figure 5-4.  Samples for cell culture are prepared by placing a cured micropatterned 
substrate in the center of a 35 mm diameter Petri dish and curing in place by 
surrounding it with PDMSe prepolymer.  ECs in media are poured into the 
remaining volume of the Petri dish and cultured for 4, 7 or 14 days.  

 

The hydrophobic PDMSe was surface modified to increase the hydrophilicity for 

cell adhesion.  The PDMSe films, fixed in the Petri dishes, are plasma treated with an 

Argon radio frequency glow discharge (RFGD) plasma.  The plasma treatment system 

used is a gas flow system where the sample sits in a bell jar with a gas inlet column at the 

top and a vacuum outlet at the bottom.  The gas inlet column has an RF coil surrounding 

it that ionizes the argon gas as it flows through and strikes the samples in the bell jar.  

Three 35 mm diameter Petri dishes were placed in the bottom half of a 9 cm diameter 

Petri dish and placed on a metal stand 2.5” below the RF coil in the bell jar.  The pressure 

was reduced to 50 mTorr and then the chamber was purged 3 times with argon at a flow 

rate of 1000 sccm.  PDMSe samples were exposed for 1 minute to plasma generated with 

an RF power of 50 W and an argon flow rate of 8 sccm at 50 mTorr. The samples were 

removed from the bell jar and covered with sterile Hanks balanced salt solution (HBSS) 

immediately after the plasma treatment.  Samples were also incubated with a solution of 

50 µg/mL fibronectin (FN) in HBSS for 1 hour.  The FN treated samples were 

subsequently washed 3x with HBSS and then seeded with PVECs.   
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Cell Culture 

 Primary porcine vascular endothelial cells (PVECs) were obtained from the 

research group of Dr. Edward Block at the Malcolm Randall VA medical center 

(Gainesville, FL).  PVECs were provided in suspension at an approximate concentration 

of 200,000 cells per mL and diluted to 50,000 cells per mL for seeding on 

microengineered surfaces.  The cell were counted on a hemocytometer (Sigma) and 

suspended in additional media to reach the desired cell concentration.  Cell seeding media 

consisted of RPMI 1640 media supplemented with 10% fetal bovine serum (FBS), 1% L-

glutamine and 2% antibiotics (100 U/ml of penicillin, 100 µg/ml of streptomycin, 20 

µg/ml of gentamicin, and 2 µg/ml of Fungizone).  Cells were incubated at 37˚C and 5% 

CO2 for periods of up to 16 days.    Media was replaced every 48 to 72 hours using a 

maintenance media of RPMI 1640 media supplemented with 4% FBS, 1% L-glutamine 

and 2% antibiotics.   

AFM Experimental Setup and Procedure 

AFM setup 

The AFM analysis was performed using standard imaging techniques.  All imaging 

was performed on a Dimension 3100 AFM (Veeco Metrology) equipped with a 

Nanoscope IIIa controller and version 5.12r3 software.  Imaging was performed in Hanks 

balanced salt solution (HBSS) using a liquid tip holder.  For all imaging modes, 200 µm 

long and thin silicon nitride cantilevers (Veeco Metrology) with 0.06 N/m spring constant 

were used.  Contact mode was used to determine surface topography and force volume 

mode was used to map the mechanical properties.  For scanning, the AFM scanner head 

was lowered directly into a 35 mm diameter Petri dish with ECs growing on the bottom.  
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Figure 6-1A shows a schematic of the engaged scanner and figure 6-1B is a digital 

picture of the AFM tip over a monolayer of ECs as viewed by the AFM video camera. 

Figure 6-1.  The AFM tip is lowered directly into a Petri dish with cultured ECs on the 
bottom.  (A) A schematic showing how the AFM scanner is dunked into to 
Petri dish until contact with the substrate or cells is achieved.  (B) Frame 
capture from the video camera on the AFM showing the top of the AFM 
cantilever positioned over a confluent EC monolayer. 

BA 

80 µm

 

AFM operation 

To obtain the force curves used to measure the elastic modulus the AFM was 

operated in a force volume mode.  This allowed for both the topographic image and the 

force data to be obtained in a single scan.  The Z range ramp size varied from 2 to 3 µm 

depending on the height of the cells on the substrate.  The frequency of the z-axis was 

kept to 2 Hz, which maximized imaging speed while minimizing hydrodynamic drag on 

the cantilever .  The image scan size was varied from 1 µm2 to 10,000 µm2.  The image 

resolution was either 64x64 or 128x128 pixels.  Force curves were taken at a resolution 

of 256 data points per curve.  File size limitations restrict the maximum force volume file 

to 1 MB, so increasing the image resolution requires a decrease in the force curve 

resolution.  Due to the individual force curves taken for each individual image pixel of 

force volume image, the imaging times for the two resolutions were 2 hours and 6 hours 

respectively.  This prolonged imaging time is the reason force volume was not used in 
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liquid where concern for evaporation, moisture build-up and corrosion existed.  The final 

data type returned was the actual force volume data set, which was a 2-dimensional slice 

of the force data. 

AFM data analysis 

Contact mode images were post processed using WSxM software (Nanotec Inc.).  

This freeware application opens a variety of SPM data formats and has enhanced 3-

dimensional rendering capability as compared to the Nanoscope v5r12 software supplied 

with the Dimension 3100 AFM.  All the contact mode topography images were opened in 

WSxM and then flattened as needed.  A 0th order flatten was always performed 

normalizing the relative position of each scan line to its neighbors so that a continuous 

surface is formed.  This is a standard practice as an arbitrary Z-axis displacement exists 

for each scan line and this must be normalized to recreate the 3-dimensional surface.   In 

addition to the 0th order flatten, a 1st order flatten was applied to those images where an 

obvious tilt to the surface existed.   

Force volume images were analyzed using two different processes.  The 

topographic image produced by the force volume mode was analyzed using the WSxM 

software by the same procedure just described for the contact mode topographic images.  

Analysis of the individual force curves of the force volume image were performed using 

a combination of software.  The Nanoscope v5r12 software (Veeco Metrology) was used 

to open the force volume dataset and save individual force curves as ASCII text files.  

These text files were then opened in the WSxM software as force curves and the slope of 

the contact region, non-contact deflection, maximum deflection and etc… were recorded 

in an excel spreadsheet.  From these values, the elastic modulus of the cell was calculated 

using the appropriate model in Excel as described in Appendix A. 
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Results and Discussion 

EC topography on PS and PDMSe 

In these studies, PVECs were imaged in HBSS to maintain the cells, but also to 

eliminate any proteins in solution that would foul the AFM tips.  Cells were also imaged 

at ambient temperatures of 22˚C in order to slow down the cell metabolism and increase 

cell lifespan while being imaged.   Contact mode topographic imaging proved most 

effective for imaging cell morphology and the cytoskeletal architecture.  Figure 6-2 

shows topographic images of PVECs grown on PS and PDMSe_FN.  Unfortunately, due 

to the poor adhesion of PVECs to the plasma PDMSe, cells could not be imaged on that 

surface.  Comparing figure 6-2A and 6-2C shows a change in EC shape from round to 

highly elongated.  This is an identical response as that seen with fluorescent microscopy 

for PVECs on PS at 4 and 14 days culture as shown in figure 6-2 B and D respectively.  

Cells grown on the PDMSe_FN (figure 6-2E) also have a morphology that was quite 

similar to that seen with fluorescent microscope (figure 6-2F).  The cells were grouped 

into mutlicellular bundles and were highly elongated and spindle-like.  These cells were 

difficult to image because they adhered poorly to the PDMSe_FN.  Also, the 

mutlicellular bundles that formed would sometimes exceed the 6 µm z range of the AFM 

prohibiting imaging of that area.  As a result, the image for PVECs on PDMSe_FN 

represent the subpopulation of well adhered cells in bundles < 6 µm high. 
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Figure 6-2. AFM contact mode topographic images of PVECs imaged while living in 
HBSS with corresponding fluorescent optical micrographs of PVECs cultured 
under the same conditions.  PVECs cultured of PS for 4 days and imaged by 
(A) AFM and (B) fluorescence.  PVECs cultured on PS for 14 days and 
imaged by (C) AFM and (D) fluorescence.  PVECs cultured on FN coated 
PDMSe for 4 days and imaged by (E) AFM and (F) fluorescence. 
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Mechanical Properties of ECs 

In order to determine elastic modulus of the PVECs, force volume mode imaging 

was used and each force curve was individually analyzed.  Typically, an area of interest 

was first imaged in contact mode for topography and then subsequently imaged in force 

volume mode.  A force volume topography based as an iso-force surface through the 

force volume served as a comparison to ensure no cell degradation occurred (figure 6-

3B).  A relative measure of cell elasticity at a given height through the sample is provided 

by slices through the force volume.  Demonstrated in figure 6-3A, it shows difference in 

slope of the force curves increasing from dark to light as slope increase from low to high.  

From the figure it is clear that cells are stiffer at the raised nucleus and the nearby cell 

body, likely due to the thick stress fibers visible in fluorescent microscopy and the 

structure of the nucleus.  Elastic modulus drops towards the cell periphery.  No PS 

substrate is exposed because it would be the brightest thing in the image since its elastic 

modulus is at least 3 orders of magnitude larger than any part of the cell.  This 

discrepancy between substrate and cell elastic modulus can be seen in figure 6-2C where 

the force curve for bare PS has a sharp and constant change in slope as the AFM tip 

contacts the substrate.  In contrast, the force curves that contact regions of the cell have a 

gradual change in slope due to the viscoelastic properties.  It should be noted that the 

force curves for PS and cells are scaled differently with a deflection axis of 75 nm/div 

and 30 nm/div respectively. 

The difference between contact mode and force volume mode is well illustrated by 

comparing 3-dimensional topographic images produced by both methods (Figure 6-4).  

The most obvious difference is the resolution, which is 2 to 4 times higher for contact 

mode.  As result of this difference in resolution, the 3-dimensional renderings of the force 

 



132 

volume image are smoothed using the built in functions in the WSxM software.  

Comparing figure 6-4 parts A and C to parts B and D, it becomes apparent that detail of 

the underlying cytoskeleton is lost.  It is lost, because it does not contribute because the 

difference in elastic modulus between the actin fibers and surrounding cell body is less 

than the difference in height.   

Figure 6-3. A comparison between contact mode and force volume images.  A) An 
example of a topography image taken as a iso-force surface and a force image 
taken as a z-axis slice.  B) An example of topography of the same region of 
cells imaged in contact mode and force volume.  C) Example force curves 
comparing PS to PVECs grown on PS. 

 

By analyzing the force curves, it is possible to determine the elastic modulus as 

well as the viscoelastic response for different regions of the cell and substrate.  In figure 

6-4B, three regions are identified highlighting 1, a cell nucleus, 2, the cell periphery and 

3, the substrate.  Force curves for each region are plotted together in figure 6-4E with a 

different color for each type.  Qualitatively, there are differences between the curves with 
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region 1 force curves demonstrating a smaller slope with a large historesis between the 

approach and retract portions of the force curve.  This historesis is an indicator that there 

is energy lost from viscous flow.  Looking at the area of the historesis, it is apparent that 

the nucleus of region 1 has the largest viscous component with less for the cell periphery 

in region 2 and none for the substrate in region3.  Analyzing the force curves using the 

modified Hertz model described in Appendix A leads to quantification of the elastic 

modulus for each region.  As reported in table 6-1, there are distinct differences in the 

mechanical properties of each region.  The cell nucleus of region 1 has the lowest elastic 

modulus, which is significantly different than the other regions (P<0.05).  The elastic 

modulus increases for the cell periphery in region 2 and the substrate in region 3, 

however the difference between them is not significant.   

Given the prevalence of visible actin fibers in the contact and force volume 

topographic images, an attempt was made to see if there were measurable differences in 

the mechanical properties.  In figure 6-4D, two regions are identified highlighting region 

1, an actin stress fiber and 2, an adjacent area of the cell membrane.  Force curves from 

each region are plotted together in figure 6-4F with no apparent difference.  The shape of 

the curves as well as the historesis are the same and there is no statistical different 

between the two.  It can be concluded that over short distances of 5 to 10 µm, the 

cytoskeleton produces an overall cell mechanical stiffness that is homogeneous. 
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Figure 6-4.  Comparison of the same region of ECs on PS imaged in both contact mode 
and force volume mode.  A large scan showing the topography of ECs and the 
underlying PS (4 days culture) in both (A) contact and (B) force volume 
mode.  A small scan looking at stress fibers on a single EC imaged in both (C) 
contact and (D) force volume mode.  The force curves from the regions 
highlighted in parts (B) and (D) are plotted in parts (E) and (F) respectively.   
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Table 6-1. Elastic modulus for the different regions identified in figure 6-4. 
Region Elastic Modulus [kPa]

1 5.2 ± 0.4 

2 22.3 ± 6.0 

3 60.7 ± 2.5 

4 67.1 ± 1.3 

5 73.8 ± 0.9 

 

The real power of the AFM techniques comes at looking at difference in cell 

properties as a function of the substrate on which the cells are grown.  Fluorescent 

microscopy revealed differences in cell shape and cytoskeletal structure.  Contact mode  

AFM topography images confirmed the cell shape cytoskeletal information while adding 

important data on cell morphology in the 3rd (z-axis) dimension.  From these experiments 

cell volume and the 3-dimensional path of actin stress fibers can be calculated.  

Mechanical properties also vary depending on the substrate upon which PVECs are 

cultured.  Figure 6-5 provides clear evidence supporting this observation.  In figure 6-5A, 

the topography reveals PVECs on PDMSe_FN with spindle-like morphology and 

multilayering as visible on the right side of the image.  Representative force curves were 

selected at a region directly above the cell nucleus, at the periphery of the cell between 

adjacent cells and over the cytoplasm between the nucleus and periphery.   

For comparison, PVECs growing on PS at a similar time point were examined as 

seen in figure 6-5B.  These PVECs have a round morphology typical of PVECs on PS at 

short culture times, some of these cell will begin to grow further and significantly 

elongate by 14 days in culture.  Select force curves were examined for this sample at the 

same representative locations done fore figure 6-5A.  A comparison of the force curves 

for the PVECs grown on the different surfaces is plotted in figure 6-5C.  The changes in 
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the cell cytoskeleton are quite apparent due to substrate properties.  PVECs on PS similar 

elastic modulus throughout the cell regardless of the whether the cell nucleus or 

periphery were examined.   

In theory, this could be explained as a substrate phenomenon, where we are 

actually measuring the elastic modulus of the PS, which is masking variations in the cell 

elastic modulus.  While this makes sense initially, comparison to the PVECs on 

PDMSe_FN shows that this is not the case.  The PDMSe_FN has a low elastic modulus, 

about 10 times higher than that of a cell, yet the force curves have a wide range in elastic 

modulus depending on the region of the cell that is examined.  The force curve with the 

highest slope is from the region above the cell nucleus while the force curve with the 

lowest slope is from the cell periphery.  This difference demonstrates the difference in the 

stiffness, and hence the density of actin cytoskeleton, with location on the cell.  Looking 

back at the PVECs on PS shows that in this case the stiffness and density of the 

cytoskeleton minimally changes across the cell independent of subcellular organelles 

such as the nucleus. 

 

 

 



137 

Figure 6-5. Comparison of the mechanical properties of PVECs grown on PS or FN 
coated PDMSe.  A) A topographic image of PVECs grown on fibronectin 
coated PDMSe for 4 days.  (B) A topographic image of PVECs grown on PS 
for 4 days.  (C) Plot of the force curves taken from the regions indicated by 
the stars in parts (A) and (B). 

 

A detailed analysis of ECs grown on both PS and PDMSe_FN supports the 

conclusion that substrate influences the cell mechanical properties.  Figure 6-6, examines 

ECs grown on PS for 4 days and compares the mechanical properties of 7 different 

regions.  Regions 1, 2 and 3 are cell nuclei, regions 4, 5 and 6 are the cell bodies and 

region 7 is the cell periphery.  The force volume image (figure 6-6B) shows the nuclei are 

bright and thus have the lowest stiffness, increasing for the cell bodies and then the cell 

periphery.  This same trend is seen for the force curves plotted in figure 6-6C. (where an 

example force curve from each region is shown).  As described for figure 6-4, the 
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historesis is greatest for the cell nuclei and decreases moving towards the cell periphery.    

The average elastic modulus of each region is presented in table 6-2.  As seen previously, 

the cell nuclei (regions 1, 2 and 3) have the lowest elastic modulus with no significant 

difference between them.   The elastic modulus of the cell bodies (regions 4, 5 and 6) are 

higher, but not significantly different than the cell nuclei.  The cell periphery in region 7 

has the highest elastic modulus at 25.2 ± 3.3 kPa.  This is not significantly different than 

the elastic modulus for the cell bodies, however it is significantly different than the 

elastic modulus for the cell nuclei (P<0.05).  These results demonstrate that the 

mechanical properties of the ECs on PS vary by approximately 60% in the range of 7 to 

25 kPa.   

 

Table 6-2.  Elastic modulus for the different regions identified in figure 6-6. 
Region Elastic Modulus [kPa]

1 7.4 ± 1.1 
2 7.4 ± 2.0 
3 6.2 ± 0.8 
4 13.1 ± 2.2 
5 12.5 ± 1.6 
6 20.1 ± 8.0 
7 25.2 ± 3.3 
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Figure 6-6.  An analysis of the topography and mechanical properties of ECs grown on 
PS for 4 days.  (A) A topographic image of the ECs on PS, the highlighted 
regions were analyzed for the average elastic modulus.  (B) A force volume 
image indicating the relative stiffness of the topographic image (bright yellow 
= soft, dark brown = stiff).  (C) A plot of representative force curves from 
each region identified in part (A) to demonstrate the change in mechanical 
properties with region. 
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ECs on PDMSe_FN showed a variation in mechanical properties with location on 

the cell that was wider than that seen for ECs on PS.  As noted in figure 6-5, the ECs 

became stiffer as the cell was probed from the nucleus out to the periphery.  In figure 6-7, 

ECs were examined more closely to determine the magnitude and variation in the 

mechanical properties for 5 different regions.  As highlighted in figure 6-7A, regions 1 

and 3 are cell nuclei, regions 2 and 5 are the cell bodies and region 4 is the cell periphery.  

The force curves from these different areas varied in terms of slope and historesis.  An 

example force curve from each region is plotted in figure 6-7B.  The average elastic 

modulus for each region is listed in table 6-3.  The nuclei from regions 1 and 3 had the 

same low elastic modulus and viscoelastic response seen for EC nuclei on PS.  There was 

no statistical difference between regions 1 and 3 demonstrating the uniformity in stiffness 

of the cell nuclei.  Regions 2 and 5 were both from the cell body, however the force curve 

looked quite different. Region 2 was from an area consisting of stress fibers running 

down the length of the cell from the nucleus in region 1.  The force curves between 

regions 1 and 2 look the same, and even though the elastic modulus of region 2 is slightly 

higher than region, it is significantly different (P<0.05) verifying the higher compliance 

of the nuclei compared to the rest of the cell body.  Looking at region 5, the elastic 

modulus is ~6 times larger than region 2, however the large standard deviations results in 

no significant difference between the regions.  Region 4 representing the cell periphery 

(based on its low height) shows no statistical difference with region 5 though it is 

significantly different than region 4 (P<0.05). 
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Figure 6-7.  An analysis of the topography and mechanical properties of ECs grown on 
PDMSe_FN for 4 days.  (A) A topographic image of the ECs on PDMSe_FN, 
the highlighted regions were analyzed for the average elastic modulus.  (B) A 
plot of representative force curves from each region identified in part (A) to 
demonstrate the change in mechanical properties with region. 

 



142 

Table 6-3.  Elastic modulus for the different regions identified in figure 6-7. 
 

 

Region Elastic Modulus [kPa]
1 6.3 ± 0.7 
2 10.1 ± 1.7 
3 7.2 ± 0.7 
4 56.7 ± 15.8 
5 66.1 ± 25.8 

Looking at the EC response to PS and PDMSe_FN shows some interesting 

properties.  Even though the PS is glassy at room temperature and has an elastic modulus 

of ~3 GPa, there is little evidence of this contribution to cell elastic modulus as measured.  

In contrast, the ECs on PDMSe_FN have a larger elastic modulus at the periphery of the  

cell even though the underlying plasma treated PDMSe has an elastic modulus of ~1 

MPa.  Since the ECs on PS did not transfer the underlying substrate modulus to the force 

curve measurement, it is unlikely that the PDMSe modulus contributed to the measured 

force curves either.  Making this assumption, it appears that the PDMSe_FN surface 

causes the ECs to form a denser cytoskeleton at the periphery than ECs on PS.  

Examining the fluorescent actin staining in figure 6-2 parts B and F, ECs on both surfaces 

stain strongly for actin at the periphery.  Considering that the ECs on PS are more stable 

and close to confluence, it is unlikely they are growing or crawling at a significant rate.  

In contrast, the ECs on the PDMSe_FN are actively looking for a better place to adhere 

as evident by the long cytoplasmic extensions.  This would indicate a higher rate of actin 

based motility at the cell periphery corresponding to a denser actin network and elastic 

modulus. 

Conclusions 

In his chapter the AFM is used to demonstrate differences in EC properties as a 

function of the cell culture substrate.  Morphology changes between PVECs on PS or 
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PDMSe_FN seen with fluorescent microscopy were confirmed by AFM.  Furthermore, 

the topographic images revealed the location and organization of larger actin filaments 

and stress fibers.  Force volume scans of the PVECs demonstrated that the elastic 

modulus of the cells is a function of the substrate.  Some surfaces such as PS cause a well 

developed cytoskeleton to form with mechanical properties are nearly uniform across the 

cell surface.  In contrast, cells on PDMSe_FN showed a wide variation of mechanical 

properties with location changing from low at the cell periphery to high at the cell 

nucleus.  From this study, the AFM is verified as a useful tool to analyze the properties of 

live cells and can be used to understand differences in cells that can not be measured or 

quantified with optical techniques such as fluorescent microscopy.  

 



 

CHAPTER 7 
SIMULTANEOUS QUANTIFICATION OF RECEPTOR-LIGAND LOCATION, 

BINDING FORCE AND INTERACTION DISTANCE ON LIVE CELLS 

Introduction 

Advances in tissue engineering and medical device coatings are dependent on 

controlling the interactions between biological systems and synthetic materials.  Many 

experimental techniques allow analysis of cell and material properties, but very few can 

quantify both the physical and chemical attributes of living systems.  Optical and electron 

microscopy can resolve fine details of morphology and structure, but the staining and 

fixation procedures often kill or alter cells.  In addition, these techniques require 

immunogold or immunoflourescent stains to measure the short range receptor-ligand 

binding and long-range non-specific forces that dictate cell adhesion, chemotaxis and 

other processes.   

While techniques such as the surface forces apparatus (SFA) can measure specific 

and non-specific forces, the experimental setup does not allow measurements on living 

cells or provide morphological data [96].   Similarly, adaptations of the optical trap 

method have been used to measure weak biological forces, but can not accurately provide 

force-distance profiles or cell structure information [97, 98].  Micropipette aspiration 

methods, also referred to as the biomembrane force probe, can accurately measure 

receptor-ligand binding forces, but once again can not determine morphology [99].  

Recently, there has been a rapid increase in the application of AFM to the study of 

biological systems because of the ability to operate in a liquid environment with 

144 
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simulated physiologic fluids and has been used to investigate the topographical and 

mechanical properties of living cells [63, 100, 101].  Chemical functionalization of the tip 

and surface has allowed the binding between molecules to be examined for a variety of 

receptor-ligand pairs.  Examples from the literature provide the basic methodology for 

interpreting and analyzing the adhesion events seen in the retrace portion of the force 

curve and has been demonstrated for DNA strands, avidin-biotin, antigen-antibody and 

PSGL-1 to P-Selectin interactions [48, 49, 52, 53, 55, 57, 58, 60].    

Within the last few years studies have emerged that measure the binding force 

between ligand coated tips and cultured cells.  Lehenkari et al found a 32 ± 2 pN 

adhesion force between integrin α5β1 molecules in osteoblasts and a GRDGDSP peptide 

coated tip, but the procedure requires fixing the cells in glutaraldehyde to resolve the 

interaction [102].  In a subsequent study, Hyonchol et al probed integrins in living 3T3 

fibroblasts using a fibronectin coated microsphere tip but measured the interaction in 

terms of work of adhesion rather than single molecule binding force [103].  Currently, 

there has been no reported experiment that combines these techniques both to quantify 

and map receptor-ligand binding on living cells.  Presented here is an evaluation of the 

biointerface that simultaneously examines the topographic location, specific binding 

force and interaction distance of receptors expressed on the free membrane surface of 

adhered cells (Figure 7-1A).  In addition, the experimental setup is designed to 

approximate the actual interaction geometry by simulating the physiological process of 

leukocyte rolling on the endothelium in the vascular system (Figure 7-1B).   

The binding between P-selectin and sialyl Lewis X (sLeX) was identified as a 

model system  because the interaction has been well characterized by AFM and other 
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techniques [60, 104].   The recruitment of white blood cells begins when leukocytes leave 

the blood flow by loosely adhering and rolling on the endothelial cells through 

carbohydrate mediated receptor-ligand interactions between selectins on the surface of 

the endothelial cells and complimentary ligands expressed by the leukocytes.    Expressed 

by activated platelets and endothelial cells, P-selectin is the longest with a molecular 

weight of 140 kg/mol and extending nearly 40 nm from the membrane surface.   

The primary ligand for P-selectin on leukocytes is P-selectin glycoprotein ligand-1 

(PSGL-1) and the functional component that elicits specific binding to P-selectin is a 

tetrasaccharide known as sLeX.  Rodgers et al demonstrated that sLeX can support rolling 

on P-selectin without requiring the PSGL-1 ligand [105].  In these experiments, a sLeX 

functionalized AFM microsphere tip brought in contact with an endothelial cell during a 

force curve measurement is used to simulate a rolling leukocyte using a technique similar 

to that developed by Fritz et al (Figure 7-1B) [60].  By using the AFM microsphere tip, 

the similar interaction geometry and cell-tip separation velocity of the P-selectin-sLeX 

response will approximate that seen in vivo. 

Using the AFM to study the topography and mechanical properties of living cells 

has been demonstrated for endothelial, epithelial and other cell types [63, 65, 100, 106].  

These studies used standard AFM cantilevers in contact and force curve modes and 

examined both living and fixed cells.  Surface structures such as the cell membrane and 

cytoskeleton were resolved, with results similar to the contact mode images of the PVEC 

topography (Fig. 2).  These images verified the need for a low tip/sample contact pressure 

and established a defined period of cell viability for subsequent force volume imaging.  

Single molecule AFM studies have examined both receptor-ligand binding and protein 
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unfolding and were adapted to probe living cells in these experiments.  Willemsen et al 

were able to map the location of specific antibody-antigen interactions, but not quantify 

the binding force [107].  Benoit et al examined cell-cell interactions by attaching a cell to 

the AFM cantilever to probe the surface of another cell [57].  This application of single-

molecule force spectroscopy proved successful, but the variable surface chemistry of a 

live cell made detection of a single receptor-ligand pair difficult and the large cell-cell 

contact area prevented mapping of the interaction on the cell surface.   

The work presented in this chapter is an extension of the AFM technique I 

developed for probing receptors on live cells in my master’s thesis [1].  The expansion of 

this work is based on modifications of the analysis procedure used to interpret the data 

and no new experiments were actually performed.  Images that have been adapted from 

the master’s thesis are referenced accordingly.  The materials and methods are essentially 

the same since the experiments were not repeated.  The presented analysis includes 

consideration of pulling rate kinetics and a more in depth modeling of the molecular 

interactions. 
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Figure 7-1.  Illustrations of the interaction between the sLeX coated AFM tip and the 
PVEC surface.  (A) A 3-dimensional schematic illustrating the approach of a 
chemically functionalized AFM tip towards a monolayer of living endothelial 
cells (PVECs).  The cell image is a topographic image of living endothelial 
cells imaged in Hank’s buffered salt solution at 22C using a silicon nitride 
contact mode tip rendered in 3D.  (B) (top) As the leukocyte flows through the 
blood stream it rolls on the endothelial cells at the site of inflammation 
through receptor-ligand interactions.  This rolling phenomenon can be 
simulated in vitro (bottom) using a biochemical functionalized AFM probe to 
measure the specific interaction force and distance (adapted from [1]). 

 

Materials and Methods 

Cantilever Preparation 

Topographic images were performed using standard, V-shaped, contact mode 

silicon nitride cantilevers with an integrated pyramidal tip (Veeco Metrology Group, 
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Santa Barbara, CA).  The cantilever with a reported 0.06 N/m spring constant was 

selected and cleaned with ethanol and UV exposure prior to imaging.  Force volume 

images were performed using a chemically modified microsphere attached to the AFM 

tip with the ligand sialyl Lewis X (sLeX) as the functional moiety.  Specifically, tipless, 

V-shaped, silicon nitride cantilevers with a 0.06 N/m spring constant and with an 

aminopropyl triethoxysilane (APTES) coated silica 5.9 µm diameter microsphere already 

mounted to the end (Novascan Inc., Ames, IA) were biochemically functionalized.  A 

custom built, silicone rubber reaction vessel was used to modify the AFM microsphere 

tip by treating with 8% aqueous glutaraldehyde overnight at 37°C and then washing 3 

times with Hanks balanced salt solution (HBSS).  SLeX linked to bovine serum albumin 

(Oxford Glycosciences, Abingdon Oxon, UK) was then reacted to the microsphere by 

placing a 2-3µL droplet directly on the microsphere and incubating at 37°C for 2 hours.  

The AFM probe was washed 3 times with HBSS and transferred in a hydrated state to the 

AFM.  Once functionalized, AFM probes were used within 24 hours and stored in HBSS 

at ambient conditions when not mounted on the AFM scanner.  Functionality of the sLeX 

ligand on the AFM tip was verified using FITC-tagged antibody fluorescent staining on 

identically treated samples.  The spring constant of the AFM tip was calibrated using a 

reference cantilever (Park Scientific) following published methods [108].  As controls, 

AFM probes functionalized with APTES or APTES + glutaraldehyde were also prepared 

and used to image the Petri dishes with and without a layer of endothelial cells.  This was 

done to determine if the specific binding was due solely to the receptor-ligand interaction. 
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Cell Culture and Instrument Setup 

Primary porcine vascular endothelial cells (PVECs) harvested from fresh 

pulmonary artery were obtained from the research group of Dr. Edward Block (VAMC 

hospital, Gainesville, FL) at passage 2 to 6 using previously published methods [109].  

Cells were maintained in RPMI 1640 culture medium (Life Technologies, Carlsbad, CA) 

containing antibiotics (100 U/ml of penicillin, 100 µg/ml of streptomycin, 20 µg/ml of 

gentamicin, and 2 µg/ml of Fungizone) and supplemented with 10% fetal bovine serum.  

The cells were seeded onto sterile 35 mm diameter polystyrene culture grade Petri dishes 

(Corning Inc., Corning, NY) and grown to confluence in an incubator at 37°C and 5% 

CO2 for 3 to 5 days.  Upon removal from the incubator, the PVECs were rinsed 3 times 

with HBSS to remove physisorbed extracellular matrix and serum proteins. The PVECs 

were then immediately transferred to the AFM for analysis in a hydrated state.  The 

PVECs and AFM tip were mounted on the AFM chuck and scanner respectively, and 

then the volume of HBSS covering the PVECs was reduced to ~2.5 mL to minimize 

potential damage to the scanner piezoelectrics.  The AFM probe was then lowered into 

the HBSS to a distance 1 mm above the PVEC monolayer and held for 1.5 to 2 hours to 

allow the cantilever to thermally equilibrate and stabilize.  PVECs were then imaged at 

ambient conditions of ~22°C in force volume mode using a Dimension 3100 AFM with 

Nanoscope IIIa controller (Veeco Metrology Group, Santa Barbara, CA).  The force 

curve scan rate was set to 2 Hz to minimize hydrodynamic drag on the cantilever and 

maximize imaging speed.  Scan size was set to 50 µm, which in conjunction with the 

32x32 force curve array and large tip sample contact area, resulted in a near continuous 

surface profile.   Force volume scans required approximately 2 hours to complete with 1 
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to 2 areas examined per Petri dish within the 6 hour cell viability period.  Each 

functionalized tip was used to scan up to 4 PVEC areas, with loss of specific interactions 

and suspected tip fouling occurring beyond this point.  Standard contact mode 

topographic images of PVECs were obtained using the same protocol outlined above, 

except once the cantilever was allowed to equilibrate the AFM was operated in contact 

mode rather than force volume mode.  The deflection setpoint was set approximately 

equal to the non-contact tip deflection minimizing tip/sample interaction forces.  Scan 

rate was adjusted in conjunction with scan size to optimize scan quality.  The same PVEC 

sample was never used for both contact mode and force volume imaging because the scan 

time and cantilever equilibration time for both modalities would not fit within the 6 hour 

cell viability period.  Once the AFM scans were completed, the data was analyzed offline 

using a number of software packages.  

Data Analysis 

The force curves were analyzed using single-molecule force spectroscopy 

techniques developed for receptor-ligand binding and macromolecule unfolding [55, 57, 

58, 110-112].  Each individual force curve of the force volume array was analyzed offline 

to determine the peak height and distance of any specific adhesion events that 

corresponded to receptor-ligand binding.  The curves were normalized in the force axis 

by setting the maximum deflection point at zero force.  For each force curve, the 

interaction forces were recorded as the difference between the non-contact force at full 

retraction and the adhesion peak forces.  The interaction distance was defined as the 

difference between subsequent adhesion events within each force curve.  Interaction force 

and interaction distance were sorted using histograms with 20 pN and 5 nm sized bins 

respectively.  The force histogram upper limit was set to 3.5 nN due to inconsistent data 
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above this value.  A 6th order binomial filter was used to smooth the interaction force 

histogram [113].  To determine the periodicity in the binomial filtered histogram that 

would resolve the single interaction force, an autocorrelation function was applied using 

methods established by Florin et al [55].  For the interaction distance histogram, the 

upper limit was set to 150 nm, approximately three times the estimated length of the 

stretched selectin-sLeX-BSA-APTES chemistry.  The interaction distance was calculated 

as the mean of the interaction distance histogram.  

Contact mode images were performed using a silicon nitride tip with an integral 

pyramidal tip with a 40 nm radius of curvature.   The force volume measurements were 

performed with a microsphere tip with a 2.45 µm radius of curvature.  The resulting 

difference in contact area between the two tips meant a higher contact force was used 

with the microsphere tip while still keeping the applied contact stress below the critical 

value needed to perturb submembrane structures.         

 Mapping the location of specific interactions on the PVEC surface was performed 

by reconstructing the topography from the force volume image.  The surface was defined 

as the point of maximum tip deflection in each force curve.  The resulting topographic 

image was then correlated with the force curves that demonstrated specific interactions in 

the retrace portion of the force curve.  For visualization, the specific interactions were 

manually marked with neon green spots using photo editing software.  Rendering top-

down and 3-dimensional images of the mapped PVEC surface allowed the X, Y and Z 

coordinates of the P-selectin on the cell surface to be calculated. 
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Results and Discussion 

Cell Response to AFM Imaging  

It was important that the cell and its environment were minimally perturbed during 

the scanning process to ensure the measurements were relevant to in vitro and in vivo cell 

physiology.  If the AFM tip punctured the cells, applied excessive mechanical stress or 

ripped off the membrane on retraction, severe cell trauma or lysis may have occurred.  To 

verify cell viability, PVECs were scanned in standard contact mode using a 0.06 N/m 

cantilever in physiologic buffer for up to 8 hours.  By adjusting the contact force between 

the tip and cell, it was possible to image the delicate morphology of the cell membrane or 

the deeper features of the cytoskeleton (Figure 7-2A).  Imaging of submembrane 

structures such as stress fibers required ~5 nN of contact force resulting in loss of cell 

structure after repeated scanning.  A lower contact force of 0 to 0.5 nN allowed the 

membrane to be imaged for longer periods with cell structure well maintained for up to 4 

hours of continuous scanning (Figure 7-2B).  

Quantifying Interaction Force 

To map and quantify the receptor-ligand interactions, an array of force curves was 

performed across a 50 µm by 50 µm square area.  This 2-dimensional array of force 

curves is referred to as a force volume dataset and combines force and topographical data 

in one experimental procedure.  Based on the instrument setup (see Materials and 

Methods), the area was divided into a 32x32 array resulting in a force curve measurement 

every 1.56 µm.  Each individual force curve of the force volume array was analyzed 

offline to determine the peak force and distance of any specific adhesion events in the 

retrace that correspond to receptor-ligand binding.   
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Figure 7-2.  Topographic AFM contact mode images of PVECs in HBSS revealing the 
effects of contact force and imaging time on the cell membrane and 
cytoskeleton.  (A) High contact force allows cytoskeleton to be imaged and a 
Low contact force allows membrane to be imaged.  (B) Sequential AFM 
deflection images of living PVECs imaged in HBSS showing (chronological 
clockwise from upper left) the appearance of a sub-membrane structure 
appearing at a time between image 1 and 2 and tracking its movement through 
time with images 3 and 4.  The structure is thought to be an organelle, 
possibly with associated membrane specific proteins.  Image 1 was taken after 
the cantilever was allowed to thermally equilibrate for 2 hours to minimize 
laser drift and image 4 was completed 2.5 hours later (adapted from [1]).   
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Appropriate controls were maintained ensuring the measured specific interactions 

arose from receptor-ligand binding.  As described, the functionalization of the AFM tip 

was verified using immunoflourescent staining.  This technique showed that the sLeX 

bound to the AFM tip was in an accessible and bioactive state.  By having the sLeX 

coupled to BSA, other specific interactions from the underlying chemistry were 

minimized because BSA demonstrates only non-specific interaction with other proteins.  

The control experiments were performed using a microsphere AFM tip with an APTES 

or ATPES + glutaraldehyde coating to probe a sterile Petri dish or a cultured monolayer 

of PVECs. The force curves produced with the control tips showed only non-specific 

interactions between the AFM tip and the Petri dish or PVECs.  Furthermore, the 

interaction between the control tips and the endothelial cells were typical of the force 

curve profile for an AFM tip compressing a soft substrate (indistinguishable from Figure 

7-3A).  The sLeX functionalized AFM tips showed both specific and non-specific 

interactions between the tip and PVECs depending on location.  The majority of the force 

curves on the PVEC surface showed non-specific interactions (Figure 7-3A) and were 

indistinguishable from the force curves of the control experiments.   

Force curves with specific interactions in the retrace (retraction) force curve 

(Figure 7-3D) were analyzed to determine the interaction force and distance of the 

discrete adhesion peaks, which represented receptor-ligand bond events.  Each adhesion 

peak in the force curve exhibited a constant slope that corresponded to stretching of the 

polymer backbone, followed by a sudden drop to a lower force value as the receptor-

ligand complex ruptured.  AFM studies of receptor-ligand binding have found bond 

rupture forces ranging from 30 to 250 pN for single molecules.  The force curves in these 
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experiments showed specific interactions with forces ranging from 150 pN to almost 5 

nN (Figure 7-3B).  These large forces are the results of multiple, single receptor-ligand 

bonds being stressed at one time.  This is a typical occurrence when a relatively large 

chemically functionalized microsphere is used as the AFM tip.  This multiplexing of 

single receptor-ligand interactions requires further analysis to elucidate the single 

receptor-ligand interaction (see Materials and Methods).   

The sLeX AFM probe was used to image 5 areas from 3 distinct PVEC cultures 

resulting in over 5000 force curves.  Of those force curves, 125 demonstrated specific 

interactions with more than 1000 individual force measurements obtained for the 

selectin-sLeX interaction.  As a control, 125 force curves that showed only non-specific 

interactions were also analyzed using the same process.  The force values for the specific 

and non-specific interactions were organized into histograms quantized in 20 pN bins 

(Figure 7-3 B and E respectively).  The noise in the histogram was smoothed with a 

binomial filter and the periodicity was found using an autocorrelation function.  Applying 

the autocorrelation function to the non-specific interactions produced a curve with no 

regular periodicity indicating that the adhesion was not from the selectin-sLeX binding 

(Figure 7-3C).  Similar application of the autocorrelation function to the specific 

interactions revealed a periodic interaction force of 183 ± 40 pN (Figure 7-3F).   
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Figure 7-3.  The force curves were analyzed for adhesion peak forces, the values were 
sorted into histograms and then an autocorrelation function was applied.  
Representative examples of AFM force curves of (A) non-specific and (B) 
specific interactions.  The adhesion peaks from the force curves were analyzed 
to produce histograms of (C) non-specific interactions (n = 125) and (D) 
specific interactions (n = 1000).  An autocorrelation function was used to 
analyze the data for (E) non-specific and (F) specific interactions (part (D) 
adapted from [1]).  

 



159 

 This value is in close agreement for the bond rupture force of P-selectin and 

PSGL-1 reported in the literature.  Fritz et al., demonstrated that single interactions 

between P-selectin grafted to an AFM tip and PSGL-1 grafted to a glass substrate show a 

bond rupture force that has a logarithmic dependence on pulling velocities from 0.2 to 4 

µm/s [60].  At a pulling rate of 2.8 µm/s the bond rupture force was 159 ± 30 pN and 

extrapolating the logarithmic dependence to the experimental pulling rate of 12 µm/s 

predicts a bond rupture force between 170 and 200 pN [60].  A similar value was 

obtained by Smith et al that demonstrated an estimated maximum binding force of ~200 

pN for the interaction between living leukocytes and endothelial cells using high-speed 

video microscopy [114].  

When using single-molecule force spectroscopy, proper interpretation of the 

measured rupture forces is necessary to determine the correlation to molecular structure.  

A number of events may lead to an adhesion peak similar to those in the force curves 

with specific interactions (Fig. 3 D).  Single molecule AFM studies of titin have shown 

similar 150 to 300 pN rupture forces due to unfolding of the immunoglobulin like 

domains in the protein backbone, so it is possible a similar effect was occurring in the 9 

consensus repeat units of the P-selectin backbone [115].  However, this is unlikely 

because P-selectin appears to have a linear, rod-like backbone, as imaged by TEM, and 

was shown to have only one rupture force event in single receptor-ligand pair AFM 

studies [60, 116].  SFA experiments of other receptor-ligand pairs have shown that 

rupture forces can also occur due to pullout of the ligand or receptor from the respective 

lipid membranes [111].  The sLeX ligand was covalently linked to the AFM probe and 

could not pullout at the low forces measured in these experiments.  Similarly, the 
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cytoplasmic tail of L-selectin is attached to the actin cytoskeleton of leukocytes.  A 

nearly identical structure of the membrane and cytoplasmic regions of P-selectin suggest 

a similar anchoring system that prevents membrane pullout [117, 118]. 

Recent studies have demonstrated that the bond rupture forces vary for AFM and 

BFP techniques depending on the bond dissociation constant and loading rate (linearly 

equivalent to pulling velocity) [119].  While this dependence is acknowledged, these 

experiments are designed to simulate leukocyte rolling on endothelial cells and thus are 

performed at a single pulling velocity similar to that experienced by selectin-sLeX 

interactions in vivo.  Ley and Gaehtgens showed that  leukocyte velocity was 20 to 40 

µm/s at physiologic shear rates in rat mesenteric venules, leading to an experimental 

pulling rate of 12 µm/s to maximize speed and minimize hydrodynamic drag on the AFM 

cantilever [120].  The relatively large nanoNewton adhesion peaks seen in the force curve 

is the result of multiplexing of the single receptor-ligand bonds.  This is similar to that 

found by researchers investigating avidin-biotin and other receptor-ligand bonds with 

AFM [55, 110, 111].    Since a relatively large microsphere AFM tip is used, multiple 

selectin-sLeX bonds frequently form and then rupture during retraction of the AFM tip 

from the cell membrane (Figure 7-3A). When the functionalized microsphere extends to 

the cell surface the sLeX ligand couples to selectins within the contact area.  On 

retraction, a critical stress is reached when the first receptor ligand bond breaks after 

which the remaining bonds dissociate in rapid succession.  The AFM tip separates from 

the cell surface with the dissociation of the last receptor-ligand bond.   
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Quantifying Interaction Distance 

The length of the stretched receptor-ligand complex for these experiments was 

calculated differently than that typically found by AFM.  Single molecule receptor-ligand 

studies, such as for PSGL-1 to P-selectin, measure the distance of the stressed bond and 

compare that to the contour length of the molecular complex [60].  For most single 

molecule studies with non-living systems, the molecules are grafted to rigid materials 

such as glass or silicon nitride that provide a well identified contact point between the 

sharp AFM tip and planar substrate [48, 52, 57, 58].  Therefore, the length of the stressed 

molecules is simply the distance between the AFM tip and substrate upon bond rupture.  

In contrast, the system used here employs a large microsphere indenter on a soft 

substrate.  This interaction results in no readily identifiable contact point between the 

AFM tip and substrate characterized by a gradual transition from the noncontact to 

contact portions of the force curve (Figure 7-3 A and D).  Researchers that have studied 

the binding between a living cell adhered to the AFM tip and a living cell substrate have 

reported similar force curve behavior [57].   

For the selectin-sLeX binding in this study, the characteristic interaction distance 

was defined as the distance between consecutive adhesion peaks in each force curve.  

Calculating the length in this manner assumes that when a group of receptor-ligand bonds 

rupture, another group immediately begins to be stressed.  By analyzing a large number 

of adhesion events, variation in receptor density on the cell surface is averaged out.  To 

prevent interactions from widely spaced distances being included in the analysis, an 

upper limit on the histogram was set at three times the calculated maximum length of the 

stretched receptor-ligand molecule.   
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The experimental interaction distance can be compared to a theoretical estimate of 

the length of the bound receptor-ligand molecules.  The bound receptor-ligand complex is 

composed of P-selectin on the cell and sLeX, BSA, glutaraldehyde and APTES on the 

microsphere.  SEM data indicates that the extracellular component of P-selectin will 

unravel into a linear structure with the amino acid sequence giving a length of 25 nm 

[116].  The combined length of the smaller glutaraldehyde, APTES and sLeX molecules is 

3.2 nm.  From crystallographic data, BSA is a single polypeptide chain of 583 amino acid 

residues composed of 67% α-helical structure and 17 disulfide bonds with a 14 nm 

maximum length [121].  In physiologic solution, the length of BSA can be estimated 

from the radius of gyration (rg) at 2.7 nm and a corresponding end-to-end distance of 6.5 

nm [122].  However, BSA is known to have a number of conformational states induced 

by pH changes such as the series of balls and strings of the F-E transitions with a 25 nm 

length [122].  Using the normal and F-E transition conformations of BSA as limits, the 

length of the fully stressed receptor-ligand complex can be estimated to range from 34.7 

to 53.2 nm.   

Using a histogram (Figure 7-4) to analyze the experimental data reveals an average 

characteristic interaction distance of 64 ± 31 nm.  The discrepancy between the measured 

and predicted interaction distance is thought to be due to a combination of effects.  Some 

deformation of the cytoskeleton and membrane may occur on AFM retraction as a result 

of elastic recovery from the approach portion of the force curve measurement.  Also on 

retraction, the AFM microsphere tip may pull the cytoskeleton and cell membrane with it 

due to non-specific Van der Waals and multiple receptor-ligand adhesive interactions.  

For BSA, elongation beyond the F-E transition to ~100 nm is possible by retention of the 
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disulfide bonds but loss of the α-helical structure.  Therefore, the increased length of the 

experimental interaction distance is thought to be due to a combination of cell 

deformation and elongation of BSA beyond the F-E transition conformation.  To improve 

the agreement between the experimental and theoretical interaction distances, future 

experiments will look to replace BSA with a short protein or polymer linker with known 

unfolding characteristics. 

 

Figure 7-4.  A histogram of the specific interaction distance from 0 to 150 nm split into 
12 nm bins.   

Mapping Receptor Location on the Cell Surface 

Each force curve in the 32x32 force volume array was analyzed for specific 

interactions and its location recorded.  The topographical image was formed by taking a 

constant force slice through the force volume set at the maximum tip deflection 

(maximum force).  The force volume topographic images (Figure 7-5 B and D) were 

similar to that produced in contact mode.  The pixels in the force volume topographic 

images that corresponded to force curves containing specific interactions were marked 
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with neon green dots (Figure 7-5 A and C).  These neon green spots indicate where the P-

selectins were located on the cell surface, thus providing a map of the receptors.  The 

specific interactions occurred near the periphery of the cell away from the cell nucleus.  

In fact, only 1 out of 125 force curves showed specific interaction when above a cell 

nucleus.  The selectins also appeared to cluster in groups on the surface with interactions 

occurring in similar areas on subsequent scan lines.  The cluster size varied from 1.5 to 

4.5 µm in diameter with the resolution limited to 1.56 µm by the spacing between scan 

lines.  The observed selectin clustering was not attributed to lateral diffusion of the same 

selectins in the membrane because clusters were present in both fast and slow scan 

directions, which differ temporally by three orders of magnitude.  L-selectin mobility, as 

we believe is true of P-selectins, is limited by anchoring to the cytoskeleton [117].  Both 

L-selectins and P-selectins organize into clusters that have been visualized with SEM and 

confocal microscopy.  L-selectin clusters form on microvilli of leukocytes, whereas P-

selectins clusters are associated with the clathrin-coated pits of endothelial cells [114, 

118]. 
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Figure 7-5.  Force volume images of PVECs grown on polystyrene imaged with the sLeX 
modified AFM probe.  Images are 32x32 arrays of force curves with a 500 nm deflection 
setpoint.  Specific interactions as identified by adhesion peaks in the retrace are shown by 
neon green dots.  The selectins appear to form clusters located at the periphery of the cell. 
The images are 50x50 µm scan areas and 6 µm z axis scaling (adapted from [1]).

 



 

CHAPTER 8 
CONCLUSIONS AND FUTURE RESEARCH 

Conclusions 

A number of important conclusions may be drawn from the research presented in 

this dissertation.  For tissue engineering EC monolayers, it can be determined that at least 

1 µm or greater topographic steps will totally disrupt EC adhesion and spreading.  

Previous studies demonstrated that 5 µm high, 5 µm wide ridges can be used to direct EC 

growth on PDMSe.  However, this contact guidance is quantified in terms of nuclear 

alignment to the ridge pattern and not cell spreading.  The critical point is that a surface 

that works well in directing ECs to elongate is not necessarily a surface that causes ECs 

to function properly.  The differences in the metabolic state of the ECs is obvious from 

the morphology alone, as highly spindle-like, elongated cells have a different need for 

cytoskeleton and focal contact adhesion proteins than normal, rounded cells.   

This difference between contact guidance and directed function is important 

because it necessitates consideration of the operative outcome when designing tissue 

engineering scaffolds.  For the case of ECs, certain design criteria can be determined 

from examination of the ECs in fresh artery.  The combined AFM, SEM and fluorescent 

microscopy analysis shows that the ECs need to form a smooth and continuous 

monolayer.  Furthermore, the actin cytoskeleton needs to be robust with no decrease in 

actin density between adjacent cells.  Cell densities must also be high with ~3,100 

cells/mm2 and a corresponding cell area of xxx µm2/cell for the section of porcine 
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pulmonary artery examined.  Any surface with micron scale features will cause ECs to 

elongate and decrease the packing density well below those found in vivo. 

AFM reveals that the smooth transition between cells is marked by ‘hills’ 

corresponding to the raised cell nuclei.  The heights of these nuclei are ~2 µm as 

measured from the tops of the nuclei to the lowest region between two adjacent nuclei.   

If the diameter of the EC nucleus is assumed to be relatively constant, then AFM 

topographic scans of ECs on PS shows that the nuclei are ~3.5 µm in diameter.  

Combining the AFM data from ECs on PS and in fresh artery suggests that the ECs in the 

fresh artery are ~5.5 µm diameter at the nucleus and 3.5 µm at the periphery.  From this 

data, it is apparent that any engineered surface with topographic features taller than ~5.5 

µm will extend above the EC monolayer and into the blood flow. This would be a 

problem because the ECs could not climb over it and it would likely serve as a point of 

clot formation and emboli in vivo. 

The topographies that were examined did not result in good EC monolayer growth 

leading to the analysis of flat surfaces with chemical micropatterns.  Results from EC 

growth on FN micropatterns show that the size of the individual patterns is critical in how 

the cells develop.  On PDMSe, FN micropatterns approximately the same size as the cells 

results in ECs getting stuck to the pattern.  These patterns support initial proliferation, but 

all the cells die by 14 days in culture.  More relevant to coatings that could be applied to a 

small diameter vascular graft are the 3 µm diameter circles on PDMSe that can be used to 

direct formation of focal contact adhesions and grow an EC monolayer on PDMSe, a 

novel result.   
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This result, that 3 µm diameter FN micropatterns will support EC monolayer 

growth on PDMSe, is important in a variety of areas.  First, it demonstrates proper EC 

growth on an elastomer surface in vitro.  As such, an FDA approved PDMSe could be 

fabricated using this surface treatment and integrated into an “off the shelf” small 

diameter vascular graft for acute application.  This type of graft would be valuable in 

emergency situations where autologous saphenous vein or mammary artery is not 

available due to time constraints or patient vascular pathology.  

The 3 µm FN circle design is also interesting in the way it organizes the formation 

of focal contact adhesions to the surface and alignment of the actin stress fibers.  This 

design can be improved by controlling the density of these FN circles to induce an as yet 

undetermined optimal number of focal contacts to the surface.  In addition, a gradient 

design may be incorporated that changes the density of the circles as a functional of the 

radial distance from the center of the cell.  This level of control should allow surfaces 

with micropatterned FN to be specifically tailored to different cell types.  As a surface 

technique, this is most beneficial to cells that form monolayers such as corneal and 

intestinal epithelium.   

The mechanical properties of ECs on engineered surfaces are a valuable indicator 

of cell function.  The measurements made on live EC in the fresh artery showed that the 

elastic modulus and mechanical properties were relatively homogeneous within the area 

of single AFM scans.  The total variation in elastic modulus across the arterial surface 

was 10 to 20 kPa.  For the ECs on synthetic surfaces, the variation in elastic modulus 

with position on the cell revealed that the cell periphery was stiffer than the nucleus.  

Quantitatively, the elastic modulus of ECs on PS ranged from approximately 6 to 25 kPa 
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and on PDMSe_FN from 6 to 60 kPa moving from the nucleus out to the periphery.  

What this demonstrates is a distinct difference in the organization and stiffness in the 

cytoskeleton as a function of position on the cell and culture substrate. 

Future Work 

It is possible that designing a synthetic surface to support normal ECs maybe 

enough to form a long-term blood contacting surface.  An example of how a 

microengineered surface can be incorporated into a complete small diameter vascular 

graft is presented in figure 6-1.    The goal for this device would be an off-the-shelf 

product for bypass surgery, just like the Dacron and Teflon grafts used for abdominal 

aortic aneurysm and other large diameter vessels.  As such, the graft is designed for in 

vivo tissue regeneration so that it may be used in acute situations rather than requiring 

weeks of in vitro cell expansion in a bioreactor.  In this example, the macroscopic 

mechanical properties of the blood vessel are designed into a polymer composite 

consisting of an elastomer with reinforcing fibers mimicking the way elastin, collagen 

and smooth muscle cells of the tunic media maintain physiologic compliance.  This will 

minimize the stress concentrations at the anastomoses that leads to smooth muscle cell 

proliferation and intimal hyperplasia.   The lumen of the artificial graft will be modified 

to control endothelial cell adhesion and growth to create a cell based blood contacting 

surface.  Circulating endothelial cells will be removed from circulation using a specific 

antibodies bound to the graft surface.  A combination of micron scale topography and 

patterned fibronectin will direct integrin receptors and formation of focal contact 

adhesions.  Vascular endothelial growth factor in low levels will help to stimulate proper 

endothelial cell function and minimize SMC growth.  A similar coating could be applied 
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to vascular stents to promote EC monolayer growth and suppress excessive growth of 

smooth muscle cells. 

 

Figure 8-1. A design for a prototype small diameter vascular graft incorporating a 
microengineered surface layer and polymer composite artificial media that is 
compliance matched to the natural blood vessel it would replace. 

 

Endothelial Cells, Circulating Endothelial Cells and Progenitor Endothelial Cells 

 A main question is how to recruit ECs to adhere to the surface of artificial grafts 

to act as blood-tissue interface.  ECs are the ideal anti-thrombogenic blood contacting 

surface because they produce a host of biochemicals that prevent clotting, control vessel 

dilation, recruit leukocytes and more.  In canine, porcine and bovine models PET and 

ePTFE vascular grafts re-endothelialize, but not in humans.  Even after long-term 

implantation in humans, ECs extend at most ~1 cm into the graft from the anastomosis at 
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the proximal end.  Attempts to pre-seed grafts with ECs have met with poor success and 

loss of ECs as the lumen is remodeled over time.  The reasons for poor EC adhesion to 

vascular grafts in humans is unknown, however there new methodologies to improve EC 

adhesion to surfaces.  Rather then rely on EC ingrowth from the anastomoses into the 

graft, an alternative is to adhere circulating endothelial cells (CECs).  CEC origin is 

unclear, whether they are ECs that have sloughed off the vascular system or matured in 

the bone marrow [124-127].  The number of CECs in the blood is an indicator of a 

number of disease states such as diabetes and arteriosclerosis [128].  In theory, these 

CECs can be used to re-endothelialize a surface through coatings with specific 

antibodies.  This method is used to separate CECs from whole blood using antibody 

coated magnetic beads.  In addition to the CECs are progenitor endothelial cells (PECs) 

that have not yet differentiated into CECs and have an increased capability to multiply 

and divide.  The PECs originate in the bone marrow, but depending on developmental 

stage may be indistinguishable from CECs except for their increased proliferative 

capacity.  This difference in proliferation and both CECs and PECs would be 

advantageous to adhere and re-grow a viable EC layer on a graft [125]. 

 The ability to capture CECs and PECs to re-endothelialize artificial graft surfaces 

has been realized by others and explored in recent experiments.  One example is the 

concept where a polymer scaffold is preseeded with CECs and then implanted as a 

complete artificial graft [129, 130].  This method utilizes a decellularized porcine artery 

leaving behind a collagen and elastin ECM.  The CECs are extracted from the host’s 

peripheral blood, expanded in in vitro culture and then are used solely to repopulate the 

graft lumen.  The grafts were placed in the carotid artery of sheep and demonstrated 
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patency to 130 days.  The TEBVs had a functional endothelium as measured by 

production of vWF and NO and infiltrated SMCs responded to vasoconstrictors.  This 

study is important because it demonstrates the ability of CECs to repopulate and form a 

functional EC layer.  Furthermore, it shows that a lumen consisting solely of EC can 

maintain patency when backed by an appropriate compliance matched substrate (the 

decellularized collagen and elastin porcine artery).  However, this approach still suffers 

from the need for in vitro expansion of cells in order to have enough cells to preseed the 

graft lumen.  Control studies that used the decellularized porcine artery without 

preseeding had no EC formation and occluded within 15 days, thus this method is not 

suitable for acute applications. 

Endothelial Cell Adhesion Molecules 

 Specific molecules can be grafted to the PDMSe surface to enhance EC adhesion 

and growth.  There are a large number proteins that have been identified in EC adhesion 

to ECM and other cells [131].  The cell surface receptors involved in firm adhesion to 

surfaces thorough focal contact adhesions are integrins.  Integrins bind to the arginine – 

glycine – aspartic acid (RGD) sequence found in ECM proteins [131].  Fibronectin is a 

widely used ECM protein with this sequence and has been used to enhance the adhesion 

of ECs and other cells to polymer, metal and ceramic surfaces [13, 61, 132].  Coating a 

surface with fibronectin can serve to approximate ECM, especially when the spatially 

organization is controlled.  A number of different growth factors have been identified for 

different cell types, for ECs the relevant growth factor for angiogenesis and re-

endothelialization is vascular endothelial growth factor (VEGF) [133].  VEGF can induce 

ECs to form capillary-like tubes in polymeric scaffolding and elicit EC function from 

PECs.  However, VEGF has negative impacts as well causing an increase in cardiac 
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allograft arteriosclerosis and SMC based intimal thickening [134].  This makes 

concentrations of VEGF critical and it bioavailability in vivo will affects its bioactivity.  

Serum albumin is also important because it has poor adhesion characteristics, making it 

useful for spatially patterning cells [131].    

 



 

APPENDIX A 
ANALYSIS OF FORCE CURVES FOR ELASTIC MODULUS 

Determining the sample elastic modulus from the force curves required modeling 

the tip and sample interaction.  A commonly used model for this interaction is the Hertz 

model. The Hertz model predicts the elastic deformation when two spheres are brought 

together under load [72].  Sneddon extended this relation to include the case of an 

infinitely stiff tip with a conical shape indenting a soft, planar sample [73].  In reality, the 

tip is not a cone, but rather a four-sided pyramid as seen in Figure A-1.  The 

approximation of a cone is used to simplify the model and due to the small indentation 

depth, the error is assumed to be negligible.  The force is related to the indentation depth 

by 

Equation A-1  )tan(
)1(2 2

2 α
ν

πδ
−

=
EF      

where F is the loading force, E is the elastic modulus, ν is Poisson’s ratio, α is the 

opening cone angle of the AFM tip and δ is the indentation depth.   

A B 

Figure A-1. 3-dimensional drawings representing (a) the conical tip used in the Sneddon 
model and (b) the actual tip shape, which is a four-sided pyramid (adapted 
from [1]).   
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Unfortunately, the above model is flawed because during the z-axis extension there 

is both deflection of the cantilever and deformation of the soft polymer sample.  This was 

addressed by Radmacher et al who defined the deflection of the cantilever d as equal to 

the movement of the z piezoelectric, z, minus the sample deformation, δ  [134].  The 

 

cantilever deflection and sam

Equation A-2  

cantilever force can be described as a spring using Hooke’s law and can include both

ple deformation.  Taking both into account yields,  

)( δ−== zkkdF       

where

Equation A-3  

 k is defined as the spring constant of the AFM cantilever.  If the Hertz model is 

applied to the linear contact region of the force as curve seen in Figure A-2, then 

equations A-1 and A-2 can be combined yielding, 

)tan()1(2
)(

2

0

αν
π

−

−

E

ddk

where the value d  is the zero deflection point and is equivalent to the deflection

00 +−=− ddzz   

0  in the 

noncontact region of the force curve.  The values for 

lving simultaneous equations.  For the 

V-sha antilever used, k = 0.06 N/m and α = 35°.

Determining the AFM cantilever spring constant requires careful calibration.  There 

z and d can be read directly from the 

contact region of the curve leaving z0 and E as the only two unknowns.  By selecting two 

points on the linear region of the force curves (z1, d1) and (z2, d2), the elastic modulus and 

z-axis initial contact point can be calculated by so

ped silicon nitride c    

are a number of ways to do this that depend on the type of cantilever and whether or not 

the calibration is destructive [81, 82].  For the low spring constant cantilevers needed to 

examine biological materials, the V-shape requires calibration against a reference 
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cantilever [81]. This method results in a 30% error, not much better than the 50% error 

associated with the manufacturer reported spring constant.  As such, most cantilevers 

were not calibrated for force curve measurements assuming the manufacturer reported 

value

curve in order to calculate the elastic modulus of the sample.  The points (z1, 

from Radmacher et al) [134] 

 

 as a bulk property.  The problem is that 

e 

increased d

e material type and consider any surface treatments that may have been applied.  This is 

s.  There is a brand new ‘diving board’ style cantilever manufactured by Olympus 

and sold through Asylum Research that should allow calibration with only 10% error 

using non-destructive methods based on the thermal resonance [82].  Future studies 

should consider these cantilevers as an option.   

Figure A-2. Sketch illustrating the method for analyzing the linear portion of the force 

d1) and (z2, d2) are taken from the linear contact region of the curve.  (Adapted 

Selecting a value for the Poisson’s ratio to plug into equation A-3 can be 

problematic depending on the sample.  For PDMSe at ambient conditions the Poisson’s 

ratio was assumed to be 0.5 for an ideal elastomer.  PS was assumed to have a Poisson’s 

ratio of 0.33 as the typical value reported for PS
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many materials, especially polymers, may be in a different state at the surface due to th

egree of freedom.  Thus, the Poisson’s ratio needs to be carefully selected for 

th
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complicated even further in the case of cells and biological materials.  The Poisson’s ratio 

is typically assumed to be 0.5; however the cells mechanical properties are far from that 

of an ideal elastomer.  Considering cells as a fluid filled membrane sack with an actin 

cytoskeleton means that there will be viscous drag associated with the movement of 

cytoplasm through the actin network during mechanical loading.  Proper interpretation of 

the data requires consideration of this assumption until a better model has been 

developed.

 



 

APPENDIX B 
STATISTICAL ANALYSIS OF CELL RESPONSE TO ENGINEERED SURFACES 

Cell Density 

 
Two Way Analysis of Variance  
 
Data source: Data 1 in EC_on_surfaces_stats.SNB 
 
Balanced Design 
 
Dependent Variable: Cell Density  
 
Normality Test: Passed (P > 0.050) 
 
Equal Variance Test: Passed (P = 0.499) 
 
Source of Variation  DF   SS   MS    F    P   
Surface Type 6 14321093.786 2386848.964 56.950 <0.001  
Culture Time 2 379958.024 189979.012 4.533 0.014  
Surface Type x Culture Time 12 6707594.143 558966.179 13.337 <0.001  
Residual 63 2640413.000 41911.317    
Total 83 24049058.952 289747.698    
 
 
The difference in the mean values among the different levels of Surface Type is greater than would be 
expected by chance after allowing for effects of differences in Culture Time.  There is a statistically 
significant difference (P = <0.001).  To isolate which group(s) differ from the others use a multiple 
comparison procedure. 
 
The difference in the mean values among the different levels of Culture Time is greater than would be 
expected by chance after allowing for effects of differences in Surface Type.  There is a statistically 
significant difference (P = 0.014).  To isolate which group(s) differ from the others use a multiple 
comparison procedure. 
 
The effect of different levels of Surface Type depends on what level of Culture Time is present.  There is a 
statistically significant interaction between Surface Type and Culture Time.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Surface Type : 1.000 
Power of performed test with alpha = 0.0500:  for Culture Time : 0.635 
Power of performed test with alpha = 0.0500:  for Surface Type x Culture Time : 1.000 
 
Least square means for Surface Type :  
Group Mean  
ps 962.750  
ps_fn 935.750  
pdmse_plasma 502.500  
pdmse_FN 411.250  
ps_FN_star 450.250  
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pdmse_FN_star 855.250  
pdmse_FN_circle 1688.583  
Std Err of LS Mean = 59.098 
 
Least square means for Culture Time :  
Group Mean  
4.000 746.250  
7.000 910.964  
14.000 831.214  
Std Err of LS Mean = 38.689 
 
Least square means for Surface Type x Culture Time :  
Group Mean  
ps x 4.000 977.750  
ps x 7.000 1008.500  
ps x 14.000 902.000  
ps_fn x 4.000 814.250  
ps_fn x 7.000 1064.250  
ps_fn x 14.000 928.750  
pdmse_plasma x 4.000 527.250  
pdmse_plasma x 7.000 409.000  
pdmse_plasma x 14.000 571.250  
pdmse_FN x 4.000 497.250  
pdmse_FN x 7.000 250.000  
pdmse_FN x 14.000 486.500  
ps_FN_star x 4.000 531.000  
ps_FN_star x 7.000 465.750  
ps_FN_star x 14.000 354.000  
pdmse_FN_star x 4.000 794.000  
pdmse_FN_star x 7.000 1541.000  
pdmse_FN_star x 14.000 230.750  
pdmse_FN_circle x 4.000 1082.250  
pdmse_FN_circle x 7.000 1638.250  
pdmse_FN_circle x 14.000 2345.250  
Std Err of LS Mean = 102.361 
 
 
All Pairwise Multiple Comparison Procedures (Tukey Test): 
 
Comparisons for factor: Surface Type 
Comparison Diff of Means p q P P<0.050  
pdmse_FN_circle vs. pdmse_FN 1277.333 7 21.614 <0.001 Yes  
pdmse_FN_circle vs. ps_FN_star 1238.333 7 20.954 <0.001 Yes  
pdmse_FN_cir vs. pdmse_plasma 1186.083 7 20.070 <0.001 Yes  
pdmse_FN_cir vs. pdmse_FN_sta 833.333 7 14.101 <0.001 Yes  
pdmse_FN_circle vs. ps_fn 752.833 7 12.739 <0.001 Yes  
pdmse_FN_circle vs. ps 725.833 7 12.282 <0.001 Yes  
ps vs. pdmse_FN 551.500 7 9.332 <0.001 Yes  
ps vs. ps_FN_star 512.500 7 8.672 <0.001 Yes  
ps vs. pdmse_plasma 460.250 7 7.788 <0.001 Yes  
ps vs. pdmse_FN_star 107.500 7 1.819 0.856 No  
ps vs. ps_fn 27.000 7 0.457 1.000 Do Not Test  
ps_fn vs. pdmse_FN 524.500 7 8.875 <0.001 Yes  
ps_fn vs. ps_FN_star 485.500 7 8.215 <0.001 Yes  
ps_fn vs. pdmse_plasma 433.250 7 7.331 <0.001 Yes  
ps_fn vs. pdmse_FN_star 80.500 7 1.362 0.960 Do Not Test  
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pdmse_FN_star vs. pdmse_FN 444.000 7 7.513 <0.001 Yes  
pdmse_FN_star vs. ps_FN_star 405.000 7 6.853 <0.001 Yes  
pdmse_FN_star vs. pdmse_plasma 352.750 7 5.969 0.002 Yes  
pdmse_plasma vs. pdmse_FN 91.250 7 1.544 0.928 No  
pdmse_plasma vs. ps_FN_star 52.250 7 0.884 0.996 Do Not Test  
ps_FN_star vs. pdmse_FN 39.000 7 0.660 0.999 Do Not Test  
 
 
Comparisons for factor: Culture Time 
Comparison Diff of Means p q P P<0.050  
7.000 vs. 4.000 164.714 3 4.257 0.010 Yes  
7.000 vs. 14.000 79.750 3 2.061 0.318 No  
14.000 vs. 4.000 84.964 3 2.196 0.274 No  
 
 
Comparisons for factor: Culture Time within ps 
Comparison Diff of Means p q P P<0.05  
7.000 vs. 14.000 106.500 3 1.040 0.743 No  
7.000 vs. 4.000 30.750 3 0.300 0.976 Do Not Test  
4.000 vs. 14.000 75.750 3 0.740 0.860 Do Not Test  
 
 
Comparisons for factor: Culture Time within ps_fn 
Comparison Diff of Means p q P P<0.05  
7.000 vs. 4.000 250.000 3 2.442 0.203 No  
7.000 vs. 14.000 135.500 3 1.324 0.620 Do Not Test  
14.000 vs. 4.000 114.500 3 1.119 0.710 Do Not Test  
 
 
Comparisons for factor: Culture Time within pdmse_plasma 
Comparison Diff of Means p q P P<0.05  
14.000 vs. 7.000 162.250 3 1.585 0.505 No  
14.000 vs. 4.000 44.000 3 0.430 0.950 Do Not Test  
4.000 vs. 7.000 118.250 3 1.155 0.694 Do Not Test  
 
 
Comparisons for factor: Culture Time within pdmse_FN 
Comparison Diff of Means p q P P<0.05  
4.000 vs. 7.000 247.250 3 2.415 0.210 No  
4.000 vs. 14.000 10.750 3 0.105 0.997 Do Not Test  
14.000 vs. 7.000 236.500 3 2.310 0.239 Do Not Test  
 
 
Comparisons for factor: Culture Time within ps_FN_star 
Comparison Diff of Means p q P P<0.05  
4.000 vs. 14.000 177.000 3 1.729 0.444 No  
4.000 vs. 7.000 65.250 3 0.637 0.894 Do Not Test  
7.000 vs. 14.000 111.750 3 1.092 0.722 Do Not Test  
 
 
Comparisons for factor: Culture Time within pdmse_FN_star 
Comparison Diff of Means p q P P<0.05  
7.000 vs. 14.000 1310.250 3 12.800 <0.001 Yes  
7.000 vs. 4.000 747.000 3 7.298 <0.001 Yes  
4.000 vs. 14.000 563.250 3 5.503 <0.001 Yes  
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Comparisons for factor: Culture Time within pdmse_FN_circle 
Comparison Diff of Means p q P P<0.05  
14.000 vs. 4.000 1263.000 3 12.339 <0.001 Yes  
14.000 vs. 7.000 707.000 3 6.907 <0.001 Yes  
7.000 vs. 4.000 556.000 3 5.432 <0.001 Yes  
 
 
Comparisons for factor: Surface Type within 4 
Comparison Diff of Means p q P P<0.05  
pdmse_FN_circle vs. pdmse_FN 585.000 7 5.715 0.003 Yes  
pdmse_FN_cir vs. pdmse_plasma 555.000 7 5.422 0.005 Yes  
pdmse_FN_circle vs. ps_FN_star 551.250 7 5.385 0.006 Yes  
pdmse_FN_cir vs. pdmse_FN_sta 288.250 7 2.816 0.430 No  
pdmse_FN_circle vs. ps_fn 268.000 7 2.618 0.520 Do Not Test  
pdmse_FN_circle vs. ps 104.500 7 1.021 0.991 Do Not Test  
ps vs. pdmse_FN 480.500 7 4.694 0.024 Yes  
ps vs. pdmse_plasma 450.500 7 4.401 0.042 Yes  
ps vs. ps_FN_star 446.750 7 4.364 0.045 Yes  
ps vs. pdmse_FN_star 183.750 7 1.795 0.863 Do Not Test  
ps vs. ps_fn 163.500 7 1.597 0.917 Do Not Test  
ps_fn vs. pdmse_FN 317.000 7 3.097 0.316 No  
ps_fn vs. pdmse_plasma 287.000 7 2.804 0.436 Do Not Test  
ps_fn vs. ps_FN_star 283.250 7 2.767 0.452 Do Not Test  
ps_fn vs. pdmse_FN_star 20.250 7 0.198 1.000 Do Not Test  
pdmse_FN_star vs. pdmse_FN 296.750 7 2.899 0.395 Do Not Test  
pdmse_FN_star vs. pdmse_plasma 266.750 7 2.606 0.525 Do Not Test  
pdmse_FN_star vs. ps_FN_star 263.000 7 2.569 0.542 Do Not Test  
ps_FN_star vs. pdmse_FN 33.750 7 0.330 1.000 Do Not Test  
ps_FN_star vs. pdmse_plasma 3.750 7 0.0366 1.000 Do Not Test  
pdmse_plasma vs. pdmse_FN 30.000 7 0.293 1.000 Do Not Test  
 
 
Comparisons for factor: Surface Type within 7 
Comparison Diff of Means p q P P<0.05  
pdmse_FN_circle vs. pdmse_FN 1388.250 7 13.562 <0.001 Yes  
pdmse_FN_cir vs. pdmse_plasma 1229.250 7 12.009 <0.001 Yes  
pdmse_FN_circle vs. ps_FN_star 1172.500 7 11.455 <0.001 Yes  
pdmse_FN_circle vs. ps 629.750 7 6.152 0.001 Yes  
pdmse_FN_circle vs. ps_fn 574.000 7 5.608 0.004 Yes  
pdmse_FN_cir vs. pdmse_FN_sta 97.250 7 0.950 0.994 No  
pdmse_FN_star vs. pdmse_FN 1291.000 7 12.612 <0.001 Yes  
pdmse_FN_star vs. pdmse_plasma 1132.000 7 11.059 <0.001 Yes  
pdmse_FN_star vs. ps_FN_star 1075.250 7 10.504 <0.001 Yes  
pdmse_FN_star vs. ps 532.500 7 5.202 0.008 Yes  
pdmse_FN_star vs. ps_fn 476.750 7 4.658 0.026 Yes  
ps_fn vs. pdmse_FN 814.250 7 7.955 <0.001 Yes  
ps_fn vs. pdmse_plasma 655.250 7 6.401 <0.001 Yes  
ps_fn vs. ps_FN_star 598.500 7 5.847 0.002 Yes  
ps_fn vs. ps 55.750 7 0.545 1.000 No  
ps vs. pdmse_FN 758.500 7 7.410 <0.001 Yes  
ps vs. pdmse_plasma 599.500 7 5.857 0.002 Yes  
ps vs. ps_FN_star 542.750 7 5.302 0.007 Yes  
ps_FN_star vs. pdmse_FN 215.750 7 2.108 0.749 No  
ps_FN_star vs. pdmse_plasma 56.750 7 0.554 1.000 Do Not Test  
pdmse_plasma vs. pdmse_FN 159.000 7 1.553 0.926 Do Not Test  
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Comparisons for factor: Surface Type within 14 
Comparison Diff of Means p q P P<0.05  
pdmse_FN_cir vs. pdmse_FN_sta 2114.500 7 20.657 <0.001 Yes  
pdmse_FN_circle vs. ps_FN_star 1991.250 7 19.453 <0.001 Yes  
pdmse_FN_circle vs. pdmse_FN 1858.750 7 18.159 <0.001 Yes  
pdmse_FN_cir vs. pdmse_plasma 1774.000 7 17.331 <0.001 Yes  
pdmse_FN_circle vs. ps 1443.250 7 14.100 <0.001 Yes  
pdmse_FN_circle vs. ps_fn 1416.500 7 13.838 <0.001 Yes  
ps_fn vs. pdmse_FN_star 698.000 7 6.819 <0.001 Yes  
ps_fn vs. ps_FN_star 574.750 7 5.615 0.003 Yes  
ps_fn vs. pdmse_FN 442.250 7 4.320 0.049 Yes  
ps_fn vs. pdmse_plasma 357.500 7 3.493 0.188 No  
ps_fn vs. ps 26.750 7 0.261 1.000 Do Not Test  
ps vs. pdmse_FN_star 671.250 7 6.558 <0.001 Yes  
ps vs. ps_FN_star 548.000 7 5.354 0.006 Yes  
ps vs. pdmse_FN 415.500 7 4.059 0.078 No  
ps vs. pdmse_plasma 330.750 7 3.231 0.268 Do Not Test  
pdmse_plasma vs. pdmse_FN_star 340.500 7 3.326 0.237 No  
pdmse_plasma vs. ps_FN_star 217.250 7 2.122 0.743 Do Not Test  
pdmse_plasma vs. pdmse_FN 84.750 7 0.828 0.997 Do Not Test  
pdmse_FN vs. pdmse_FN_star 255.750 7 2.499 0.575 Do Not Test  
pdmse_FN vs. ps_FN_star 132.500 7 1.294 0.969 Do Not Test  
ps_FN_star vs. pdmse_FN_star 123.250 7 1.204 0.978 Do Not Test  
 
 
A result of "Do Not Test" occurs for a comparison when no significant difference is found between two 
means that enclose that comparison.  For example, if you had four means sorted in order, and found no 
difference between means 4 vs. 2, then you would not test 4 vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 
1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4 3 2 1).  Note that not testing the enclosed means is a 
procedural rule, and a result of Do Not Test should be treated as if there is no significant difference 
between the means, even though one may appear to exist. 
 
 

Percent Coverage 

Two Way Analysis of Variance  
 
Data source: Data 1 in EC_on_surfaces_stats.SNB 
 
Balanced Design 
 
Dependent Variable: Percent Coverage  
 
Normality Test: Failed (P = <0.001) 
 
Equal Variance Test: Failed (P = <0.001) 
 
Source of Variation  DF   SS   MS    F    P   
Surface Type 6 61693.749 10282.292 60.189 <0.001  
Culture Time 2 2573.105 1286.553 7.531 0.001  
Surface Type x Culture Time 12 15777.762 1314.813 7.697 <0.001  
Residual 63 10762.440 170.832    
Total 83 90807.056 1094.061    
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The difference in the mean values among the different levels of Surface Type is greater than would be 
expected by chance after allowing for effects of differences in Culture Time.  There is a statistically 
significant difference (P = <0.001).  To isolate which group(s) differ from the others use a multiple 
comparison procedure. 
 
The difference in the mean values among the different levels of Culture Time is greater than would be 
expected by chance after allowing for effects of differences in Surface Type.  There is a statistically 
significant difference (P = 0.001).  To isolate which group(s) differ from the others use a multiple 
comparison procedure. 
 
The effect of different levels of Surface Type depends on what level of Culture Time is present.  There is a 
statistically significant interaction between Surface Type and Culture Time.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Surface Type : 1.000 
Power of performed test with alpha = 0.0500:  for Culture Time : 0.908 
Power of performed test with alpha = 0.0500:  for Surface Type x Culture Time : 1.000 
 
Least square means for Surface Type :  
Group Mean  
ps 95.850  
ps_fn 99.942  
pdmse_plasma 29.533  
pdmse_FN 38.258  
ps_FN_star 82.742  
pdmse_FN_star 54.725  
pdmse_FN_circle 93.200  
Std Err of LS Mean = 3.773 
 
Least square means for Culture Time :  
Group Mean  
4.000 66.368  
7.000 78.425  
14.000 67.029  
Std Err of LS Mean = 2.470 
 
Least square means for Surface Type x Culture Time :  
Group Mean  
ps x 4.000 87.575  
ps x 7.000 99.975  
ps x 14.000 100.000  
ps_fn x 4.000 99.825  
ps_fn x 7.000 100.000  
ps_fn x 14.000 100.000  
pdmse_plasma x 4.000 23.850  
pdmse_plasma x 7.000 36.350  
pdmse_plasma x 14.000 28.400  
pdmse_FN x 4.000 37.650  
pdmse_FN x 7.000 36.125  
pdmse_FN x 14.000 41.000  
ps_FN_star x 4.000 58.150  
ps_FN_star x 7.000 92.375  
ps_FN_star x 14.000 97.700  
pdmse_FN_star x 4.000 71.450  
pdmse_FN_star x 7.000 84.850  
pdmse_FN_star x 14.000 7.875  
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pdmse_FN_circle x 4.000 86.075  
pdmse_FN_circle x 7.000 99.300  
pdmse_FN_circle x 14.000 94.225  
Std Err of LS Mean = 6.535 
 
 
All Pairwise Multiple Comparison Procedures (Tukey Test): 
 
Comparisons for factor: Surface Type 
Comparison Diff of Means p q P P<0.050  
ps_fn vs. pdmse_plasma 70.408 7 18.661 <0.001 Yes  
ps_fn vs. pdmse_FN 61.683 7 16.348 <0.001 Yes  
ps_fn vs. pdmse_FN_star 45.217 7 11.984 <0.001 Yes  
ps_fn vs. ps_FN_star 17.200 7 4.559 0.031 Yes  
ps_fn vs. pdmse_FN_circle 6.742 7 1.787 0.866 No  
ps_fn vs. ps 4.092 7 1.084 0.987 Do Not Test  
ps vs. pdmse_plasma 66.317 7 17.576 <0.001 Yes  
ps vs. pdmse_FN 57.592 7 15.264 <0.001 Yes  
ps vs. pdmse_FN_star 41.125 7 10.900 <0.001 Yes  
ps vs. ps_FN_star 13.108 7 3.474 0.193 No  
ps vs. pdmse_FN_circle 2.650 7 0.702 0.999 Do Not Test  
pdmse_FN_cir vs. pdmse_plasma 63.667 7 16.874 <0.001 Yes  
pdmse_FN_circle vs. pdmse_FN 54.942 7 14.562 <0.001 Yes  
pdmse_FN_cir vs. pdmse_FN_sta 38.475 7 10.197 <0.001 Yes  
pdmse_FN_circle vs. ps_FN_star 10.458 7 2.772 0.450 Do Not Test  
ps_FN_star vs. pdmse_plasma 53.208 7 14.102 <0.001 Yes  
ps_FN_star vs. pdmse_FN 44.483 7 11.790 <0.001 Yes  
ps_FN_star vs. pdmse_FN_star 28.017 7 7.425 <0.001 Yes  
pdmse_FN_star vs. pdmse_plasma 25.192 7 6.677 <0.001 Yes  
pdmse_FN_star vs. pdmse_FN 16.467 7 4.364 0.045 Yes  
pdmse_FN vs. pdmse_plasma 8.725 7 2.312 0.661 No  
 
 
Comparisons for factor: Culture Time 
Comparison Diff of Means p q P P<0.050  
7.000 vs. 4.000 12.057 3 4.881 0.003 Yes  
7.000 vs. 14.000 11.396 3 4.614 0.005 Yes  
14.000 vs. 4.000 0.661 3 0.267 0.981 No  
 
 
Comparisons for factor: Culture Time within ps 
Comparison Diff of Means p q P P<0.05  
14.000 vs. 4.000 12.425 3 1.901 0.376 No  
14.000 vs. 7.000 0.0250 3 0.00383 1.000 Do Not Test  
7.000 vs. 4.000 12.400 3 1.897 0.378 Do Not Test  
 
 
Comparisons for factor: Culture Time within ps_fn 
Comparison Diff of Means p q P P<0.05  
7.000 vs. 4.000 0.175 3 0.0268 1.000 No  
7.000 vs. 14.000 0.000 3 0.000 1.000 Do Not Test  
14.000 vs. 4.000 0.175 3 0.0268 1.000 Do Not Test  
 
 
Comparisons for factor: Culture Time within pdmse_plasma 
Comparison Diff of Means p q P P<0.05  
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7.000 vs. 4.000 12.500 3 1.913 0.372 No  
7.000 vs. 14.000 7.950 3 1.216 0.667 Do Not Test  
14.000 vs. 4.000 4.550 3 0.696 0.875 Do Not Test  
 
 
Comparisons for factor: Culture Time within pdmse_FN 
Comparison Diff of Means p q P P<0.05  
14.000 vs. 7.000 4.875 3 0.746 0.858 No  
14.000 vs. 4.000 3.350 3 0.513 0.930 Do Not Test  
4.000 vs. 7.000 1.525 3 0.233 0.985 Do Not Test  
 
 
Comparisons for factor: Culture Time within ps_FN_star 
Comparison Diff of Means p q P P<0.05  
14.000 vs. 4.000 39.550 3 6.052 <0.001 Yes  
14.000 vs. 7.000 5.325 3 0.815 0.833 No  
7.000 vs. 4.000 34.225 3 5.237 0.001 Yes  
 
 
Comparisons for factor: Culture Time within pdmse_FN_star 
Comparison Diff of Means p q P P<0.05  
7.000 vs. 14.000 76.975 3 11.779 <0.001 Yes  
7.000 vs. 4.000 13.400 3 2.050 0.322 No  
4.000 vs. 14.000 63.575 3 9.728 <0.001 Yes  
 
 
Comparisons for factor: Culture Time within pdmse_FN_circle 
Comparison Diff of Means p q P P<0.05  
7.000 vs. 4.000 13.225 3 2.024 0.331 No  
7.000 vs. 14.000 5.075 3 0.777 0.847 Do Not Test  
14.000 vs. 4.000 8.150 3 1.247 0.654 Do Not Test  
 
 
Comparisons for factor: Surface Type within 4 
Comparison Diff of Means p q P P<0.05  
ps_fn vs. pdmse_plasma 75.975 7 11.626 <0.001 Yes  
ps_fn vs. pdmse_FN 62.175 7 9.514 <0.001 Yes  
ps_fn vs. ps_FN_star 41.675 7 6.377 <0.001 Yes  
ps_fn vs. pdmse_FN_star 28.375 7 4.342 0.047 Yes  
ps_fn vs. pdmse_FN_circle 13.750 7 2.104 0.751 No  
ps_fn vs. ps 12.250 7 1.874 0.837 Do Not Test  
ps vs. pdmse_plasma 63.725 7 9.751 <0.001 Yes  
ps vs. pdmse_FN 49.925 7 7.639 <0.001 Yes  
ps vs. ps_FN_star 29.425 7 4.503 0.035 Yes  
ps vs. pdmse_FN_star 16.125 7 2.467 0.589 No  
ps vs. pdmse_FN_circle 1.500 7 0.230 1.000 Do Not Test  
pdmse_FN_cir vs. pdmse_plasma 62.225 7 9.522 <0.001 Yes  
pdmse_FN_circle vs. pdmse_FN 48.425 7 7.410 <0.001 Yes  
pdmse_FN_circle vs. ps_FN_star 27.925 7 4.273 0.053 No  
pdmse_FN_cir vs. pdmse_FN_sta 14.625 7 2.238 0.694 Do Not Test  
pdmse_FN_star vs. pdmse_plasma 47.600 7 7.284 <0.001 Yes  
pdmse_FN_star vs. pdmse_FN 33.800 7 5.172 0.009 Yes  
pdmse_FN_star vs. ps_FN_star 13.300 7 2.035 0.779 Do Not Test  
ps_FN_star vs. pdmse_plasma 34.300 7 5.249 0.008 Yes  
ps_FN_star vs. pdmse_FN 20.500 7 3.137 0.301 No  
pdmse_FN vs. pdmse_plasma 13.800 7 2.112 0.748 No  
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Comparisons for factor: Surface Type within 7 
Comparison Diff of Means p q P P<0.05  
ps_fn vs. pdmse_FN 63.875 7 9.774 <0.001 Yes  
ps_fn vs. pdmse_plasma 63.650 7 9.740 <0.001 Yes  
ps_fn vs. pdmse_FN_star 15.150 7 2.318 0.658 No  
ps_fn vs. ps_FN_star 7.625 7 1.167 0.981 Do Not Test  
ps_fn vs. pdmse_FN_circle 0.700 7 0.107 1.000 Do Not Test  
ps_fn vs. ps 0.0250 7 0.00383 1.000 Do Not Test  
ps vs. pdmse_FN 63.850 7 9.770 <0.001 Yes  
ps vs. pdmse_plasma 63.625 7 9.736 <0.001 Yes  
ps vs. pdmse_FN_star 15.125 7 2.314 0.660 Do Not Test  
ps vs. ps_FN_star 7.600 7 1.163 0.982 Do Not Test  
ps vs. pdmse_FN_circle 0.675 7 0.103 1.000 Do Not Test  
pdmse_FN_circle vs. pdmse_FN 63.175 7 9.667 <0.001 Yes  
pdmse_FN_cir vs. pdmse_plasma 62.950 7 9.633 <0.001 Yes  
pdmse_FN_cir vs. pdmse_FN_sta 14.450 7 2.211 0.706 Do Not Test  
pdmse_FN_circle vs. ps_FN_star 6.925 7 1.060 0.989 Do Not Test  
ps_FN_star vs. pdmse_FN 56.250 7 8.607 <0.001 Yes  
ps_FN_star vs. pdmse_plasma 56.025 7 8.573 <0.001 Yes  
ps_FN_star vs. pdmse_FN_star 7.525 7 1.151 0.983 Do Not Test  
pdmse_FN_star vs. pdmse_FN 48.725 7 7.456 <0.001 Yes  
pdmse_FN_star vs. pdmse_plasma 48.500 7 7.421 <0.001 Yes  
pdmse_plasma vs. pdmse_FN 0.225 7 0.0344 1.000 No  
 
 
Comparisons for factor: Surface Type within 14 
Comparison Diff of Means p q P P<0.05  
ps vs. pdmse_FN_star 92.125 7 14.097 <0.001 Yes  
ps vs. pdmse_plasma 71.600 7 10.956 <0.001 Yes  
ps vs. pdmse_FN 59.000 7 9.028 <0.001 Yes  
ps vs. pdmse_FN_circle 5.775 7 0.884 0.996 No  
ps vs. ps_FN_star 2.300 7 0.352 1.000 Do Not Test  
ps vs. ps_fn 0.000 7 0.000 1.000 Do Not Test  
ps_fn vs. pdmse_FN_star 92.125 7 14.097 <0.001 Yes  
ps_fn vs. pdmse_plasma 71.600 7 10.956 <0.001 Yes  
ps_fn vs. pdmse_FN 59.000 7 9.028 <0.001 Yes  
ps_fn vs. pdmse_FN_circle 5.775 7 0.884 0.996 Do Not Test  
ps_fn vs. ps_FN_star 2.300 7 0.352 1.000 Do Not Test  
ps_FN_star vs. pdmse_FN_star 89.825 7 13.745 <0.001 Yes  
ps_FN_star vs. pdmse_plasma 69.300 7 10.604 <0.001 Yes  
ps_FN_star vs. pdmse_FN 56.700 7 8.676 <0.001 Yes  
ps_FN_star vs. pdmse_FN_circle 3.475 7 0.532 1.000 Do Not Test  
pdmse_FN_cir vs. pdmse_FN_sta 86.350 7 13.213 <0.001 Yes  
pdmse_FN_cir vs. pdmse_plasma 65.825 7 10.072 <0.001 Yes  
pdmse_FN_circle vs. pdmse_FN 53.225 7 8.144 <0.001 Yes  
pdmse_FN vs. pdmse_FN_star 33.125 7 5.069 0.011 Yes  
pdmse_FN vs. pdmse_plasma 12.600 7 1.928 0.819 No  
pdmse_plasma vs. pdmse_FN_star 20.525 7 3.141 0.299 No  
 
 
A result of "Do Not Test" occurs for a comparison when no significant difference is found between two 
means that enclose that comparison.  For example, if you had four means sorted in order, and found no 
difference between means 4 vs. 2, then you would not test 4 vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 
1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4 3 2 1).  Note that not testing the enclosed means is a 
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procedural rule, and a result of Do Not Test should be treated as if there is no significant difference 
between the means, even though one may appear to exist. 
 

Cell Area 

Two Way Analysis of Variance  
 
Data source: Data 1 in EC_on_surfaces_stats.SNB 
 
Balanced Design 
 
Dependent Variable: Cell Area  
 
Normality Test: Failed (P = 0.002) 
 
Equal Variance Test: Failed (P = <0.001) 
 
Source of Variation  DF   SS   MS    F    P   
Surface Type 6 40503645.284 6750607.547 73.413 <0.001  
Culture Time 2 1005253.363 502626.682 5.466 0.006  
Surface Type x Culture Time 12 19335984.049 1611332.004 17.523 <0.001  
Residual 63 5793120.320 91954.291    
Total 83 66638003.017 802867.506    
 
 
The difference in the mean values among the different levels of Surface Type is greater than would be 
expected by chance after allowing for effects of differences in Culture Time.  There is a statistically 
significant difference (P = <0.001).  To isolate which group(s) differ from the others use a multiple 
comparison procedure. 
 
The difference in the mean values among the different levels of Culture Time is greater than would be 
expected by chance after allowing for effects of differences in Surface Type.  There is a statistically 
significant difference (P = 0.006).  To isolate which group(s) differ from the others use a multiple 
comparison procedure. 
 
The effect of different levels of Surface Type depends on what level of Culture Time is present.  There is a 
statistically significant interaction between Surface Type and Culture Time.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Surface Type : 1.000 
Power of performed test with alpha = 0.0500:  for Culture Time : 0.751 
Power of performed test with alpha = 0.0500:  for Surface Type x Culture Time : 1.000 
 
Least square means for Surface Type :  
Group Mean  
ps 1566.245  
ps_fn 1673.548  
pdmse_plasma 905.857  
pdmse_FN 1465.829  
ps_FN_star 3029.790  
pdmse_FN_star 930.735  
pdmse_FN_circle 932.281  
Std Err of LS Mean = 87.538 
 
Least square means for Culture Time :  
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Group Mean  
4.000 1349.975  
7.000 1606.465  
14.000 1545.397  
Std Err of LS Mean = 57.307 
 
Least square means for Surface Type x Culture Time :  
Group Mean  
ps x 4.000 1442.191  
ps x 7.000 1549.714  
ps x 14.000 1706.830  
ps_fn x 4.000 1892.583  
ps_fn x 7.000 1450.750  
ps_fn x 14.000 1677.313  
pdmse_plasma x 4.000 710.779  
pdmse_plasma x 7.000 1303.778  
pdmse_plasma x 14.000 703.014  
pdmse_FN x 4.000 1103.940  
pdmse_FN x 7.000 2099.105  
pdmse_FN x 14.000 1194.443  
ps_FN_star x 4.000 1681.186  
ps_FN_star x 7.000 3054.603  
ps_FN_star x 14.000 4353.582  
pdmse_FN_star x 4.000 1382.989  
pdmse_FN_star x 7.000 844.008  
pdmse_FN_star x 14.000 565.208  
pdmse_FN_circle x 4.000 1236.160  
pdmse_FN_circle x 7.000 943.293  
pdmse_FN_circle x 14.000 617.390  
Std Err of LS Mean = 151.620 
 
 
All Pairwise Multiple Comparison Procedures (Tukey Test): 
 
Comparisons for factor: Surface Type 
Comparison Diff of Means p q P P<0.050  
ps_FN_star vs. pdmse_plasma 2123.933 7 24.263 <0.001 Yes  
ps_FN_star vs. pdmse_FN_star 2099.055 7 23.979 <0.001 Yes  
ps_FN_star vs. pdmse_FN_circle 2097.509 7 23.961 <0.001 Yes  
ps_FN_star vs. pdmse_FN 1563.961 7 17.866 <0.001 Yes  
ps_FN_star vs. ps 1463.545 7 16.719 <0.001 Yes  
ps_FN_star vs. ps_fn 1356.242 7 15.493 <0.001 Yes  
ps_fn vs. pdmse_plasma 767.691 7 8.770 <0.001 Yes  
ps_fn vs. pdmse_FN_star 742.813 7 8.486 <0.001 Yes  
ps_fn vs. pdmse_FN_circle 741.267 7 8.468 <0.001 Yes  
ps_fn vs. pdmse_FN 207.719 7 2.373 0.633 No  
ps_fn vs. ps 107.303 7 1.226 0.976 Do Not Test  
ps vs. pdmse_plasma 660.388 7 7.544 <0.001 Yes  
ps vs. pdmse_FN_star 635.510 7 7.260 <0.001 Yes  
ps vs. pdmse_FN_circle 633.964 7 7.242 <0.001 Yes  
ps vs. pdmse_FN 100.416 7 1.147 0.983 Do Not Test  
pdmse_FN vs. pdmse_plasma 559.972 7 6.397 <0.001 Yes  
pdmse_FN vs. pdmse_FN_star 535.094 7 6.113 0.001 Yes  
pdmse_FN vs. pdmse_FN_circle 533.548 7 6.095 0.001 Yes  
pdmse_FN_cir vs. pdmse_plasma 26.424 7 0.302 1.000 No  
pdmse_FN_cir vs. pdmse_FN_sta 1.546 7 0.0177 1.000 Do Not Test  
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pdmse_FN_star vs. pdmse_plasma 24.878 7 0.284 1.000 Do Not Test  
 
 
Comparisons for factor: Culture Time 
Comparison Diff of Means p q P P<0.050  
7.000 vs. 4.000 256.489 3 4.476 0.007 Yes
7.000 vs. 14.000 61.067 3 1.066 0.733 No  
14.000 vs. 4.000 195.422 3 3.410 0.049 Yes  
 
 
Comparisons for factor: Culture Time within ps 
Comparison Diff of Means p q P P<0.05  
14.000 vs. 4.000 264.640 3 1.745 0.438 No  
14.000 vs. 7.000 157.116 3 1.036 0.745 Do Not Test  
7.000 vs. 4.000 107.524 3 0.709 0.871 Do Not Test  
 
 
Comparisons for factor: Culture Time within ps_fn 
Comparison Diff of Means p q P P<0.05  
4.000 vs. 7.000 441.833 3 2.914 0.107 No  
4.000 vs. 14.000 215.270 3 1.420 0.577 Do Not Test  
14.000 vs. 7.000 226.563 3 1.494 0.544 Do Not Test  
 
 
Comparisons for factor: Culture Time within pdmse_plasma 
Comparison Diff of Means p q P P<0.05  
7.000 vs. 14.000 600.763 3 3.962 0.018 Yes  
7.000 vs. 4.000 592.998 3 3.911 0.020 Yes  
4.000 vs. 14.000 7.765 3 0.0512 0.999 No  
 
 
Comparisons for factor: Culture Time within pdmse_FN 
Comparison Diff of Means p q P P<0.05  
7.000 vs. 4.000 995.166 3 6.564 <0.001 Yes  
7.000 vs. 14.000 904.662 3 5.967 <0.001 Yes  
14.000 vs. 4.000 90.504 3 0.597 0.907 No  
 
 
Comparisons for factor: Culture Time within ps_FN_star 
Comparison Diff of Means p q P P<0.05  
14.000 vs. 4.000 2672.396 3 17.626 <0.001 Yes  
14.000 vs. 7.000 1298.978 3 8.567 <0.001 Yes  
7.000 vs. 4.000 1373.418 3 9.058 <0.001 Yes  
 
 
Comparisons for factor: Culture Time within pdmse_FN_star 
Comparison Diff of Means p q P P<0.05  
4.000 vs. 14.000 817.781 3 5.394 0.001 Yes  
4.000 vs. 7.000 538.981 3 3.555 0.038 Yes  
7.000 vs. 14.000 278.800 3 1.839 0.400 No  
 
 
Comparisons for factor: Culture Time within pdmse_FN_circle 
Comparison Diff of Means p q P P<0.05  
4.000 vs. 14.000 618.770 3 4.081 0.015 Yes  
4.000 vs. 7.000 292.867 3 1.932 0.365 No  
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7.000 vs. 14.000 325.904 3 2.149 0.289 No  
 
 
Comparisons for factor: Surface Type within 4 
Comparison Diff of Means p q P P<0.05  
ps_fn vs. pdmse_plasma 1181.804 7 7.795 <0.001 Yes  
ps_fn vs. pdmse_FN 788.643 7 5.201 0.008 Yes  
ps_fn vs. pdmse_FN_circle 656.422 7 4.329 0.048 Yes  
ps_fn vs. pdmse_FN_star 509.594 7 3.361 0.226 No  
ps_fn vs. ps 450.392 7 2.971 0.365 Do Not Test  
ps_fn vs. ps_FN_star 211.397 7 1.394 0.955 Do Not Test  
ps_FN_star vs. pdmse_plasma 970.407 7 6.400 <0.001 Yes  
ps_FN_star vs. pdmse_FN 577.246 7 3.807 0.117 No  
ps_FN_star vs. pdmse_FN_circle 445.026 7 2.935 0.380 Do Not Test  
ps_FN_star vs. pdmse_FN_star 298.197 7 1.967 0.805 Do Not Test  
ps_FN_star vs. ps 238.995 7 1.576 0.921 Do Not Test  
ps vs. pdmse_plasma 731.411 7 4.824 0.019 Yes  
ps vs. pdmse_FN 338.251 7 2.231 0.697 Do Not Test  
ps vs. pdmse_FN_circle 206.030 7 1.359 0.960 Do Not Test  
ps vs. pdmse_FN_star 59.201 7 0.390 1.000 Do Not Test  
pdmse_FN_star vs. pdmse_plasma 672.210 7 4.434 0.040 Yes  
pdmse_FN_star vs. pdmse_FN 279.049 7 1.840 0.849 Do Not Test  
pdmse_FN_sta vs. pdmse_FN_cir 146.829 7 0.968 0.993 Do Not Test  
pdmse_FN_cir vs. pdmse_plasma 525.381 7 3.465 0.196 No  
pdmse_FN_circle vs. pdmse_FN 132.221 7 0.872 0.996 Do Not Test  
pdmse_FN vs. pdmse_plasma 393.160 7 2.593 0.531 Do Not Test  
 
 
Comparisons for factor: Surface Type within 7 
Comparison Diff of Means p q P P<0.05  
ps_FN_star vs. pdmse_FN_star 2210.595 7 14.580 <0.001 Yes  
ps_FN_star vs. pdmse_FN_circle 2111.310 7 13.925 <0.001 Yes  
ps_FN_star vs. pdmse_plasma 1750.826 7 11.547 <0.001 Yes  
ps_FN_star vs. ps_fn 1603.853 7 10.578 <0.001 Yes  
ps_FN_star vs. ps 1504.889 7 9.925 <0.001 Yes  
ps_FN_star vs. pdmse_FN 955.498 7 6.302 <0.001 Yes  
pdmse_FN vs. pdmse_FN_star 1255.097 7 8.278 <0.001 Yes  
pdmse_FN vs. pdmse_FN_circle 1155.812 7 7.623 <0.001 Yes  
pdmse_FN vs. pdmse_plasma 795.328 7 5.246 0.008 Yes  
pdmse_FN vs. ps_fn 648.355 7 4.276 0.053 No  
pdmse_FN vs. ps 549.391 7 3.623 0.156 Do Not Test  
ps vs. pdmse_FN_star 705.706 7 4.654 0.026 Yes  
ps vs. pdmse_FN_circle 606.421 7 4.000 0.086 No  
ps vs. pdmse_plasma 245.937 7 1.622 0.911 Do Not Test  
ps vs. ps_fn 98.965 7 0.653 0.999 Do Not Test  
ps_fn vs. pdmse_FN_star 606.742 7 4.002 0.085 No  
ps_fn vs. pdmse_FN_circle 507.456 7 3.347 0.230 Do Not Test  
ps_fn vs. pdmse_plasma 146.972 7 0.969 0.993 Do Not Test  
pdmse_plasma vs. pdmse_FN_star 459.769 7 3.032 0.340 Do Not Test  
pdmse_plasma vs. pdmse_FN_cir 360.484 7 2.378 0.631 Do Not Test  
pdmse_FN_cir vs. pdmse_FN_sta 99.285 7 0.655 0.999 Do Not Test  
 
 
Comparisons for factor: Surface Type within 14 
Comparison Diff of Means p q P P<0.05  
ps_FN_star vs. pdmse_FN_star 3788.373 7 24.986 <0.001 Yes  
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ps_FN_star vs. pdmse_FN_circle 3736.192 7 24.642 <0.001 Yes  
ps_FN_star vs. pdmse_plasma 3650.567 7 24.077 <0.001 Yes  
ps_FN_star vs. pdmse_FN 3159.138 7 20.836 <0.001 Yes  
ps_FN_star vs. ps_fn 2676.269 7 17.651 <0.001 Yes  
ps_FN_star vs. ps 2646.751 7 17.456 <0.001 Yes  
ps vs. pdmse_FN_star 1141.622 7 7.530 <0.001 Yes  
ps vs. pdmse_FN_circle 1089.440 7 7.185 <0.001 Yes  
ps vs. pdmse_plasma 1003.816 7 6.621 <0.001 Yes  
ps vs. pdmse_FN 512.387 7 3.379 0.220 No  
ps vs. ps_fn 29.518 7 0.195 1.000 Do Not Test  
ps_fn vs. pdmse_FN_star 1112.104 7 7.335 <0.001 Yes  
ps_fn vs. pdmse_FN_circle 1059.923 7 6.991 <0.001 Yes  
ps_fn vs. pdmse_plasma 974.298 7 6.426 <0.001 Yes  
ps_fn vs. pdmse_FN 482.869 7 3.185 0.284 Do Not Test  
pdmse_FN vs. pdmse_FN_star 629.235 7 4.150 0.066 No  
pdmse_FN vs. pdmse_FN_circle 577.053 7 3.806 0.118 Do Not Test  
pdmse_FN vs. pdmse_plasma 491.429 7 3.241 0.264 Do Not Test  
pdmse_plasma vs. pdmse_FN_star 137.806 7 0.909 0.995 Do Not Test  
pdmse_plasma vs. pdmse_FN_cir 85.624 7 0.565 1.000 Do Not Test  
pdmse_FN_cir vs. pdmse_FN_sta 52.182 7 0.344 1.000 Do Not Test  
 
 
A result of "Do Not Test" occurs for a comparison when no significant difference is found between two 
means that enclose that comparison.  For example, if you had four means sorted in order, and found no 
difference between means 4 vs. 2, then you would not test 4 vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 
1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4 3 2 1).  Note that not testing the enclosed means is a 
procedural rule, and a result of Do Not Test should be treated as if there is no significant difference 
between the means, even though one may appear to exist. 
 
 

Size of Focal Contact Adhesions 

 
Two Way Analysis of Variance  
 
Data source: Data 1 in EC_on_surfaces_stats.SNB 
 
General Linear Model (No Interactions) 
 
Dependent Variable: Col 12  
 
Normality Test: Passed (P > 0.050) 
 
Equal Variance Test: Passed (P = 0.250) 
 
Source of Variation  DF   SS   MS    F    P   
surface type 3 4 1.695 0.424 7.427 <0.001  
Culture time 3 2 2.475 1.238 21.696 <0.001  
Residual 48 2.738 0.0570    
Total 54 6.278 0.116    
 
 
The difference in the mean values among the different levels of surface type 3 is greater than would be 
expected by chance after allowing for effects of differences in Culture time 3.  There is a statistically 
significant difference (P = <0.001).  To isolate which group(s) differ from the others use a multiple 
comparison procedure. 
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The difference in the mean values among the different levels of Culture time 3 is greater than would be 
expected by chance after allowing for effects of differences in surface type 3.  There is a statistically 
significant difference (P = <0.001).  To isolate which group(s) differ from the others use a multiple 
comparison procedure. 
 
Power of performed test with alpha = 0.0500:  for surface type 3 : 0.988 
Power of performed test with alpha = 0.0500:  for Culture time 3 : 1.000 
 
Least square means for surface type 3 :  
Group Mean SEM  
ps 1.982 0.0690  
ps_fn 1.733 0.0690  
pdmse_plasma 1.831 0.0690  
pdmse_FN 1.866 0.0722  
pdmse_FN_circle 1.400 0.0881  
 
 
Least square means for Culture time 3 :  
Group Mean SEM  
4.000 2.023 0.0534  
7.000 1.795 0.0534  
14.000 1.470 0.0646  
 
 
 
All Pairwise Multiple Comparison Procedures (Tukey Test): 
 
Comparisons for factor: surface type 3 
Comparison Diff of Means p q P P<0.050  
ps vs. pdmse_FN_circle 0.582 5 7.365 <0.001 Yes  
ps vs. ps_fn 0.249 5 3.614 0.095 No  
ps vs. pdmse_plasma 0.152 5 2.200 0.533 Do Not Test  
ps vs. pdmse_FN 0.116 5 1.649 0.771 Do Not Test  
pdmse_FN vs. pdmse_FN_circle 0.466 5 5.790 0.002 Yes  
pdmse_FN vs. ps_fn 0.133 5 1.882 0.674 Do Not Test  
pdmse_FN vs. pdmse_plasma 0.0353 5 0.500 0.997 Do Not Test  
pdmse_plasma vs. pdmse_FN_cir 0.431 5 5.447 0.003 Yes  
pdmse_plasma vs. ps_fn 0.0975 5 1.414 0.854 Do Not Test  
ps_fn vs. pdmse_FN_circle 0.333 5 4.214 0.035 Yes  
 
 
Comparisons for factor: Culture time 3 
Comparison Diff of Means p q P P<0.050  
4.000 vs. 14.000 0.552 3 9.315 <0.001 Yes  
4.000 vs. 7.000 0.228 3 4.260 0.011 Yes  
7.000 vs. 14.000 0.325 3 5.478 0.001 Yes  
 
 
A result of "Do Not Test" occurs for a comparison when no significant difference is found between two 
means that enclose that comparison.  For example, if you had four means sorted in order, and found no 
difference between means 4 vs. 2, then you would not test 4 vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 
1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4 3 2 1).  Note that not testing the enclosed means is a 
procedural rule, and a result of Do Not Test should be treated as if there is no significant difference 
between the means, even though one may appear to exist. 
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Focal Contact Adhesions per Cell 

Two Way Analysis of Variance  
 
Data source: Data 1 in EC_on_surfaces_stats.SNB 
 
Balanced Design 
 
Dependent Variable: Contacts per Cell  
 
Normality Test: Failed (P = 0.004) 
 
Equal Variance Test: Passed (P = 0.094) 
 
Source of Variation  DF   SS   MS    F    P   
Surface Type 2 5 45992.288 9198.458 140.281 <0.001  
Culture Time 2 2 248.911 124.456 1.898 0.160  
Surface Type  x Culture Time  10 14267.806 1426.781 21.759 <0.001  
Residual 54 3540.863 65.572    
Total 71 64049.868 902.111    
 
 
The difference in the mean values among the different levels of Surface Type 2 is greater than would be 
expected by chance after allowing for effects of differences in Culture Time 2.  There is a statistically 
significant difference (P = <0.001).  To isolate which group(s) differ from the others use a multiple 
comparison procedure. 
 
The difference in the mean values among the different levels of Culture Time 2 is not great enough to 
exclude the possibility that the difference is just due to random sampling variability after allowing for the 
effects of differences in Surface Type 2.  There is not a statistically significant difference (P = 0.160). 
 
The effect of different levels of Surface Type 2 depends on what level of Culture Time 2 is present.  There 
is a statistically significant interaction between Surface Type 2 and Culture Time 2.  (P = <0.001) 
 
Power of performed test with alpha = 0.0500:  for Surface Type 2 : 1.000 
Power of performed test with alpha = 0.0500:  for Culture Time 2 : 0.189 
Power of performed test with alpha = 0.0500:  for Surface Type  x Culture Time  : 1.000 
 
Least square means for Surface Type 2 :  
Group Mean  
ps 55.000  
ps_fn 51.126  
pdmse_plasma 7.557  
pdmse_FN 15.239  
ps_FN_star 82.742  
pdmse_FN_circle 37.609  
Std Err of LS Mean = 2.338 
 
Least square means for Culture Time 2 :  
Group Mean  
4.000 43.185  
7.000 42.506  
14.000 38.945  
Std Err of LS Mean = 1.653 
 
Least square means for Surface Type  x Culture Time  :  
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Group Mean  
ps x 4.000 43.825  
ps x 7.000 64.000  
ps x 14.000 57.176  
ps_fn x 4.000 90.053  
ps_fn x 7.000 28.365  
ps_fn x 14.000 34.961  
pdmse_plasma x 4.000 8.448  
pdmse_plasma x 7.000 10.708  
pdmse_plasma x 14.000 3.516  
pdmse_FN x 4.000 17.798  
pdmse_FN x 7.000 22.561  
pdmse_FN x 14.000 5.358  
ps_FN_star x 4.000 58.150  
ps_FN_star x 7.000 92.375  
ps_FN_star x 14.000 97.700  
pdmse_FN_circle x 4.000 40.837  
pdmse_FN_circle x 7.000 37.028  
pdmse_FN_circle x 14.000 34.961  
Std Err of LS Mean = 4.049 
 
 
All Pairwise Multiple Comparison Procedures (Tukey Test): 
 
Comparisons for factor: Surface Type 2 
Comparison Diff of Means p q P P<0.050  
ps_FN_star vs. pdmse_plasma 75.185 6 32.163 <0.001 Yes  
ps_FN_star vs. pdmse_FN 67.503 6 28.877 <0.001 Yes  
ps_FN_star vs. pdmse_FN_circle 45.133 6 19.308 <0.001 Yes  
ps_FN_star vs. ps_fn 31.615 6 13.525 <0.001 Yes  
ps_FN_star vs. ps 27.742 6 11.868 <0.001 Yes  
ps vs. pdmse_plasma 47.443 6 20.296 <0.001 Yes  
ps vs. pdmse_FN 39.761 6 17.010 <0.001 Yes  
ps vs. pdmse_FN_circle 17.391 6 7.440 <0.001 Yes  
ps vs. ps_fn 3.874 6 1.657 0.848 No  
ps_fn vs. pdmse_plasma 43.569 6 18.639 <0.001 Yes  
ps_fn vs. pdmse_FN 35.887 6 15.352 <0.001 Yes  
ps_fn vs. pdmse_FN_circle 13.518 6 5.783 0.002 Yes  
pdmse_FN_cir vs. pdmse_plasma 30.052 6 12.856 <0.001 Yes  
pdmse_FN_circle vs. pdmse_FN 22.370 6 9.570 <0.001 Yes  
pdmse_FN vs. pdmse_plasma 7.682 6 3.286 0.203 No  
 
 
Comparisons for factor: Culture Time 2 
Comparison Diff of Means p q P P<0.050  
4.000 vs. 14.000 4.240 3 2.565 0.175 No  
4.000 vs. 7.000 0.679 3 0.411 0.955 Do Not Test  
7.000 vs. 14.000 3.561 3 2.154 0.288 Do Not Test  
 
 
Comparisons for factor: Culture Time 2 within ps 
Comparison Diff of Means p q P P<0.05  
7.000 vs. 4.000 20.175 3 4.983 0.003 Yes  
7.000 vs. 14.000 6.824 3 1.685 0.463 No  
14.000 vs. 4.000 13.351 3 3.298 0.060 No  
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Comparisons for factor: Culture Time 2 within ps_fn 
Comparison Diff of Means p q P P<0.05  
4.000 vs. 7.000 61.688 3 15.236 <0.001 Yes  
4.000 vs. 14.000 55.092 3 13.607 <0.001 Yes  
14.000 vs. 7.000 6.596 3 1.629 0.487 No  
 
 
Comparisons for factor: Culture Time 2 within pdmse_plasma 
Comparison Diff of Means p q P P<0.05  
7.000 vs. 14.000 7.192 3 1.776 0.426 No  
7.000 vs. 4.000 2.260 3 0.558 0.918 Do Not Test  
4.000 vs. 14.000 4.932 3 1.218 0.667 Do Not Test  
 
 
Comparisons for factor: Culture Time 2 within pdmse_FN 
Comparison Diff of Means p q P P<0.05  
7.000 vs. 14.000 17.202 3 4.249 0.011 Yes  
7.000 vs. 4.000 4.763 3 1.176 0.685 No  
4.000 vs. 14.000 12.439 3 3.072 0.085 No  
 
 
Comparisons for factor: Culture Time 2 within ps_FN_star 
Comparison Diff of Means p q P P<0.05  
14.000 vs. 4.000 39.550 3 9.768 <0.001 Yes  
14.000 vs. 7.000 5.325 3 1.315 0.624 No  
7.000 vs. 4.000 34.225 3 8.453 <0.001 Yes  
 
 
Comparisons for factor: Culture Time 2 within pdmse_FN_circle 
Comparison Diff of Means p q P P<0.05  
4.000 vs. 14.000 5.876 3 1.451 0.564 No  
4.000 vs. 7.000 3.810 3 0.941 0.785 Do Not Test  
7.000 vs. 14.000 2.067 3 0.510 0.931 Do Not Test  
 
 
Comparisons for factor: Surface Type 2 within 4 
Comparison Diff of Means p q P P<0.05  
ps_fn vs. pdmse_plasma 81.605 6 20.155 <0.001 Yes  
ps_fn vs. pdmse_FN 72.255 6 17.846 <0.001 Yes  
ps_fn vs. pdmse_FN_circle 49.215 6 12.156 <0.001 Yes  
ps_fn vs. ps 46.228 6 11.418 <0.001 Yes  
ps_fn vs. ps_FN_star 31.903 6 7.880 <0.001 Yes  
ps_FN_star vs. pdmse_plasma 49.702 6 12.276 <0.001 Yes  
ps_FN_star vs. pdmse_FN 40.352 6 9.966 <0.001 Yes  
ps_FN_star vs. pdmse_FN_circle 17.313 6 4.276 0.042 Yes  
ps_FN_star vs. ps 14.325 6 3.538 0.142 No  
ps vs. pdmse_plasma 35.377 6 8.738 <0.001 Yes  
ps vs. pdmse_FN 26.027 6 6.428 <0.001 Yes  
ps vs. pdmse_FN_circle 2.987 6 0.738 0.995 No  
pdmse_FN_cir vs. pdmse_plasma 32.390 6 8.000 <0.001 Yes  
pdmse_FN_circle vs. pdmse_FN 23.040 6 5.691 0.002 Yes  
pdmse_FN vs. pdmse_plasma 9.350 6 2.309 0.581 No  
 
 
Comparisons for factor: Surface Type 2 within 7 
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Comparison Diff of Means p q P P<0.05  
ps_FN_star vs. pdmse_plasma 81.667 6 20.171 <0.001 Yes  
ps_FN_star vs. pdmse_FN 69.814 6 17.243 <0.001 Yes  
ps_FN_star vs. ps_fn 64.010 6 15.810 <0.001 Yes  
ps_FN_star vs. pdmse_FN_circle 55.347 6 13.670 <0.001 Yes  
ps_FN_star vs. ps 28.375 6 7.008 <0.001 Yes  
ps vs. pdmse_plasma 53.292 6 13.162 <0.001 Yes  
ps vs. pdmse_FN 41.439 6 10.235 <0.001 Yes  
ps vs. ps_fn 35.634 6 8.801 <0.001 Yes  
ps vs. pdmse_FN_circle 26.972 6 6.662 <0.001 Yes  
pdmse_FN_cir vs. pdmse_plasma 26.320 6 6.501 <0.001 Yes  
pdmse_FN_circle vs. pdmse_FN 14.467 6 3.573 0.135 No  
pdmse_FN_circle vs. ps_fn 8.663 6 2.140 0.658 Do Not Test  
ps_fn vs. pdmse_plasma 17.657 6 4.361 0.036 Yes  
ps_fn vs. pdmse_FN 5.804 6 1.434 0.911 Do Not Test  
pdmse_FN vs. pdmse_plasma 11.853 6 2.927 0.318 No  
 
 
Comparisons for factor: Surface Type 2 within 14 
Comparison Diff of Means p q P P<0.05  
ps_FN_star vs. pdmse_plasma 94.184 6 23.262 <0.001 Yes  
ps_FN_star vs. pdmse_FN 92.342 6 22.807 <0.001 Yes  
ps_FN_star vs. pdmse_FN_circle 62.739 6 15.496 <0.001 Yes  
ps_FN_star vs. ps_fn 62.739 6 15.496 <0.001 Yes  
ps_FN_star vs. ps 40.524 6 10.009 <0.001 Yes  
ps vs. pdmse_plasma 53.660 6 13.253 <0.001 Yes  
ps vs. pdmse_FN 51.818 6 12.798 <0.001 Yes  
ps vs. pdmse_FN_circle 22.215 6 5.487 0.004 Yes  
ps vs. ps_fn 22.215 6 5.487 0.004 Yes  
ps_fn vs. pdmse_plasma 31.445 6 7.767 <0.001 Yes  
ps_fn vs. pdmse_FN 29.603 6 7.311 <0.001 Yes  
ps_fn vs. pdmse_FN_circle 0.000 6 0.000 1.000 No  
pdmse_FN_cir vs. pdmse_plasma 31.445 6 7.767 <0.001 Yes  
pdmse_FN_circle vs. pdmse_FN 29.603 6 7.311 <0.001 Yes  
pdmse_FN vs. pdmse_plasma 1.843 6 0.455 1.000 No  
 
 
A result of "Do Not Test" occurs for a comparison when no significant difference is found between two 
means that enclose that comparison.  For example, if you had four means sorted in order, and found no 
difference between means 4 vs. 2, then you would not test 4 vs. 3 and 3 vs. 2, but still test 4 vs. 1 and 3 vs. 
1 (4 vs. 3 and 3 vs. 2 are enclosed by 4 vs. 2: 4 3 2 1).  Note that not testing the enclosed means is a 
procedural rule, and a result of Do Not Test should be treated as if there is no significant difference 
between the means, even though one may appear to exist. 
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