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The marked increase in surface-to-volume ratio associated with microscale devices for 

hemodialysis leads to problems with hemocompatibility and blood flow distribution that 

are more challenging to manage than those encountered at the conventional scale.  In this 

work, stable surface modifications with pendant polyethylene oxide (PEO) chains were 

produced on polycarbonate microchannel and polyacrylonitrile membrane materials used in 

construction of microchannel hemodialyzer test articles.  These coatings were evaluated in 

relation to protein repulsion, impact on urea permeability through the membrane, and 

impact on bubble retention through single-channel test articles.  PEO layers were prepared 

by radiolytic grafting of PEO-PBD-PEO (PBD = polybutadiene) triblock copolymers to 

microchannel and membrane materials.  Protein adsorption was detected by measurement of 

surface-bound enzyme activity following contact of uncoated and PEO-coated surfaces 

with β-galactosidase.  Protein adsorption was decreased on PEO-coated polycarbonate and 

polydimethyl siloxane (PDMS) materials by 80% when compared to the level recorded on 

uncoated materials.  Protein adsorption on membrane materials was not decreased with 

PEO-PBD-PEO treatment; a PEI (polyethylene imide) layer exists on the AN69 ST 

membrane which is intended to trap heparin during membrane pre-treatment.  It is still 

unclear how this PEI layer interacts with PEO-PBD-PEO.  Neither the PEO-PBD-PEO 

triblocks nor the irradiation process was observed to have any effect on polyacrylonitrile 



 

membrane permeability to urea, nor did the presence of additional fibrinogen and bovine 

serum albumin (BSA) in the urea filtrate.  The PEO-PBD-PEO treatment was not able to 

visibly reduce bubble retention during flow through single-channel polycarbonate test 

articles, however, the rough surfaces of the laser-etched polycarbonate microchannels may 

be causing this bubble retention.  This surface treatment holds promise as a means for 

imparting safe, efficacious coatings to blood processing equipment that ensure good 

hemocompatibility and blood flow distribution, with no adverse effects on mass transfer.    
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1 INTRODUCTION 

Many previously published journal articles describe the nonfouling (i.e. protein and cell 

repelling) mechanisms of material surfaces functionalized with pendant polymer chains, with 

particular emphasis having been placed on the performance of pendant PEO.  At high chain 

densities (>0.2 chains/nm
2
) the PEO chains extend away from the surface as a “brush”.  In the 

brush configuration, protein and cell repulsion is very effective and largely independent of 

chain length (de Gennes 1987; Tseng et al. 1995; McPherson, Shim, and Park 1997; 

McPherson et al. 1998; Unsworth, Sheardown, and Brash 2005; Unsworth, Sheardown, and 

Brash 2008).  Despite clear evidence of the nonfouling character of PEO layers, however, 

clinical use of PEO-coated biomaterials is rare.  Progress toward clinical application has 

historically been impeded by the lack of cost effective, non-invasive methods for preparation 

of stable, high density PEO layers on biomedical polymers.    

 

Direct chemical modification of polymer materials used in biomedical devices with PEO is 

generally infeasible, due to the material chemistry and adverse effects on bulk material 

properties.  Much research has thus focused on the use of PEO-containing block copolymers 

to produce nonfouling surfaces (McPherson et al. 1998; Lee, Ju, and Kim 2000; Park et al. 

2002; Tai et al. 2008; Tai, McGuire, and Neff 2008).  Pluronic
®
 surfactants are triblock 

copolymers (PEO-PPO-PEO, PPO = polypropylene oxide) that self-assemble onto 

hydrophobic materials from aqueous solutions.  The PPO center block forms a strong 

hydrophobic association with the surface, while the hydrophilic PEO end chains remain freely 

mobile in the fluid (Li et al. 1996).  Using this approach, a 10-20 nm PEO brush layer is 

formed at the material surface, and effectively prevents the adsorption and adhesion of 

proteins, platelets, bacteria, and other cells (Neff, Caldwell, and Tresco 1998).  However, 

triblock polymers that are immobilized only by hydrophobic association are subject to 

competitive desorption in the presence of whole blood.  To overcome this limitation, glass and 

other metal oxides can be pretreated with vinyl-containing silanes, coated with triblocks, and 

then subjected to γ-irradiation.  During irradiation, surface-bound free radicals are formed by 

absorption of radiation by the vinylic C=C bonds on the surface or radiolytic formation of 

water-derived radicals.  These free radicals attack the adsorbed PPO block, forming new 

covalent (permanent) bonds between the surface and polymer (McPherson, Shim, and Park 



2 

 

1997; Park et al. 2000; Ryder et al. 2010).  These methods are routinely used to prepare PEO 

coatings on silica and other model surfaces in our laboratory (Ryder et al. 2010). 

 

Polymeric materials, however, are not amenable to such chemical surface pretreatment.  In 

this research we describe our approach to overcoming this obstacle, and avoiding the need for 

pretreatment entirely, by using triblock copolymers that incorporate a vinyl group-rich 

polybutadiene center block to produce stable PEO coatings on the materials used in this work.  

Vinyl groups in the polybutadiene (PBD) backbone will form radicals upon exposure to 

UV- or γ-irradiation under water (Tseng et al. 1995), directly and permanently linking the 

triblocks to the otherwise unmodified biomaterial surface.  This non-invasive approach 

avoids the use of toxic and expensive crosslinkers or harsh solvents that may alter the 

properties of the underlying material, and is directly applicable to most medical materials (e.g. 

arterial/venous accesses, blood tubing, and polymeric devices). 

 

Recently, our laboratory formed highly stable, protein-repellant PEO layers on medical grade 

Pellethane® and Tygon® polyurethanes by adsorption and γ-stabilization of PEO-PBD-PEO 

triblocks (Schilke and McGuire 2011).  The same triblocks were used in this research to coat 

microchannel and membrane materials used in construction of microchannel hemodialyzer test 

articles as part of a large, cooperative research project (NIH R01EB011567) between OSU 

and the Microproducts Breakthrough Institute.  The main aims of that project are to identify 

surface modification and microfabrication criteria for effective flow distribution (i.e., minimal 

bubble retention in the context of this thesis) and hemocompatibility in such microfluidic 

articles, while evoking no adverse effects on mass transfer through the dialyzer membrane.  In 

this thesis, synthesis of the PEO layers is described in detail.  PEO layer function is described 

in relation to three major criteria: (i) protein repulsion at coated microchannel materials 

(polycarbonate and polydimethyl siloxane), (ii) impact on urea transport through AN69 and 

AN69 ST hemodialysis membranes, and (iii) impact on bubble retention through single 

channel polycarbonate articles. 

 

These PEO-PBD-PEO surface coatings hold great potential in that they are not only 

nonfouling but also can be made bioactive by linking biomolecules to the ends of the PEO 

chains.  Pluronic
®
 surfactants have been synthetically modified at the termini of the PEO 
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chains with a variety of chemistries to allow biomolecule conjugation at the coated surface.  

Such end-group activated polymers (EGAP) prevent the denaturation and loss of activity of 

bioactive agents caused by surface interactions, while retaining the solvent accessibility and 

mobility of the tethered agent (Huang, Tresco, and Caldwell 1997; Ho et al. 1998).  This 

approach provides a mechanism to systematically vary the surface concentration of multiple 

therapeutic agents, while ensuring activity retention and non-fouling character (Ho et al. 1998; 

Neff, Tresco, and Caldwell 1999; Webb, Caldwell, and Tresco 2001; Biran et al. 2001; 

deCastro, Ho, and Stewart 1999). 

 

Bioactive surface coatings can also be created by “entrapment” of sufficiently small 

therapeutic agents among the PEO chains.  The concept of directed peptide entrapment within 

PEO layers is particularly attractive, as it holds potential for enabling their storage and 

controlled release from these otherwise nonfouling surface coatings.  The theoretical basis for 

peptide entrapment lies in the fact that a PEO brush exhibits coexistence between an inner, 

dense hydrophobic phase that is “attractive” for small protein adsorption and a dilute, mobile 

hydrophilic phase at the outer edge of the brush (Sheth and Leckband 1997; Halperin 1999).  

The adsorption of the antimicrobial peptide nisin and various aspects of its behavior while 

entrapped at PEO-coated surfaces have been examined by our group through ellipsometry (Tai 

et al. 2008), circular dichroism and assays of antibacterial activity (Tai, McGuire, and Neff 

2008), zeta potential (Ryder et al. 2010), and TOF-SIMS (Schilke and McGuire 2011). 
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2 LITERATURE REVIEW 

The following sections provide relevant background information helpful towards better 

understanding the research presented in this thesis, and provide information regarding prior 

related research.  The motivations for completing this project are also discussed.     

 

2.1 End-stage renal disease etiology and statistics 

The kidneys (one seen in Figure 2.1) are an important component of the digestive system, and 

are responsible for blood filtration, urine production, blood pH regulation, and production of 

various enzymes including renin (for the regulation of blood pressure) and erythropoietin (for 

the stimulation of red blood cell production in the bone marrow) (Silverthorn 2006).    

 

 

Figure 2.1: A human kidney.  Blood is fed into the kidneys via the large renal artery, and 

leaves the kidneys via the renal vein.  The urine leaves the kidneys via the renal pelvis and 

ureter (Silverthorn 2006). (Image: www.biologycorner.com) 

 

Each of a person’s two kidneys is able to filter 90 L of blood per day, thus each generating 

approximately 1L of urine per day (Silverthorn 2006).  The blood enters through the large 

renal artery and eventually reaches the approximately 1 million nephrons, the smallest 

functioning unit of the kidney, which can be seen in Figure 2.2.   

 

renal artery 

renal vein 

ureter 
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Figure 2.2: A nephron, the smallest unit of the kidney, is composed of the Bowman’s capsule, 

distal tubule, loop of Henley, and proximal tubule, all of which perform different filtration 

tasks (Silverthorn 2006) (Image: http://www.goldiesroom.org). 

 

It should be noted that the body employs small diameter channels (i.e. blood capillaries) in 

order to efficiently filter the blood – filtration does not occur in the large renal artery, or any of 

the blood pathways leading to the tiny nephrons.   

 

Proper functioning of the kidneys is vital.  Unfortunately, people with diabetes or 

hypertension can be at risk for developing chronic kidney disease (CKD), and eventually end-

stage renal disease (ESRD).  When a patient’s CKD progresses to ESRD, hemodialysis 

becomes necessary in lieu of kidney transplant.  Only about 3 in 10 ESRD patients can expect 

to receive a kidney transplant, waiting on average 2.3 years (US Renal Data System 2011), 

thus, hemodialysis is an important treatment method. 

 

Unfortunately, hemodialysis is not without risk.  Patients face a significant decrease in overall 

quality of life, spending approximately 12 days per year hospitalized (US Renal Data System 

2011).  Hemodialysis patients also face high mortality rates, as can be seen in Figure 2.3. 
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Figure 2.3: Among patients with ESRD, those on hemodialysis face the highest mortality rates 

in all age groupings, when compared to the mortality rates of those receiving kidney 

transplants, and the general population receiving Medicare.  

(Image: US Renal Data System 2011) 

 

In 2004, the age-adjusted 5 year survival of kidney transplant patients was 73%, while for 

hemodialysis patients 5 year survival was at 34% (US Renal Data System 2011).  

Surprisingly, for both men and women over age 65, mortality risk for hemodialysis patients is 

at least 35% higher than for those with cancer (US Renal Data System 2011). 

 

Higher mortality rates for ESRD patients on hemodialysis can partially be attributed to 

infection.  It can be seen in Figure 2.4, that the primary reason for hospitalizing hemodialysis 

patients is infection, with rates having increased significantly since the early nineties.   
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Figure 2.4: Infection is the number one reason for hospitalization of ESRD patients receiving 

hemodialysis treatment, with the number of hemodialysis patients hospitalized for infection 

having increased greatly since the early nineties (CV = cardiovascular).  

(Image: US Renal Data System 2011)   

 

Approximately 5% of hemodialysis patients initially hospitalized for vascular access infection 

end up dying, whether they are rehospitalized or not (US Renal Data System 2011).  Overall, 

nosocomial infections (i.e. infections acquired in a hospital) have been increasing in number, 

with approximately 1.7 million infections acquired yearly in the United States.  This is due in 

part to breach of hygienic procedures at hospitals, and the increasing antibiotic resistance of 

bacteria (Eber et al. 2010).  As will be discussed later, the PEO-PBD-PEO coating has the 

potential to address infections caused by hemodialysis methods. 

 

On the national level, ESRD rates are increasing, with more and more people developing the 

condition each year.  If the linear trend shown in Figure 2.5 continues over the next 10 years 

as expected, the number of patients living with ESRD in the United States in 2022 will be 

approximately 850,000 (US Renal Data System 2011). 
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Figure 2.5: The total number of patients being treated for ESRD has increased greatly over the 

past 30 years, with no signs of slowing.  (Image: US Renal Data System 2011) 

 

ESRD is not just a problem in the United States, however.  Worldwide, over 2.15 million 

people were treated for ESRD in 2011 (Krick et al. 2011), compared to 1.90 million in 2009 

(Krick et al. 2009).  The number of ESRD patients is expected to grow 6% in the United 

States in 2012, and up to 10% in economically unstable countries (US Renal Data System 

2011).  This trend follows the increasing number of patients with type II diabetes in the United 

States, which increased by 49% between 1991 and 2000, due in part to patient lifestyle factors 

such as diet, exercise, and smoking (Marx 2002).  Due to lifestyle factors such as obesity, 

exercise level, and alcohol and salt intake (Geleijnse, Kok, and Grobbee 2004), hypertension 

(high blood pressure) also remains a major cause of ESRD.  Currently, approximately 32% of 

the US population has hypertension (Bertoia et al. 2011), and is therefore at risk for 

developing CKD and ESRD. 

  

Hemodialysis also puts a heavy financial burden on federally funded Medicare.  Although 

Medicare is generally intended for those 65 and older, or those with disabilities, ESRD 

patients are also allowed coverage.   Total Medicare spending on ESRD patients in 2010 was 

at $42.5 billion per year, with each hemodialysis patient costing around $82,000 (US Renal 

Data System 2011).  In comparison, patients having received kidney transplants only require 

approximately $30,000 yearly.  Furthermore, ESRD patients represent only 1.2% of the 

Medicare population, however they account for 8.1% of Medicare spending (US Renal Data 
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System 2011).  Total Medicare spending in 2010 was at $524 billion, while Medicare 

spending in 2020 is expected to be at $949 billion (Potetz, Cubanski, and Neuman 2011). 

 

2.2 Current dialysis methods 

Moving away from the national and world-view, the patients’ general concerns are now 

discussed by describing current hemodialysis treatment methods. 

 

Three times per week, the patient must undergo a 4 hour hemodialysis treatment (Himmelfarb 

and Ikizler 2010).  This treatment schedule can be disruptive to a patients’ daily life.  Fifty 

percent of patients will also generally feel ill before treatment (due to toxin buildup in the 

blood), and dizzy afterwards, due to such rapid fluctuations in overall blood composition.  

More common symptoms of treatment include fatigue, itching, muscle cramps, and easy 

bruising (Merkus et al. 1999).   The patients’ blood must be cycled through a hemodialysis 

machine, which generally contains a hollow-fiber membrane cartridge, as seen in Figure 2.6.   

 

 

Figure 2.6: The hemodialysis hollow-fiber membrane cartridge must be replaced for each 

cycle/treatment.  Each unit is approximately 1 foot in length, although sizes can vary by 

patient, depending on the transfer capacity needed.  Blood flow-rate through the unit is 

recommended to be between 200 and 400 ml/min, with dialysate flow-rates double that 

(Himmelfarb and Ikizler 2010). (Image: www.medicalexpo.com) 

 

These cartridges contain a semipermeable membrane that allows metabolic waste materials 

such as urea and creatinine, and excess fluid to be filtered out of the blood, as can be seen in 



10 

 

Figure 2.7.   Higher pressure on the blood side of the membrane allows for excess fluid in the 

blood to also be removed (Elliott 2000). 

 

 

Figure 2.7: Hemodialysis membranes allow undesirable blood compounds (i.e. urea and 

creatinine) to pass from the blood side (left) to the dialysate side (right).  Concentrations of 

these components in the dialysate can be tuned to allow for the right amount of osmotic 

pressure. (Image: www.thevirtualnephrologist.com) 

 

While the hemodialysis machines themselves are cumbersome and large, hemodialysis clinics 

must also have several large tanks to store the huge amount of dialysate required to filter a 

patients’ 4 to 5 liters of blood.  The tanks at one hemodialysis center and the hemodialysis 

machine can be seen in Figure 2.8. 

 

 

Figure 2.8: Both the dialysate tanks and the hemodialysis machines are large, and thus 

obviously not configured for portability. (Images: Wikipedia)  
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The dialysate must be strictly monitored for purity and sterility, and composition of 

components including sodium, magnesium, potassium, calcium, chloride and glucose 

(Himmelfarb and Ikizler 2010).  The dialysate also has a set concentration of sodium 

bicarbonate in order to correct blood acidity. 

 

The patient must also have some sort of vascular access.  The blood can be accessed via 

catheter, seen in Figure 2.9, which is a tube that is inserted into the patients’ neck, groin, or 

chest. 

 

 

Figure 2.9: A catheter can be implemented quickly, but does generally have higher rates of 

infection than other blood access methods. (Image: www.uwhealth.org) 

 

Catheters are generally used as temporary vascular access until other methods can be 

developed, but are sometimes used permanently if other methods (described subsequently) do 

not work in a patient.  Catheters can also be painful, and are very prone to infections.  An 

arteriovenous (AV) fistula, seen in Figure 2.10, is a stitching together of a section of the vein 

and artery in a patients’ arm.   
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Figure 2.10: AV fistulas are generally known as the gold standard of blood access for 

hemodialysis, due to their lower rates of infection.  AV grafts are also better than catheters, 

but the artificial materials used can also sometimes lead to infection.   

(Image: Fresenius Medical Care) 

 

The blood pressure from the attached artery is enough to gradually increase the veins’ ability 

to accept a large quantity of blood, as blood is pumped back into a vein after hemodialysis, 

and normal veins are too small to accept this load.  The third method of blood access is known 

as an arteriovenous (AV) graft, as can also be seen in Figure 2.10.  This method is similar to 

the AV fistula, however it incorporates either a synthetic tube, or natural graft as the location 

for needle placement.  AV grafts are generally better for patients with smaller veins that might 

not be able to support increased blood load. 

 

Rates of infection for those patients with a catheter (used by 18% of hemodialysis patients) are 

4 times higher than those with an AV graft (used by 27% of hemodialysis patients), and 8 

times higher than those with an AV fistula (used by 55% of hemodialysis patients) (US Renal 

Data System 2011).  As such, catheter use is currently discouraged. 

 

Along with hemodialysis treatments, the patient must be dosed with heparin as an 

anticoagulant, which carries its own significant risks.  The patient must also generally be 

given doses of erythropoietin (an enzyme that functions to stimulate red blood cell 
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production), as the kidneys may not be able to produce the enzyme (Himmelfarb and Ikizler 

2010). 

 

2.3 Microchannel hemodialysis devices 

The application of a microchannel device for hemodialysis, as roughly shown in Figure 2.11, 

is promising for a number of reasons.   

 

Figure 2.11: The primary element/component of a microchannel hemodialysis device involves 

two polycarbonate laminae separated by a dialysis membrane (AN69 ST in the case of this 

research project).  One lamina is intended for dialysate flow, while the other is intended for 

blood.  Counter-current flow is used to maintain an optimal concentration gradient of various 

blood components between the blood and the dialysate.  Units such as this would be combined 

to make a complete device. (Image: Matthew Coblyn, OSU) 

 

Transport properties are favorable in such small channels; urea and creatinine have a small 

distance to travel in order to reach the membrane and be removed in the dialysate stream, as 

can be seen in Figure 2.12.  As opposed to hollow-fiber membrane technology, dialysate flow 

through a microchannel device is much more controlled, as it also flows through 

microchannels.   
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Figure 2.12: Cross-sectional view of red blood cells (red circles) and white blood cells (black 

circles) flowing through a microchannel.  Dimensions of cells, coating, and channel are drawn 

proportionally to scale; density of blood cells is also accurate.  While urea and creatinine are 

both 1x10
10

 times smaller than a red blood cell (Stein 1986), it can still be understood by this 

image that these components have a small distance to diffuse in order to reach the dialysis 

membrane (located at the top of the microchannel, but not shown). (Image: Philipp Keller, 

OSU) 

 

Previous research at Oregon State University showed that microchannel technology can 

efficiently remove urea from a 1 mg/mL solution of urea in deionized water, better than 

current commercial hollow-fiber dialyzers (Tuhy, Anderson, and Jovanovic 2012).  The 

volumetric flow rate of the dialysate stream (i.e. just pure water in this case) was always able 

to be equal to or less than the volumetric flow rate of the blood stream (i.e. 1 mg/mL urea in 

water), which is definitely not the case in current hemodialysis methods, where dialysate flow 

rate is generally twice as high as the blood flow rate, in order to achieve optimal urea removal.  

A 60% increase in mass transfer efficiency of the flat-plate microchannel device was 

calculated, as compared to current hollow-fiber hemodialysis (Tuhy, Anderson, and Jovanovic 

2012).  As total amount of dialysate used would be reduced by using microchannel 

technology, the overall cost of hemodialysis treatment could also be decreased. 

     

Microchannel devices are also easily scaled, as this only requires adding or subtracting 

laminae from the total device, as can be seen in Figure 2.13. 
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Figure 2.13: Microchannel technology lends itself towards simple scale-up, as devices are 

comprised of identical laminae. (Image: Dr. Brian Paul, OSU) 

 

These multiple laminae can have fluid flowing through them in parallel, to increase the overall 

throughput of the device.  As the device is intended to be much smaller than a currently used 

hollow-fiber membrane cartridge, the amount of blood required to prime the microchannel 

device is also much smaller, and as such is less of a burden to the patient.  The amount of 

blood required to prime a hollow-fiber membrane cartridge can be between 60 and 120 mL of 

blood (Gambro Lundia AB 2010), whereas if a microchannel device containing 1000 channels 

(10 cm x 240 µm x 100 µm) split between 20 laminae (each with a header space of 

approximately 4 cm
2
 x 100 µm), the volume required to prime the device would be less than 5 

mL (at 3.2 mL).   

 

A microchannel device also holds the potential to be portable, and a good option for home-

dialysis treatment.  Performing treatments at home, even while sleeping, would cause fewer 

interruptions in a patients’ daily life.  As opposed to 3 weekly sessions of hemodialysis 

treatment, nightly treatment would better mimic natural kidney function, as human kidneys 

function continuously. 

 

While there are many benefits involved with microchannel hemodialysis, there are multiple 

challenges faced when designing such a small device.  Some of these challenges include:  

 

stacked laminae 

end-caps 
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• managing flow through the device for equal fluid distribution in each channel  

• preventing the device from leaking 

• ensuring that the surface properties of the materials used are hemocompatible 

• determining optimal fabrication and manufacturing methods 

• imaging of fluid and bubbles in the device for testing purposes 

• determining optimal design of the device (including header space and channel 

dimensions) 

• modeling fluid flow as impacted by various article features 

• aiding bubble movement through the device 

 

Many of these challenges are multifaceted, and can have significant impact on each other.  

The surface treatment chosen (i.e. PEO-PBD-PEO) has the potential to address both 

hemocompatibility of the device, and promotion of bubble movement through the device.  

Design of the device is also critical for both distribution of flow, and manufacturing of the 

individual laminae.  An example of a polycarbonate lamina used in a previous test article is 

shown in Figure 2.14. 

 

 

Figure 2.14: Polycarbonate laminae allow for better imaging of fluid flow and bubble 

movement through a device.  Polycarbonate is also fairly easy to machine, and inexpensive. 

(Image: Microproducts Breakthrough Institute) 

 

2.4 Bubble retention and behavior in a microchannel device 

Bubble movement through the device is essential to a properly functioning unit.  It can be seen 

in Figure 2.15 that bubbles can block single channels, or a whole region of channels, if not 
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properly managed.  These bubbles can be generated in the extracorporeal tubing used in 

hemodialysis during priming of the device, or due to turbulent flow of the blood in some 

regions (Ahmed, Adam, and Dennis 2009). 

 

 

Figure 2.15: Trapped air is catastrophic to proper functioning of a microchannel hemodialysis 

device, leading to variable (or non-existent) fluid flow through each channel. 

(Image: Dr. Goran Jovanovic, OSU) 

 

This disrupts fluid flow in some channels, and causes fluid in other channels to be pushed 

through at a faster rate than desired.  While these bubbles can get stuck based on the design of 

the device, bubbles can also be retained due to the material used and residual electrostatic 

charges from microfabrication.  The surface roughness due to microfabrication (such as laser 

etching/ablation) can also cause areas of the polycarbonate to be electronegative or 

electropositive, enhancing the heterogeneity of the material.  When surfaces have sharp points, 

or deep valleys, the electrical charge distribution can be concentrated, as can be seen in Figure 

2.16.   

 

Figure 2.16: Surface charges can be concentrated when a material is rough, or when burrs or 

sharp features are machined.  (Image: substech.com) 
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Called the Cassie-Baxter or Lotus Effect, any asperities in the material can cause bubbles to 

potentially be trapped at the surface, as can be seen in Figure 2.17. 

 

 

Figure 2.17: The Cassie-Baxter or Lotus Effect occurs when surface roughness prevents 

complete wetting of the solid material.  This is undesirable on the surface of a machined 

polycarbonate microchannel, as trapped air (i.e. microbubbles) can stimulate the blood 

coagulation cascade. (Image: biotechnorati.co.uk) 

 

When microbubbles locate at the surface of the polycarbonate, they essentially create a 

hydrophobic interface upon which blood proteins can adhere (and start the coagulation 

cascade).  The PEO-PBD-PEO surface coating proposed in this thesis is intended to mask 

surface heterogeneities in polycarbonate itself, and any surface charge concentrations due to 

microfabrication, making a completely hydrophilic barrier between the polycarbonate and any 

proteins, platelets, or trapped air in the system.  PEO chains have been shown to prevent 

protein, cell, and platelet adhesion (Neff, Caldwell, and Tresco 1998; McPherson, Shim, and 

Park 1997).  Any bubbles introduced into the system should be pushed through the device by 

blood fluid flow, and should not adhere to the surface of the polycarbonate when coated with 

PEO-PBD-PEO. 

 

2.5 Blood coagulation and biocompatibility 

In order for the hemodialysis device to be biocompatible, it must not cause serious harm to an 

individual.  Blood clotting upon contact with the inner walls of the device is therefore very 

important to prevent and control.  Adsorbed blood proteins (fibrinogen, factor VII, etc.) on the 

surface of a hydrophobic foreign material are the initiating factors in the blood clotting 

cascade (Chanard et al. 2003).  These adsorbed proteins enable platelets to become activated, 
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thus recruiting more proteins and platelets.  Fibrinogen is converted to fibrin strands that 

ensnare red blood cells, platelets, and proteins, finally resulting in a blood clot (Silverthorn 

2006).  Blood clotting could potentially clog the microchannel device, or, even worse, travel 

back into the patient’s body increasing risk of pulmonary embolism, heart attack, or stroke. 

 

In order to prevent the cascade from initiating, the PEO-PBD-PEO surface coating is intended 

to mask the hydrophobic surface of the polycarbonate from blood proteins.  Proteins, in 

general, adhere to hydrophobic surfaces.  To verify that the PEO-PBD-PEO would indeed 

prevent blood proteins from adhering, the beta-galactosidase enzyme activity assay gives a 

conservative estimate of protein adsorption; beta-galactosidase is a smaller protein (105 kDa 

from Aspergillus oryzae), and thus would enter any non-coated regions easier than the larger 

fibrinogen (340 kDa) that is actually involved in the blood clotting cascade.  The following 

equation was used to calculate the minimum radius that each protein could take if in spherical 

shape: 

            
 
  

 

where Rmin represents the minimum radius in nanometers, and M represents the weight of the 

protein in Daltons (Erickson 2009).  Using this data, Figure 2.18 shows the relative sizes of 

the two proteins. 

 

 

Figure 2.18: Fibrinogen (340 kDa) was calculated to have a radius of 0.00461 µm, while beta-

galactosidase (105 kDa) was determined to have a radius of 0.00311 µm, as is drawn to scale 

here.  Beta-galactosidase, being smaller, will generally find bare spots (i.e. not covered with 

PEO-PBD-PEO) easier, and as such offers a more conservative estimation of protein 

adsorption to PEO-PBD-PEO treated materials.  Both proteins carry a net negative charge at 

physiological pH. (Image: Philipp Keller, OSU) 
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Other medical devices that are used on a longer time scale face issues with cell adhesion and 

biofilm growth, which are also initiated via protein adsorption.   

 

The PEO-PBD-PEO is has several features that enhance its ability to repel proteins.  The steric 

motion of the PEO chains aids in protein repulsion, as well as the hydration barrier created by 

the PEO-PBD-PEO.  Creation of a hydrophilic barrier between a material and blood proteins 

using attachment of hydrophilic polymers and zwitterionic polymers has been shown to keep 

proteins from adsorbing.  Zwitterionic polymers carry both a positive and negative charge in 

each monomer, and thus hold a stronger attraction to water molecules (ionic solvation).  It is 

important that these polymeric layers retain flexibility, in order that they create a steric barrier 

to proteins, as well as a hydration barrier (Chen et al. 2010).   

 

Aside from PEO chains, other groups have also tried encouraging endothelial cell growth on 

the surface of PTFE by covalent attachment of vascular endothelial growth factor (VEGF) 

(Crombez et al. 2005), and covalently attaching phospholipid analogous polymers (PAPs) to 

polypropylene membranes to mimic endothelial cell coverage (Xu et al. 2004) in attempts to 

create hemocompatible surfaces.  The VEGF encouraged cell migration, but additional growth 

factors would be necessary to stimulate growth.  Furthermore, the VEGF process would not be 

suitable for microchannel hemodialysis units, as they’re only intended for short-duration and 

disposable use.  Stimulating cell growth in a device would cost a significant amount of money, 

and would take significantly longer to produce than the PEO-PBD-PEO surface treatment 

studied in this research.  The PAP solution enhanced both protein- and platelet-resistant 

properties of the membrane, but would need to be adapted for use on various substrate 

materials (i.e. instead of just membrane). 

 

2.6 Functionalization of surfaces with polyethylene oxide (PEO) 

2.6.1 General strategy (TCVS) 

In order to create a covalently bonded polyethylene oxide (PEO) brush-layer on the surface of 

a glass or metal oxides, these surfaces generally must be silanized with trichlorovinyl silane 

(TCVS) to create vinyl groups and double bonds at the surface ( McPherson, Shim, and Park 

1997; Park et al. 2000; Ryder et al. 2010).  When gamma-irradiated, these double bonds are 

then capable of creating free radicals which bind to the center polypropyleneoxide (PPO) 
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block of pluronics (PEO-PPO-PEO).  The silanization process of silica with TCVS, and 

subsequent gamma-irradiation of the TCVS-treated surface in the presence of a pluronic, can 

be seen in Figure 2.19. 

 

 
 

 

Figure 2.19: The silanization of silica using TCVS creates vinyl groups at the surface of the 

material (a), which, when gamma-irradiated, form free radicals that are able to create covalent 

bonds with pluronics (b). (Images: a. Justen Dill, OSU; b. McPherson, Shim, and Park 1997)  

 

As silanization is only possible with substrate materials that contain hydroxyl groups (glass, 

metal oxides), coating polymeric materials with PEO brush layers requires a different strategy.  

The chemical structure of polycarbonate does not have these hydroxyl groups, as can be seen 

in Figure 2.20.  Actually, the first step in synthesizing polycarbonate involves deprotonating 

the hydroxyl groups of bisphenol A by sodium hydroxide.   

 

a. 

 

 

b. 
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Figure 2.20: Chemical structure of polycarbonate monomer.  The index n indicates the number 

of repeat units in the polymer. 

 

Polycarbonate was chosen as the laminae material due to it being currently used in hollow-

fiber membrane cartridges, and its durability.  Glass, for example, is too brittle of a material. 

 

2.6.2 New strategy (PBD centerblock) 

Taking a different approach, one can synthesize triblock copolymers to contain vinyl groups, 

themselves, as is the case with PEO-PBD-PEO, seen in Figure 2.21 (Tseng et al. 1995). 

 

 

Figure 2.21: The chemical structure of PEO-PBD-PEO contains both vinyl groups, and double 

bonds in the polybutadiene center block (Mn = 620) at 73% that allow for covalent binding to 

a secondary material when gamma-irradiated.  The hydrophobic polybutadiene sections are 

attracted to a hydrophobic surface, while the polyethylene oxide sections (Mn = 2845) are 

intended to impart a hydrophilic barrier to any approaching proteins.  The polydispersity index 

of the polymer is 1.11 (Schilke and McGuire 2011). 

 

The hydrophobic polybutadiene sections should be attracted to a hydrophobic surface, while 

the hydrophilic polyethylene oxide sections are intended to make the surface more 

hydrophilic.  When the vinyl groups are contained in the triblock copolymer, the need to 

silanize the surface of a material is eliminated, and a wider range of substrate materials can 

then be used (including polymers).  As long as a hydrophobic material is used, the 

hydrophobic polybutadiene (PBD) should associate at the surface of the material, and, when 

 

PEO 

Polyethylene oxide 

hydrophilic 

 

PEO 

Polyethylene oxide 

hydrophilic 

 

PBD 

Polybutadiene 

hydrophobic 
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gamma-irradiated, form covalent bonds with the surface of the material.  The general scheme 

of coating a material with PEO-PBD-PEO can be seen in Figure 2.22. 

 

 

Figure 2.22: Imparting PEO chains on the surface of polycarbonate (for example) involves γ-

irradiation of the material in the presence of PEO-PBD-PEO. 

 

Although the hydrophobic association between PEO-PBD-PEO and the polycarbonate exists, 

the covalent linking via γ-irradiation ensures that the PEO chains are stable.  These PEO 

chains wave around in solution, creating a large exclusion volume, and a static barrier between 

the polycarbonate and any approaching protein (Goddard and Hotchkiss 2007).  As they are 

hydrophilic, they can also create a hydration barrier against proteins, as can be seen in Figure 

2.23. 

 

 

Figure 2.23: Although a bit liberal in physical interpretation of a hydration barrier, this image 

shows that water molecules are attracted to the PEO chains, creating additional protection of 

the polycarbonate surface from blood proteins.   

 

PEO brush layers can be altered to create an optimal surface coating.  Size of the approaching 

protein must also be considered to develop an ideal surface coating, as can be seen in Figure 

2.24.   

 



24 

 

 

Figure 2.24: Large and small proteins can interact with a brush layer in different ways.  A 

large protein must compress the PEO brush layer in order to approach the surface of the 

material, while a smaller protein might be able to become entrapped within the PEO chains.  

(Image: Halperin 1999) 

 

The density of the PEO layer, and the length of the PEO chains can also alter the protein 

repulsion/adsorption characteristics of a PEO coating (Halperin 1999).   

 

While some research suggests that a hydrophobic core exists in the center region of the 

polymer brush layer (Lee et al. 2012), it is still expected that the outermost sections of the PEO 

brush will create a hydration barrier that will mask surface heterogeneities present in the 

polycarbonate, and thus help bubbles from getting stuck to any hydrophobic surfaces within a 

microchannel.  Electrical charge distribution due to microfabrication of these microchannels 

can also be masked (as discussed in Section2.3).  

 

A similar polymer, PEO-PBD in a 1:1 size ratio, has been covalently linked to the surface of 

polyethylene, silicone rubber, Carbothane
®
, and Dacron

®
, resulting in a 90% reduction in in 

vitro fibrinogen adsorption and platelet adhesion (Park et al. 2000).  While this group intended 

on using the coating for long-term applications (i.e. cardiovascular prosthesis), our group 

intends on applying them to disposable hemodialysis cartridges which are only ever in use for 

a total of 4 hours. 
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In house, the PEO-PBD-PEO coating has also been imparted on Pellethane
®
 and Tygon

®
 

(Schilke and McGuire 2011) by exposing the surfaces to 10 mg/mL PEO-PBD-PEO in water, 

and gamma-irradiating the surfaces at 8 Mrad.   

 

2.6.3 Material properties of polycarbonate, PDMS, and polyacrylonitrile membrane 

The structure of polycarbonate can be seen in Figure 2.20, as shown Section 2.6.1.   

 

While polydimethyl siloxane (PDMS) is a hydrophobic material, the surface structure of 

PDMS, seen in Figure 2.25, can lend itself to protein repellency. 

 

 
Figure 2.25: Chemical structure of monomer in PDMS.  The index n indicates the number of 

repeat units in the polymer. 

 

 

When in a hydrated environment, PDMS chains wave about, creating a static barrier that 

prevents molecules from landing nicely on the surface. 

 

The chemical structure of the monomer unit of polyacrylonitrile (PAN) can be seen in Figure 

2.26, although it might take a different form when composing a membrane. 

 

 
Figure 2.26: Chemical structure of polyacrylonitrile (PAN) monomer.  The index n indicates 

the number of repeat units in the polymer.   

 

 

The PAN membrane used in this research (AN69 ST) is functionalized with a polyether imide 

(PEI) polymeric layer.  The monomer unit of PEI can be seen in Figure 2.27. 



26 

 

 

Figure 2.27: Chemical structure of PEI monomer used to coat the polyacrylonitrile membrane 

used for hemodialysis.  The nitrogen must be protonated in order for the PEI to be cationic, 

and as such this property is pH dependent.  The index n indicates the number of repeat units in 

the polymer.  

 

 

2.7 Functionalization of PEO-PBD-PEO coating via tethering and entrapment 

PEO chains located at the surface of a material have the potential of being functionalized, as 

can be seen in Figure 2.28.  Other research groups have succeeded in bioconjugating a wide 

range of peptides, molecules and proteins to PEO chains, including firefly luciferase (Ho et al. 

1998),  GRGDSY peptide ( Neff, Tresco, and Caldwell 1999) , fibronectin (Webb, Caldwell, 

and Tresco 2001; Biran et al. 2001), and ncd protein (deCastro, Ho, and Stewart 1999).   

 

 

Figure 2.28: Pendant PEO chains on the surface of a material (polycarbonate in this case) can 

be functionalized using various bioconjugation techniques.   

 

One could tether heparin to the end of the chain to impart additional antithrombogenic 

properties to the coating, thus potentially eliminating the need for systemic heparinization of a 

patient.  Heparin can be thiolated if the carboxylic acid groups in the iduronic and glucuronic 

acid residues are reacted with 3,3′dithiobis(propanoic)hydrazide (DTPH), and then DTT, a 

reducing agent.  This thiolated heparin can then be linked to a triblock polymer via reaction 

with PEO chains that have been end-activated with a pyridyl disulfide group, called end-group 

activated polymers (EGAP) (Joshi et al. 2010).  The orientation of bioconjugated heparin can 

also impact the activity of the agent, and thus is important to consider (Fry et al. 2010; Joshi et 

al. 2010).  
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One could also attach nisin, a peptide known for its antimicrobial properties, to impart 

additional function against development of infection.  This possibility is especially intriguing, 

as infections due to polymeric catheters are increasingly common in hospitals, accounting 

partly for high morbidity in hemodialysis patients. Nisin can be thiolated at its N-terminus if 

reacted with SAT-PEO (dissolved in DMSO) in the presence of EDTA as a chelating agent.  

This thiolated nisin can then be linked to EGAP, as mentioned in the heparin scheme (Joshi, 

McGuire, and Neff 2009).   

 

Small molecules can also be entrapped in the PEO brush layer (Sheth and Leckband 1997; 

Halperin 1999), as another method for functionalization that allows for controlled loading and 

elution.  This has been studied extensively in the McGuire lab, with an in-depth look at nisin 

(Tai et al. 2008), polyglutamic acid and WLBU2, with several manuscripts in the pipeline.  

Altering the brush length and density can have significant impacts on how these small 

molecules are loaded into the brush-layer, and how they elute.   

 

2.8 Detection of PEO-PBD-PEO 

The radius of gyration of an extended PEO chain in the PEO-PBD-PEO surface coating is 

only 18.52 nm, as calculated using the following equation: 

 

〈  〉      

 

where S
2
 is the mean-square radius of gyration in nm, a and b are constants for various types 

of polymer chains (for PEO, a = 0.1148 and b = 1.0062), and M is the molecular weight in 

grams per mole (Mn for PEO in PEO-PBD-PEO is 2845 g/mol, while the Mn for the PBD is 

620 g/mol) (Zhou and Yan 1997).  Furthermore, the PEO chains are more likely to be in a 

coiled or helical state, rather than fully extended, and thus the brush layer will likely be even 

shorter than 18.52 nm (Xue et al. 2011).  Detection of this surface coating can be tricky, as 

direct visualization is not possible.  Several options exist for determining if PEO-PBD-PEO is 

stabilized on the surface of a material.  Several of the methods listed involve indirect detection 

of PEO-PBD-PEO, through the detection of adsorbed protein.  If the PEO-PBD-PEO is there, 

it is hoped and expected that less protein adsorbs to the surface, than a non-treated surface.   
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These indirect methods include enzymatic activity assays, staining of proteins, and fluorescent 

tagging of proteins.  An enzymatic activity assay using beta-galactosidase from Aspergillus 

oryzae was used in this research (Haider and Husain 2009; Schilke et al. 2010).  Beta-

galactosidase reacts with ortho-nitrophenol-beta-D-galactopyranoside (o-NPG) to produce 

ortho-nitrophenol (o-NP).  This o-NP, when mixed with borate buffer at pH 9.8, is 

deprotonated and turns a yellow color which can be detected via spectrophotometer at 405 nm.  

This reaction can be seen in Figure 2.30. 

 

Figure 2.29: Beta-galactosidase catalyzed reaction of o-NPG to o-NP, which is deprotonated 

and yellow at high pH.  (Image: Schilke et al. 2010, initial manuscript, OSU) 

 

Beta-galactosidase was allowed to adsorb onto both PEO-PBD-PEO treated materials, and 

non-treated materials, to see if indirect detection of the PEO-PBD-PEO was possible, as can 

be seen in Figure 2.30.  

 

 

Figure 2.30: The general scheme for the beta-galactosidase enzymatic assay involves allowing 

beta-galactosidase to adsorb to the surface of the material.  The surface is then exposed to o-

NPG for three hours, where beta-galactosidase catalyzes the reaction of o-NPG to o-NP.  The 

o-NP turns a yellow color when the pH is raised, by mixing in borate buffer at pH 9.8.  A 

surface with PEO-PBD-PEO coating is expected to have less beta-galactosidase adsorb, than 

that of a non-coated surface.  Thus, a brighter color-change, corresponding to higher enzyme 

activity should be seen with a non-PEO-PBD-PEO-coated surface. 
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Silver staining, and staining using amido black are two potential candidates for protein 

detection, although it should be noted that many detection assays in the literature involve 

detection of a protein in solution, and not adsorbed to a surface.  As proteins can denature to 

some degree upon adsorption, some of these methods for protein detection in solution may or 

may not transfer well to protein detection on a surface.  Binding of the stain to the protein is 

helpful, as is a method for enhancing the signal of the stain, as detection of a monolayer of 

protein requires a high level of sensitivity.  Tagging of proteins with a fluorescent molecule 

(such as ethidium bromide or fluorescein) is also a great option with improved sensitivity but 

can be somewhat expensive, and generally should not be used as a “bread-and-butter” method. 

 

Other expensive but sensitive methods include atomic force microscopy (AFM), and x-ray 

photoelectron spectroscopy (XPS).  AFM uses a cantilevered sharp tip that drags across the 

surface.  Three dimensional images are created by measuring the forces between the tip of the 

probe, and the sample surface (Chatterjee, Gadad, and Kundu 2010).  XPS is a technology that 

involves shooting x-rays at the surface of a material, and measuring the bond energy of each 

of the ejected electrons.  XPS can detect any atom except for hydrogen and helium (Turner 

2000). 

 

Steering away from protein detection, one can also measure the contact angle of a fluid on the 

material.  When the interfacial tensions between the liquid and the vapor (γLV), the solid and 

the liquid (γSL), and the solid and the vapor (γSV) are in equilibrium, a contact angle of a fluid 

droplet can be measured, as seen in Figure 2.31.  . 

 

 

Figure 2.31: Interfacial tensions between three materials define the contact angle.  

(Image: Kwok and Neumann 1999) 
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Young’s Equation defines this equilibrium state: 

 

      ( )          

 

Unfortunately, an equilibrium state can be hard to achieve.  Surface roughness, surface 

heterogeneity, and the ability of the surface to swell in the fluid can influence the interaction 

between the liquid and the solid, and lead to an advancing, or receding fluid front (at the edge 

of the droplet), and thus lead to an incorrect contact angle measurement (Kwok and Neumann 

1999). 

       

In general, a drop of water will attempt to reduce surface interactions between itself and a 

hydrophobic material (i.e. polycarbonate), creating a larger contact angle as can be seen in 

Figure 2.32.   

 

Figure 2.32: The interactions between a droplet of water and the surface of a material can 

inform one as to whether the material is hydrophobic or hydrophilic.  

(Image: www.ramehart.com) 

 

If the material is coated with PEO-PBD-PEO, however, its hydrophilicity should increase as 

the pendant PEO chains are hydrophilic.  If the PEO-PBD-PEO is present, a droplet of water 

will not resist interactions between itself and the polycarbonate as much, and the droplet will 

look flatter, as can also be seen in Figure 2.32. 
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One could also go a step above protein adhesion, and measure biofilm growth on the surface 

of a PEO-PBD-PEO treated material, versus growth on a non-treated material. This method 

would challenge the treatment method more than adsorbed protein, although a biofilm is 

generally easier to detect and image.  Biofilm growth was successfully imaged via scanning-

electron-microscope (SEM) by Donlan et al. as can be seen in Figure 2.33. 

 

 

Figure 2.33: Staphylococcus biofilm growth on the inside surface of polypropylene needleless 

connectors used in long-term blood infusions.  These connectors were thought to be one of the 

primary causes of bloodstream infections. (Image: Donlan et al. 2001) 

 

SEM imaging was also used to determine the ability of an antibacterial enzyme (lysostaphin) 

to disrupt staphylococcus biofilms (Wu et al. 2003).  This technique has also been used in 

various other medical fields, with the detection of biofilm growth in root canals, and on 

contact lenses, spinal implants, catheters, and silicone ventilation tubes (Lindsay and Von 

Holy 2006).  

 

As the PEO-PBD-PEO coating is intended to prevent coagulation, one could also expose the 

treated and non-treated samples to a flow-loop of platelet-rich-plasma (PRP), and measure 

platelet activation (by measuring platelet release of β-thromboglobulin (Ohkawa et al. 2005))  

and platelet adhesion (by lysing adhered platelets and measuring levels of released enzyme 
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lactate dehydrogenase (LDH) (Stevens et al. 2009)) on the sample.  SEM technology can also 

be used to image platelets, as can be seen in Figure 2.34.   

 

 

Figure 2.34: Tygon
®
 tubing with and without an antimicrobial surface coating of poly(4-

vinylpyridine)-co-poly(4-vinyl-N-hexylpyridinium bromide) (NPVP) treatment were exposed 

to platelet-rich-plasma, and imaged via SEM.  Stevens et al. determined from these images, 

(and measurement of platelet adhesion and activation) that the surface coating, while 

antimicrobial, would not make a good candidate for blood-line catheters.  Images in the left 

column are at 1080x, while images in the right column are zoomed in at 4320x.   

(Image: Stevens et al. 2009) 

 

It is easy to see that many options exist for detection of molecules (whether PEO-PBD-PEO 

triblock polymers, proteins, or platelets) on the surface of a material.  One must consider the 

trade-off between quality of data, and the costs of the methods at hand.   

 

2.9 Optimization factors of PEO-PBD-PEO 

The concentration of PEO-PBD-PEO in solution can greatly impact the quality of a resultant 

brush layer at the surface of a material, as can be seen in Figure 2.35. 
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Figure 2.35: The hydrophobic PBD portion of PEO-PBD-PEO favorably associates with a 

hydrophobic material, such as polycarbonate.  At low concentrations, a poor brush layer is 

formed, and at high concentrations, PEO-PBD-PEO is wasted as it tends to form 

agglomerates. 

 

The concentration at which a triblock copolymer begins to aggregate is called the critical 

aggregation concentration (CAC).  To determine the CAC, one can measure the interfacial 

surface tension of various concentrations of triblock copolymer at the air-water interface using 

a Denuoy ring or needle.  A plot of the surface tension vs. the concentration will provide the 

CAC, as seen in Figure 2.36, although this method tends to require a large volume of the 

triblock itself, in order to make solutions of various (and high) concentrations.  Since the 

PEO-PBD-PEO costs $3,000 per gram, this method was not used, but is illustrative in 

understanding the CAC. 
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Figure 2.36: The behavior of a triblock copolymer (PEO-PBD-PEO for example) at an 

interface is important to understand when attempting to create a uniform brush layer at the 

surface of a material.  The PEO-PBD-PEO will behave generally the same way if the interface 

is between air and the coating solution, or between polycarbonate (for example) and the 

coating solution.  The critical aggregation concentration (CAC) marks the transition between 

low concentrations, where few triblock molecules ever see the interface (far left), and higher 

concentrations, where triblock molecules tend to see each other, and form agglomerates (far 

right).  The two middle images show a more desirable concentration, where the number of 

triblock copolymers at the interface is optimized, without forming too many agglomerates in 

solution.  Ideally, no agglomerated PEO-PBD-PEO is most desirable, to prevent waste of the 

material.  While the surface tension of the liquid at higher concentrations does not change, the 

amount of material wasted due to agglomeration increases substantially with increased 

concentration.    

 

As discussed, the critical aggregation concentration is an important component of optimizing a 

PEO brush layer (Unsworth, Sheardown, and Brash 2005).  Several other optimization factors 

can be altered and adjusted to make a better PEO brush layer, although change in one of these 

factors can alter the CAC of the PEO-PBD-PEO: 

• Lengths of each segment in polymer:  This alters the strengths of the hydrophobic and 

hydrophilic associations of the copolymer, and the thickness and density of the brush 

layer (Sofia, Premnath, and Merrill 1998).  

• Coating incubation time:  A poor brush layer is formed if the copolymer doesn’t have 

time to reach and adsorb to the surface of the material. 
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• Coating incubation temperature:  Increased temperature corresponds with decreased 

polymer solubility, and thus a higher amount adsorbed on the surface of the material 

(Kingshott, Thissen, and Griesser 2002). 

• Salt effects:  As salt is added, the hydrophobic and hydrophilic interactions between 

the fluid, the surface of the material, and the different sections of the copolymer start 

to shift.  The intent is to increase the “desire” of the PBD section of the copolymer to 

adsorb to the surface of the material, by decreasing the hydrophilic interactions of the 

PEO chains to the water (Kingshott, Thissen, and Griesser 2002). 
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3 MATERIALS AND METHODS 

All materials used, and any experimental methods used to gather results are explained in this 

section. 

3.1 Material specifications and vendor information 

All chemicals, polymers, tubing, hardware, and other materials used in experimentation and 

article development are listed in Table 3.1 with additional specifications, expiration dates, 

vendor information, and product and  lot numbers. 

Table 3.1: Specifications, vendors, and product and lot numbers for all materials used. 

Material Specifications Vendor Product Number 

Polycarbonate 

(PC) 

24.5 x 48.5 x 0.02 

inch, protective 

backing on both sides, 

clear, smooth finish, 

-40 to 200 °F 

McMaster-Carr 85585K25 

Polycarbonate 

(PC) 

24.5 x 24.5 x 0.04 

inch, protective 

backing on both sides, 

clear, smooth finish, 

-40 to 200 °F  

McMaster-Carr 8574K19 

Polyetherimide 

(PEI) 

12 x 24 x 0.04 inch, 

protective backing on 

both sides, translucent 

amber, smooth finish, 

-20 to 338 °F 

McMaster-Carr 8685K42 

Polysulfone (PSO) 

“Thermalux” 

24 x 48 x 0.063 inch, 

protective backing on 

both sides, translucent 

amber, -150 to 320 °F 

K-Mac Plastics KS-5179 

Polyacrylonitrile 

membrane 

20 µm thickness Gambro (purchased 

from HD Plus) 

AN69 and  

AN69 ST 

Sylgard 184 

Silicone Elastomer 

Kit (to make 

polydimethyl 

siloxane, or 

PDMS) 

Sylgard 184 Silicone 

Elastomer Base  

(453 grams) 

Opened 2-7-12 

Expires 7-14-13 

Ellsworth Adhesives 

 

184 sil elast kit  

0.5 kg 

Lot # 0006730131 

 

Sylgard 184 Silicone 

Elastomer Curing 

Agent (45.4 grams) 

Opened 2-7-12 

Expires 7-14-13 

Gel film  Delphon WF-60-F4 
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Table 3.1 continued 

Material Specifications Vendor Product Number 

Glass vials 25 mL volume OSU Chemistry Stores BVC240 

Polystyrene dish 150 mm diameter, 15 

mm deep 

OSU Chemistry Stores 

(VWR) 

ADP150 

Polystyrene dish 100 mm diameter, 15 

mm deep 

OSU Chemistry Stores 

(VWR) 

ADP100 

Polystyrene dish 60 mm diameter, 15 

mm deep 

OSU Chemistry Stores 

(VWR) 

ADP605 

PVC rubber (for 

gasket material) 

tub pan liner, 4 ft 

wide, 0.1 cm thick, 

cut from large roll 

Home Depot  

nitrile 70 

durometer black o-

rings 

3/32 inch thickness, 

9/16 inch outer 

diameter, and 3/8 inch 

inner diameter 

OSU Chemistry Stores FOH005 

12-well 

polystyrene tissue 

culture plate 

flat-bottom, clear BD Falcon 353043 

96-well 

polystyrene plate 

flat-bottom, clear BD Falcon 3071 

Pluronic F108 

Pastille 

Opened 3-25-08 

Expired 10-8-09 

BASF The Chemical 

Company 

30089186 

Lot # WPIC538B 

Polyethylene 

oxide-

polybutadiene-

polyethylene oxide 

(PEO-PBD-PEO) 

Stored desiccated 

under argon at -18°C, 

90.2% PEO, 9.8% 

PBD by weight (for 

enhanced solubility in 

water) Mn:PEO = 2845, 

Mn:PBD = 620, opened 

3-16-09 

purchased from and 

synthesized by Marc 

Hillmyer, Department 

of Chemistry, 

University of 

Minnesota,  

$18,000 for 6 grams 

 

HPLC water (several different jars, 

but all same lot #) 

OSU Chemistry Stores 

(Macron Chemicals) 

UW09SG  

Lot # 6795-10 

Beta-galactosidase 

(ß-Galase) 

from Aspergillus 

oryzae 

Opened 8-12-09 

Stored at -18°C 

Sigma Aldrich G5160 

Lot # 098K1039 

ortho-Nitrophenyl 

beta-D-

galactopyranoside 

(o-NPG) 

99+% 

Stored at 4°C 

Sigma Aldrich N1127 

Lot # 01217E0 

Boric acid 

(H3BO3) 

molecular biology 

grade, granular 

OSU Chemistry Stores 

(Mallinckrodt) 

MB71BO 

(2549) 

Lot # 2549 KLEM 

cell culture tested Sigma Aldrich B9645 
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Table 3.1 continued 

Material Specifications Vendor Product Number 

Sodium hydroxide 

(NaOH) 

10 molar solution 

from pellets 

Macron Chemicals 

 

7708-10 

Lot # J23K51 

Hydrochloric acid 

(HCl) 

1 molar 

Initially 12.1 molar 

EMD Millipore HX0603-4 

Lot # 45129 

Anhydrous citric 

acid  (C6H8O7) 

99% 

 

Sigma Aldrich C0759 

Lot # 81K0351 

bioreagent grade OSU Chemistry Stores MB76CA 

Sodium phosphate 

dibasic 

heptahydrate 

(Na2HPO4•7H2O) 

ACS grade, 98% 

Opened 06-2007 

OSU Chemistry Stores 

(Mallinckrodt) 

VS81RI 

(7914) 

Lot # A18625 

ACS grade, 98-102% Sigma Aldrich S9390 

Sodium phosphate 

monobasic 

monohydrate 

(NaH2PO4•H2O) 

ACS grade 

 

OSU Chemistry Stores 

(Mallinckrodt) 

VS79RI  

(7892) 

Lot # KVXK 

ACS grade, 98-102% Sigma Aldrich S9638 

Bovine serum 

albumin (BSA) 

Stored at -18°C Sigma Aldrich A3902 

Lot # 064K1524 

Urea 

(CH4N2O) 

99.5% Sigma Aldrich U1250 

Lot # 30K0221 

Fibrinogen From human plasma 

Stored at -18°C 

50-70% protein 

Sigma Aldrich F3879 

Lot # 061M7010 

o-phthalaldehyde 

(phthaldialdehyde) 

More than 99% pure 

Opened 2-16-08 

Stored at 4°C 

Sigma Aldrich P0657 

Lot # 1306727 

21107137 

Primaquine 

bisphosphate 

98% 

Opened 7-5-11 

Sigma Aldrich 160393 

Lot # 

MKBD7350V 

Sulfuric acid 

(H2SO4) 

1 molar 

Initially 17.8 molar 

Opened 6-27-11 

EMD Millipore SX1244-6 

Lot # 50334 

Brij L23 

(synonym: Brij 35) 

 

Opened 7-5-11 Sigma Aldrich P1254 

Lot # 

MKBD4719V 

Tygon Lab Tubing 1.6 mm ID Masterflex 

Saint-Gobain 

06409-14 

GorillaGlue Expands 3-4 times 

while drying 

Home Depot No product or lot 

numbers available 

Loctite 4014 prism medical device 

adhesive, wicking 

grade 

expired June 2012 

Loctite Corporation 20269 

Lot #L30JAC1647 

Brilliant blue dye Premixed by 

unknown person at 

MBI 

No information 

available 

No information 

available 



39 

 

Table 3.1 continued 

Material Specifications Vendor Product Number 

PEEK tubing – 

blue 

Used for air line, 0.25 

mm ID, 0.0625 inch 

OD, max pressure 

7000 psi 

Upchurch Scientific – 

IDEX Health and 

Science 

1531B 

PEEK tubing – tan Used for all fluid 

lines, 1 mm ID, 

0.0625 OD, max 

pressure 5000 psi 

Upchurch Scientific – 

IDEX Health and 

Science 

1538 

Nanoport assembly   10-32 Coned thread 

port configuration, for 

0.0625 inch OD 

tubing, headless 

fitting 

Upchurch Scientific – 

IDEX Health and 

Science 

N-333 

Flat washers 4.4 mm ID, 8.8 mm 

OD, 0.75 mm 

thickness, steel/zinc 

plated 

Home Depot not available 

Flat washers #10 SAE, 0.5 inch 

OD, 0.220 inch ID, 1 

mm thickness, zinc 

plated 

Home Depot not available 

Hex bolts M4 x 0.7 mm x 16 

mm, zinc plated, 6.85 

mm diameter head, 19 

mm total length 

Home Depot CB#35568 

Hex nuts M4 x 0.7 mm, zinc 

plated 

Home Depot CB#36188 

 

Both polyacrylonitrile membranes (AN69 and AN69 ST) are the same, aside from the 

polyethyleneimine (PEI) coating on the AN69 ST membrane.  The AN69 ST membrane is 

currently used in hemodialysis devices (Richtrova et al. 2007), and is intended for improved 

heparin adsorption - dialyzers that use this membrane are initially primed with a heparin 

solution before contacting blood. 

 

3.2 Coating polycarbonate, PDMS, and membrane with PEO-PBD-PEO 

3.2.1 Preparation of polycarbonate, PDMS, and polyacrylonitrile membrane 

Polycarbonate sheets (0.02 inch thickness) were cut in strips (8 x 1.2 cm) for better fit inside 

glass vials.  Protective backing was removed, and strips were etched with numbers using a 

tungsten carbide pen.  To remove any residual dust, strips were placed flat in a 150 mm 
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diameter polystyrene petri dish in ethanol for a minimum of 2 hours, maximum of 4 hours (1 

to 2 hours on each side, as the strips sometimes floated), and then dried with a pressurized 

stream of nitrogen gas (Tsuzuki et al. 2008).  This approach was selected based on contact 

angle measurements of 1 μL drops of water before and after cleaning.  Four contact angle 

measurements on non-cleaned polycarbonate averaged at 91.71 with a range of 7.55, while the 

polycarbonate cleaned with ethanol averaged at 82.11, with a range of 4.69.  Cleaning with 

ethanol therefore decreased the hydrophobicity of the material, presumably by removing 

residual film adhesives, or dust.  Harsher cleaning methods might have produced a cleaner 

surface, but were not tested, as damage to the polycarbonate was undesirable.  Strips were 

then placed in glass vials for later contact with PEO-PBD-PEO solution. 

 

Polydimethyl siloxane (PDMS) was made in-house by mixing a 10:1 ratio of elastomer to 

curing agent, degassing for 45 minutes, and curing for 1 hour at 75°C in 60 mm diameter 

polystyrene petri dishes (Frank, no publication date available).  Other suggested curing times 

and temperatures can be used if adjusting time or temperature variables is important; in this 

case, 75°C and a longer curing time were used to avoid melting polystyrene dishes which have 

a melting temperature of 85°C.  No cleaning methods were used, as lids to petri dishes were 

kept in place until exposure to coating solutions.   

 

AN69 and AN69 ST polyacrylonitrile membrane was cut into 4 inch by 4 inch pieces.  A 

black felt-tip marker was used to keep track of the top side of the membrane; the PEI-treated 

side of the AN69 ST membrane is on the inside of the membrane roll.  Membrane squares 

were soaked in HPLC water for a minimum of 1 hour to rinse and remove preservative 

glycerol.  Membrane pieces were stable as long as they weren’t allowed to dry out.  Pieces that 

weren’t immediately used were stored at 4°C in HPLC water for up to 1 month.  

 

3.2.2 Exposing polycarbonate, PDMS, and membrane to PEO-PBD-PEO coating solution 

Solutions of polyethylene oxide-polybutadiene-polyethylene oxide, or PEO-PBD-PEO, of 

various concentrations in HPLC water were used to coat polycarbonate.  Both PEO-PBD-PEO 

and water were allowed to reach room temperature before mixing via stir plate and stir bar.  

PEO-PBD-PEO is stored under argon, and is kept at -18°C.  Exposure of PEO-PBD-PEO 
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solution to light was minimized by not mixing the solution in direct sunlight, and by 

wrapping/covering all vials/plates, containing the solution, in foil. 

 

To expose polycarbonate strips to the PEO-PBD-PEO solution, glass vials with polycarbonate 

strips were filled with 25 mL of the various PEO-PBD-PEO solutions.  For a better seal, and 

to minimize air in vials, vial openings were covered tightly with paraffin film before vial lids 

were screwed on.  Vials were then covered with foil, and placed on the rotator for 12-24 hours 

incubation at room temperature.  If two strips needed to be coated in the same solution, they 

could be taped together before coating, as shown in Figure 3.1. 

 

 

Figure 3.1: Taping strips together, while leaving room for PEO-PBD-PEO solution to flow in 

between, can reduce amount of PEO-PBD-PEO used/needed. (Side-view shown.) 

 

To expose polydimethyl siloxane (PDMS) to the PEO-PBD-PEO solution, PEO-PBD-PEO 

solution was poured into polystyrene dishes with cured PDMS.  Plate lids were replaced, and 

the dishes were sealed with paraffin film to prevent leakage.  Plates were covered in foil, 

placed on the reciprocal shaker at 50 rpm, and incubated for 24 hours at room temperature.   

 

A cartridge made out of 9 by 9 cm by 0.04 inch thick polycarbonate squares, PVC rubber 

gaskets (with a 5 by 5 cm window), and binder clips, as seen in  

Figure 3.2, was used to expose each membrane piece to 5 mL of PEO-PBD-PEO coating 

solution.  This cartridge, while covered with foil, was not shaken or rotated during the 16 hour 

incubation period (as with polycarbonate and PDMS samples). 
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Figure 3.2: Cartridge used to coat membrane pieces.  A total of 12 pieces of membrane can be 

coated at one time.  The slit in the top of the rubber gaskets is used to load the cartridge with 

PEO-PBD-PEO solution (or other control solution).  Each cell holds approximately 5 mL.   

 

All incubation of materials during exposure to PEO-PBD-PEO was done at room temperature.  

Initial testing to determine the viability of the coating methods on the various materials 

involved the concentrations listed in Table 3.2. 

Table 3.2: Concentrations of PEO-PBD-PEO used to test the viability of the coating. 

Material Concentrations of PEO-PBD-PEO (mg/mL) 

Polycarbonate 1, 5, 10 

Polydimethyl siloxane (PDMS) 1 

Polyacrylonitrile Membrane (AN69 ST) 5 

 

3.2.3 Gamma-irradiation of materials 

Irradiation of materials was done at the OSU Radiation Center (via Scott Menn) at 0.3 Mrad 

for 8 hours by a 
60

Co source (Ryder et al. 2010).   Polycarbonate and polydimethyl siloxane 

(PDMS) samples in their respective vials and dishes, when irradiated, were placed in a 1 L 

beaker.  Likewise, polycarbonate microchannel pieces in their petri dishes, were stacked in the 

1 L beaker.  Unfortunately, the membrane cartridge did not fit inside the 1 L beaker, so a 2 L 

beaker was used instead.  A 1 L beaker size is optimal, as the concentration of gamma rays is 

strongest at the core of the reactor chamber, with concentration decreasing radially (Scott 

Menn).  
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3.2.4 Removing loosely held or unbound PEO-PBD-PEO 

After samples returned from the OSU Radiation Center, they were rinsed with phosphate-

citrate buffer to remove any loosely held or unbound PEO-PBD-PEO.  Polycarbonate strips 

were rinsed 3 times per side with approximately 10 mL of 20 mM phosphate-citrate buffer at 

pH 4.5 (see section 3.3.8 for instructions on how to make buffers and reagents).  Each 

polydimethyl siloxane (PDMS) sample (in its own polystyrene dish) was rinsed 3 times with 

approximately 5 mL of phosphate-citrate buffer.  Membrane pieces were trimmed to remove 

membrane area that was contained in sealing gasket of cartridge, and thus not exposed to 

PEO-PBD-PEO solution.  Membrane pieces that were exposed to PEO-PBD-PEO solution 

during irradiation were dunked in a beaker of phosphate-citrate buffer to remove any loosely-

held or unbound PEO-PBD-PEO.   

 

3.3 Testing PEO-PBD-PEO coatings with beta-galactosidase enzyme activity assay 

Sections below outline each step in the beta-galactosidase enzyme activity assay, and cover all 

experiments completed using the assay.  Refer to Section 3.3.8 for information on how to 

make buffers and reagents used in the assay. 

 

3.3.1 Challenging PEO-PBD-PEO treated surfaces with beta-galactosidase 

To determine if the PEO-PBD-PEO coating was present at the surface of the polycarbonate, 

polydimethyl siloxane (PDMS), and polyacrylonitrile membrane samples, an enzyme activity 

assay was used.  Presence of adsorbed beta-galactosidase was detected via reaction with ortho-

nitrophenyl-beta-D-galactopyranoside (o-NPG) to produce yellow ortho-nitrophenyl (o-NP) 

(Schilke et al. 2010). 

 

Samples were exposed to either 1 mg/mL beta-galactosidase in phosphate-citrate buffer, or 

just phosphate-citrate buffer as a control in petri dishes, as can be seen in Table 3.3. 

Table 3.3: Exposure of materials to beta-galactosidase solution. 

Material Petri Dish Diameter 

(mm) 

Solution Volume 

(mL) 

Duration of 

Incubation (hr) 

Polycarbonate 100 20 24 

AN69 ST membrane 100 20 24 

Polydimethyl siloxane 60 10 24 
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All samples were placed on the reciprocal shaker at 50 RPM for incubation at room 

temperature.  

 

3.3.2 Exposing PEO-PBD-PEO treated surfaces to o-NPG 

After incubation with beta-galactosidase solution, rinsing steps were carried out as when 

rinsing loosely-held PEO-PBD-PEO.  Pieces were then exposed to 1 mM ortho-Nitrophenyl 

beta-D-galactopyranoside (o-NPG) in phosphate-citrate buffer.   

 

To expose polycarbonate to o-NPG, nitrile 70 durometer o-rings were placed on a 10 mm 

thick 15 inch by 12 inch piece of polycarbonate (scrap piece of Bayer Makrolon from the 

Microproducts Breakthrough Institute, MBI).  300 μL of o-NPG solution was pipetted into 

each of 3 o-rings, and then a polycarbonate strip was placed on top, as can be seen in Figure 

3.3.   

 

 

Figure 3.3: O-ring set-up for 3 hour exposure of polycarbonate to o-NPG solution.  O-rings 

contain 300 µL o-NPG. 

 

Care was used in keeping track of which side of the polycarbonate strip was exposed to the 

beta-galactosidase solution, as strips tended to float during incubation.  Strips were then 

tapped down lightly onto the o-rings to create a good seal.  The large polycarbonate substrate 

piece (with all the o-NPG containing o-rings, and polycarbonate strips) was then placed into 

the incubator at 37°C for 3 hours.   
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Polystyrene dishes with PDMS were exposed to o-NPG by placing 3 o-rings on the surface of 

the PDMS, pipetting 300μL of o-NPG into each o-ring, and lightly tapping down a thin clean 

piece of polycarbonate to create a good seal, as can be seen in Figure 3.4.  Dishes were 

incubated with their lids on, for 3 hours, at 37°C.   

 

 

Figure 3.4: O-ring set-up for 3 hour exposure of PDMS to o-NPG solution.  300 µL o-NPG 

solution is added to each o-ring (left), and a piece of polycarbonate is used to seal the fluid (b). 

 

Membrane pieces were placed in a 12-well polystyrene tissue culture plate with 2 mL of o-

NPG solution, again keeping track of which side of the membrane was coated, and thus 

exposed to beta-galactosidase solution, as membrane pieces tended to float on top of assay 

solutions.  This set-up can be seen in Figure 3.5.  The entire well-plate was then placed in the 

incubator for 3 hours at 37°C.   
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Figure 3.5: Set-up for 3 hour exposure of polyacrylonitrile membrane to o-NPG solution.  Top 

two wells (in a 12-well plate) contain a small square of membrane floating on top of 2 mL  

o-NPG solution. 

 

3.3.3 Spectrophotometric measurement of yellow o-NP, indicating presence of beta-

galactosidase 

After samples had been incubated for 3 hours at 37°C during exposure to o-NPG, two 80 μL 

volumes were pipetted from each o-ring (with respect to polycarbonate and PDMS) or well 

(with respect to the membrane) and mixed with 160 μL 200 mM borate buffer at pH 9.8 in a 

96-well polystyrene plate.  Blanks were made using 160 μL borate buffer , and 80 μL o-NPG 

that had undergone the 3 hour incubation with samples that had no beta-galactosidase 

exposure.  Tiny bubbles at the bottoms of each well were popped with a pipette tip.  Yellow 

color change is indicative of the presence of ortho-nitrophenol (o-NP), which thus indicates 

the presence of beta-galactosidase. The wells were measured successively 3 times at 0.1 

seconds per reading, with a PerkinElmer 1420 Multilabel Counter VICTOR
3
V 

spectrophotometer, as seen in Figure 3.6, at 405 nm.   
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Figure 3.6: PerkinElmer 1420 Multilabel Counter VICTOR
3
V spectrophotometer used to 

measure absorbance of wells associated with yellow color change. 

 

Instrument software was Wallac 1420 Workstation.   Triplicate readings from each well were 

averaged, and the blank reading was subtracted from all sample wells.  Data was then plotted 

as relative to the highest recorded enzyme activity (generally the bare sample exposed to beta-

galactosidase), with error bars showing the relative minimum and maximum values. 

 

3.3.4 Decontamination of testing materials (removal of residual beta-galactosidase) 

After use, and to avoid contamination in subsequent testing, the large polycarbonate piece was 

rinsed with boiling water to deactivate any residual beta-galactosidase.  Similarly, used o-rings 

were placed in a beaker of 1% alconox solution in distilled water, on a stir-plate, for 30 

minutes, and then in boiling distilled water for 20 minutes to deactivate any residual beta-

galactosidase.  O-rings were then left on the bench top, covered with Kimwipes, to dry.  

Polycarbonate, PDMS (and polystyrene dishes used for PDMS curing), membrane samples, 

and well plates were all discarded. 

 

3.3.5 Testing the effect of ionic strength on PEO-PBD-PEO coating 

The adsorbed enzyme activity assay with beta-galactosidase was also used in determining if 

increasing the salt concentration in the 1 mg/mL PEO-PBD-PEO coating solution would 

increase the amount of PEO-PBD-PEO associating (and eventually covalently linked via 
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gamma-irradiation) to the surface of polycarbonate.    Three NaCl solutions in HPLC water 

were made at 150, 300, and 500 mM concentrations.  PEO-PBD-PEO was then dissolved in 

each solution at 1 mg/mL.  25 mL of each solution (containing the dissolved PEO-PBD-PEO) 

was then quickly poured into vials containing cleaned polycarbonate strips.  Vials were sealed 

with paraffin film, and lids, and covered in foil.  The vials were then placed on the rotator, and 

irradiated.  Strips were exposed to 1 mg/mL beta-galactosidase in phosphate-citrate buffer for 

12 hours, and tested via beta-galactosidase enzyme adsorption assay as described in Sections 

3.3.1 through 3.3.3. 

 

3.3.6 Testing the effect of γ-irradiation and rinsing method on PEO-PBD-PEO coating 

Polycarbonate strips were prepared and cleaned as mentioned in section 3.2.1.  All of the 

strips were incubated in 1 mg/mL PEO-PBD-PEO/water solution, as outlined in section 3.2.2.  

Half of the polycarbonate strips were gamma-irradiated as described in section 3.2.3, while the 

other half were not gamma-irradiated.  Strips were then rinsed using one of three different 

rinsing protocols. 

 

The first rinsing protocol was actually a “no rinse” control.  The strips were simply removed 

from the glass vials they were irradiated in, and placed directly into 1 mg/mL beta-

galactosidase solution.  The second rinsing protocol involved the same methods as described 

in section 3.2.4 (i.e. rinsing each strip three times per side, with approximately 10 mL of 

phosphate-citrate buffer).  The third method involved soaking the PEO-PBD-PEO exposed 

strips in 25 mL phosphate-buffered saline with 5% by weight sodium-dodecyl-sulfate (SDS) 

for 1 hour at 50 RPM at room temperature.  During this 1 hour incubation, each strip was in its 

own 100 mm diameter polystyrene petri dish.   Strips rinsed using the first or second method 

were left in their glass vials until the strips rinsed with the third method (i.e. the 1 hour 

incubation) were ready to be exposed to beta-galactosidase.  All strips (aside from a negative 

control strip with no PEO-PBD-PEO) were then exposed to 1 mg/mL beta-galactosidase 

solution for 24 hours, and the beta-galactosidase activity assay was carried out, as in section 

3.3.1 through 3.3.3. 

 

Sections 3.3.8 and 3.3.9 include instructions on how to make various buffers used in rinse 

testing.   
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3.3.7 Comparing beta-galactosidase signal on bare polycarbonate and PDMS 

To compare the ability of beta-galactosidase to adsorb on different surfaces, three 

polycarbonate strips, and three dishes of polydimethyl siloxane (PDMS) were prepared and 

cleaned (see Section 3.2.1) and exposed to 1 mg/mL beta-galactosidase (see Section 3.3.1) for 

29 hours.  One control polycarbonate strip, and one control PDMS dish were used (i.e. 

exposed only to phosphate citrate buffer during beta-galactosidase incubation).  The beta-

galactosidase assay was carried out as listed in Sections 3.3.2 through 3.3.4.   

 

3.3.8 Reagents and buffers used in beta-galactosidase assay 

To make 20 mM phosphate-citrate buffer, 495 mL of 0.01M citric acid solution, and 405 mL 

of 0.02 M sodium phosphate solution were mixed, and 100 mL HPLC water was added to 

reach a total volume of 1 L.  The pH was adjusted to 4.5 with 1 M hydrochloric acid or 

sodium hydroxide.  To make the 0.01 M citric acid solution, 0.9605 g of 99% anhydrous citric 

acid was dissolved in 0.5 L of HPLC water.  To make the sodium phosphate solution, 2.681 g 

of 98% sodium phosphate dibasic heptahydrate was dissolved in 0.5 L of HPLC water. 

 

The 200 mM borate buffer was made by dissolving 12.37 g molecular biology grade boric 

acid in 900 mL HPLC water.  The pH was adjusted to 9.8 with 10 molar sodium hydroxide, 

and the volume was brought to 1 L with additional HPLC water. 

 

1 mM o-NPG solution was made by mixing 4 mL of 10 mM o-NPG with 36 mL phosphate-

citrate buffer.  The 10 mM o-NPG solution was made by dissolving 15.05 mg of o-NPG in 5 

mL of phosphate-citrate buffer.  Both o-NPG and phosphate-citrate buffer were allowed to 

reach room temperature before mixing.   

 

All solutions were stored at 4°C, but allowed to warm to room temperature before use.   

 

3.3.9 Reagents and buffers used in rinse testing 

10 mM phosphate-buffered saline (PBS) at pH 7.4 was made by dissolving 0.262 g sodium 

phosphate monobasic monohydrate and 2.17 g sodium phosphate dibasic heptahydrate into 
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0.95 L HPLC water.  The pH was then adjusted to 7.4 using 1 M hydrochloric acid or sodium 

hydroxide.  Volume was brought to 1 L with HPLC water (Mohan 2003). 

 

3.4 Testing urea permeability of membranes 

Permeability of the AN69 and AN69 ST polyacrylonitrile membranes were tested by 

measuring the diffusion of urea through the membrane, with respect to different membrane 

treatments and filtration solutions, as can be seen in Table 3.4 and Table 3.5. 

Table 3.4: Combinations of membrane treatment and urea filtration solutions tested with 

AN69 membrane. 

  Presence of protein in urea filtration solution 

  No protein BSA Fibrinogen 

Membrane 

treatment 

Not γ-irradiated Tested Tested Tested 

γ-irradiated in water Tested   

γ-irradiated in  

5 mg/mL  

PEO-PBD-PEO 

   

 

Table 3.5: Combinations of membrane treatment and urea filtration solutions tested with 

AN69 ST membrane. 

  Presence of protein in urea filtration solution 

  No protein BSA Fibrinogen 

Membrane 

treatment 

Not γ-irradiated Tested Tested Tested 

γ-irradiated in water Tested   

γ-irradiated in  

5 mg/mL  

PEO-PBD-PEO 

Tested Tested Tested 

 

3.4.1 Flow cell set-up 

A fluid cell was built to contain 80 mL of stirred phosphate-buffered saline (PBS) on each side 

of a membrane (chamber size: 4 by 4 by 4.5 cm), as can be seen in Figure 3.7. 
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Figure 3.7: Membrane permeability flow cell used to measure diffusion of urea.  Two 80 mL 

chambers, and rubber sealing gaskets (which house membrane when in operation) can be seen. 

 

Tygon tubing was connected from one side of the flow cell to a large beaker of fluid holding 

320 mL (called the reservoir), effectively allowing the chamber on one side of the membrane 

to contain 400 mL of fluid.  One of the Masterflex L/S pumps (Cole Parmer Instrument 

Company – Model #7550-10, 10-600 RPM capability) was set at 120 mL/min and pumped 

from the 320 mL reservoir to the 80 mL chamber, while the second pump (same make and 

model) was set at 165 mL/min and pumped from the 80 mL chamber to the 320 mL reservoir.  

The tubing for this pump was placed such that fluid was only removed if the total volume 

exceeded 80 mL (i.e. as to not deplete the chamber completely of fluid, but to prevent 

overflow).  Two black PVC rubber gaskets (9 by 9 cm with a 4 by 4 cm square cut out of the 

center), also seen in Figure 3.7, were used to hold 9 by 9 cm squares of membrane, with the 

polyethylene imide-coated side of the AN69 ST membrane exposed to the 80 mL chamber 

with the concentrated urea solution.  An electric stirrer, seen in Figure 3.8, was set on top of 

each of the 80 mL chambers.   

 

80 mL urea chamber  

t
0 
= 0.3 mg/mL urea in 10 mM PBS 

80 mL reservoir 

t
0 
= pure 10 mM PBS  
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Figure 3.8: Electronic stirrer used to keep 80 mL chambers of the flow cell well-mixed. 

 

Initially, the urea chamber contained 80 mL of 0.3 mg/mL urea in 10 mM PBS at pH 7.4 

(corresponding to normal blood concentration of urea (MacKay and MacKay 1927)).  A 

second round of testing was performed with 80 mL of 0.3 mg/mL urea in 10 mM PBS at pH 

7.4 with bovine serum albumin (BSA) at 5 mg/mL.  A third round of testing was also 

performed with 80 mL of 0.3 mg/mL urea in 10 mM PBS at pH 7.4 with fibrinogen at 1 

mg/mL (for AN69-ST membranes irradiated in water, and with PEO-PBD-PEO) and 2 mg/mL 

(for non-coated, non-irradiated AN69-ST). 

 

3.4.2 Treatment of membrane samples 

Membranes were cut, and rinsed in a beaker of HPLC water for a minimum of 1 hour.  Any 

membranes that were exposed to PEO-PBD-PEO were done so as described in Section 3.2.2, 

and any membranes that were irradiated were done so using the membrane cartridge  as 

described in Section 3.2.3.   
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3.4.3 Urea assay 

To test each membrane treatment, 200 µL samples from both the 80 mL urea chamber and the 

320 mL reservoir (see Figure 3.7) were taken initially, and at 30 minute intervals, for a total of 

5 hours.  Samples were stored at 4°C, and tested within 24 hours.   

 

Urea concentration of samples was then measured by reaction of urea with o-phthalaldehyde 

and primaquine bisphosphate (Jung et al. 1975; Zawada et al. 2009).  Using a clear, flat-

bottom, non-tissue culture treated, polystyrene 96-well-plate, 45 μL of PBS, and 5 μL of 

sample (i.e. 10x dilution factor) were pipetted into each well.  No more than 11 total 

samples/standards/blanks were tested at a time (due to reaction time).  Setting time to zero, 

100 µL of each of the OPA reagent and the primaquine reagent (instructions in Section 3.4.4) 

were added to each well of sample or standard.  Solutions in wells were pipetted up and down 

several times to make sure they were well-mixed.  The well-plate was then placed in the 

incubator at 37°C for 1 hour (to avoid laboratory temperature fluctuations), although the 

Zawada procedure uses room temperature for 1 hour incubation.  Optical density (OD) of each 

well was then measured in triplicate with a PerkinElmer 1420 Multilabel Counter VICTOR
3
V 

spectrophotometer at 450 nm at 0.1 seconds per reading.  The Zawada procedure suggests 

measuring the yellow-orange color at 430 nm, but this was found to not provide a strong 

enough signal.    

 

Data was processed by averaging the triplicate measurements of each well, and by using the 

following conversion from OD to urea concentration, where n is the sample dilution factor. 

 

[    ]   
                
                  

   [        ](    ⁄ ) 

 

A standard curve was created with known concentrations (initially 0, 1, 2, 3, 4,  and 5 mg/dL, 

and then just 0 and 5 mg/dL once it was determined that the samples routinely fell somewhere 

on the line created by the 0 and 5 mg/dL standards) of urea in PBS.  The 5 mg/dL 

concentration was used as the standard, and the 0 mg/dL was used as the blank. 
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3.4.4 Reagents and buffers used for urea membrane permeability testing and urea assay 

Phosphate buffered saline (PBS) at pH 7.4 was used; refer to section 3.3.9 for instructions on 

how to make this buffer. 

 

To make the modified Jung working reagent, the Zawada procedure mixes 100 mg o-

phthalaldehyde, 513 mg primaquine bisphosphate, 2.5 mol sulfuric acid, 2.5 g boric acid and 

0.03%  (by weight) Brij L23 (also known as Brij 35) into 1 L HPLC water.  It was determined, 

however, that the modified Jung working reagent degrades when all components are mixed 

together.  To address this problem, two separate reagents were made, and only mixed directly 

in the well-plate with the 10x diluted sample.  These two reagents were named the OPA 

reagent, and the primaquine reagent.  The OPA reagent was made by mixing 20 mg OPA, 7.4 

mL sulfuric acid, and 0.1 mL Brij-35 into 80 mL HPLC water.  The volume was then brought 

to 100 mL with additional HPLC water.  The primaquine reagent was made by mixing 51.5 

mg primaquine, 0.5 g boric acid, 22.2 mL sulfuric acid, and 0.1 mL brij-35 into 60 mL HPLC 

water.  The volume was then brought to 100 mL with additional HPLC water.  These two 

reagents were then stored in Falcon tubes at 4°C. 

 

3.5 Determining contact angle water on polycarbonate and PDMS with and 

without various gamma-irradiation treatments 

Strips of polycarbonate were prepared and cleaned (as outlined in Section 3.2.1).  Sets of 2 

strips were treated as follows: no gamma irradiation, gamma-irradiation in air, gamma-

irradiation in distilled water, and gamma-irradiation in 1 mg/mL PEO-PBD-PEO in water.  

The contact angle of each of these 4 treatment schemes was measured using a First Ten 

Angstroms FTA-130 goniometer as seen in Figure 3.9.   
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Figure 3.9: Goniometer used to measure contact angle of water on various surfaces. 

 

Three to six 10 µL drops of distilled water were placed on each polycarbonate strip (2 strips 

per treatment), and measured 3 times each.   

 

Four dishes of polydimethyl siloxane (PDMS) were made as described in Section 3.2.1.  Each 

dish was treated differently: no gamma irradiation, gamma-irradiation in air, gamma-

irradiation in distilled water, and gamma-irradiation in 1 mg/mL PEO-PBD-PEO in water.  

After treatment, the PDMS dish with water was dried using pressurized nitrogen, and the dish 

with PEO-PBD-PEO was rinsed three times in phosphate-citrate buffer to remove any loosely 

held PEO-PBD-PEO, and dried using pressurized nitrogen.  PDMS samples were then easily 

removed from the polystyrene dishes by using a razor blade around the edges of the PDMS.  

The PDMS sample was then placed on a clean piece of polycarbonate, and the rough edges of 

the PDMS sample were trimmed away with a razor.  Six 10 μL drops of water were measured 

three times each for each sample.     

 

3.6 Testing bubble movement in single-channel articles 

As the PEO-PBD-PEO coating is also intended to aid bubble movement through the device 

(along with ensuring the hemocompatibility of the device), the effect of the PEO-PBD-PEO 
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coating on bubble movement was studied using a single-channel test article made from a 

machined polycarbonate lamina, and a flat piece of polydimethyl siloxane (PDMS) for better 

sealing.  This section outlines how the article was fabricated, and how the bubble 

experimentation was completed. 

 

3.6.1 Fabrication of single-channel test articles 

A single-channel polycarbonate lamina, as depicted in Figure 3.10, was fabricated to better 

study bubble behavior and movement in response to presence (or absence) of PEO-PBD-PEO 

surface coating.   

 

 

Figure 3.10: Polycarbonate single-channel microchannel test lamina to study bubble 

movement in response to surface properties and coating.  T-junction is used for introduction of 

bubbles into a wide channel which mimics a micro hemodialysis channel. 

 

A system of etching masters, and embossing into polymeric materials was developed to make 

these laminae, and is depicted in Figure 3.11.   
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Figure 3.11: Creation of polycarbonate microchannel laminae involves several repetitions of 

laser etching and embossing, and uses three materials: polyetherimide (PEI), polysulfone 

(PSO), and polycarbonate (PC). 

 

Designs were drafted in two dimensions in SolidWorks 2011 x64 Edition.  Drawings were 

converted to g-code (the tooling code used by the laser drill) using Advanced Fabrication 

v18.5.  Initially, channels were laser-etched into a translucent, amber-tinted, 9.5 by 9.5 cm 

piece of 0.04 inch thickness polyetherimide (PEI), as shown in Figure 3.12, to make a 

complete PEI master at 9 by 9 cm.   
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Figure 3.12: SolidWorks file showing the pattern etched to make a complete PEI master.  Each 

line shown represents a path made by the laser.  Wider channels required multiple passes of 

the laser (seen in b), while thinner channels only required a single pass (seen in a).  Cross-

hairs (called fiducials) were used for laser alignment. 

 

The ESI Model 5330 UV Laser Microvia Drill (laser cutter/etcher) at Microproduct 

Breakthrough Institute (MBI)’s facilities, as seen in Figure 3.13, was used to laser ablate the 

material to form the channels.   

 

a 

a 

b 

b 
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Figure 3.13: ESI Model 5330 UV Laser Microvia Drill (laser cutter/etcher) at the 

Microproduct Breakthrough Institute. 

 

Multiple passes of the laser were required in order to etch larger areas to a depth of 100 µm, 

and to make the final through-cut to separate the 9 by 9 cm piece from the bulk material (i.e. 

the outline cut).  Distance between each pass of the laser was set to 20 µm.  Laser parameters 

for each feature of the PEI master were set at values listed in Table 3.6. 
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Table 3.6: Laser parameter values for each feature of single-channel PEI master. 

Drawing Feature Parameter Value Unit 

Headers & main channel Velocity 100 mm/s 

 Repitition rate 42 kHz 

 Laser power 1.3 watts 

 Repititions 1  

 Laser depth 0.25 mm/rep 

 Spot size 125 μm 

T-junction & fiducials Velocity 100 mm/s 

 Repitition rate 42 kHz 

 Laser power 1 watt 

 Repititions 1  

 Laser depth 0.25 mm/rep 

 Spot size 56 μm 

Outline cut Velocity 100 mm/s 

 Repitition rate 30 kHz 

 Laser power 4.5 watt 

 Repititions 15  

 Laser depth 0.25 mm/rep 

 Spot size Not adjusted 

     

Directly after fabrication, the PEI master was sonicated in water for 3 minutes with the 

Branson 8510 sonicator at MBI’s wet lab, to remove any residual ash.  A solution consisting 

of half distilled water, and half isopropanol alcohol was sprayed over the pieces, and a small 

paintbrush was used to (attempt to) remove any residual material within the channels.  Pieces 

were then dried with a stream of pressurized air.   

 

This PEI master was then hot-embossed into a translucent, beige-tinted, 9.5 by 9.5 cm piece of 

3/8 inch thickness polysulfone (PSO) using the Jenoptik Nanoimprinter at MBI, seen in Figure 

3.14.   
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Figure 3.14: Jenoptik nanoimprinter at the Microproducts Breakthrough Institute. 

 

Figure 3.15 shows the orientation of the master, the piece to be embossed, and the protective 

PEI backplate.  This stack of materials is placed between the two compressive hot plates of the 

embosser.   

 

 

Figure 3.15: Master, material to be embossed, and protective polyether imide (PEI) back-plate 

need to be arranged accordingly when placed in the Jenoptik Nanoimprinter. 

 

In the first embossing step, the master is PEO and the material to be embossed is PSO, while 

in the second embossing step, the master is PSO, and the material to be embossed is 

polycarbonate.  Tool parameters for the PEI-PSO embossing are listed in Table 3.7. 
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Table 3.7: Parameters for hot-embossing between PEI and PSO. 

Parameter Value Unit 

Top plate temperature - heating set-point 195 °C 

Bottom plate temperature - heating set-point 190 °C 

Force 30,000 N 

Velocity 1 mm/min 

Wait time (i.e. force held for) 500 sec 

Top plate temperature - cooling set-point 125 °C 

Bottom plate temperature - cooling set-point 158 °C 

 

If sealing bosses were incorporated into the design, they were then laser-etched into the PSO 

master.  The final design used did not have sealing bosses, however, and can be seen in the 

SolidWorks drawing in Figure 3.16.  An outline cut was also made to trim the PSO master 

down to size, at 8 x 8 cm.    

 

Figure 3.16: SolidWorks file showing the pattern etched to make a complete PSO master.  

Each line shown represents a path made by the laser.  If bosses were ever used in a design (not 

shown here), they were cut at this point in the process. 

 

Laser parameters for this process are listed in Table 3.8.  As with the laser-etching into PEI, 

multiple passes of the laser were required for any cuts that needed to be made completely 

through the material. 
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Table 3.8: Laser parameter values for each feature of single-channel PSO master. 

Drawing Feature Parameter Value Unit 

Sealing boss & fiducials Velocity 50 mm/s 

 Repitition rate 42 kHz 

 Laser power 0.5 watts 

 Repititions 1  

 Laser depth 0.25 mm/rep 

 Spot size 56 μm 

Outline cut Velocity 100 mm/s 

 Repitition rate 30 kHz 

 Laser power 4.5 watt 

 Repititions 15  

 Laser depth 0.25 mm/rep 

 Spot size Not adjusted 

 

Directly after fabrication, the PSO master was sonicated in water for 3 minutes with the 

Branson 8510 sonicator at MBI’s wet lab, to remove any residual ash.  A solution consisting 

of half distilled water, and half isopropanol alcohol was sprayed over the pieces, and a small 

paintbrush was used to (attempt to) remove any residual material within the channels.  Pieces 

were then dried with a stream of pressurized air.   

 

The PSO master was then hot-embossed into a clear 7.5 by 7.5 cm piece of 1 mm thickness 

polycarbonate.  Tool parameters for this second embossing step are listed in Table 3.9. 

Table 3.9: Parameters for hot-embossing between PSO and polycarbonate 

Parameter Value Unit 

Top plate temperature - heating set-point 165 °C 

Bottom plate temperature - heating set-point 163 °C 

Force 50,000 N 

Velocity 1 mm/min 

Wait time (i.e. force held for) 240 sec 

Top plate temperature - cooling set-point 40 °C 

Bottom plate temperature - cooling set-point 40 °C 

 

A final pass with the laser etching tool was then completed with the polycarbonate piece, to 

trim the piece down to its final size of 7 by 7 cm, as can be seen in the SolidWorks drawing in 

Figure 3.17. 
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Figure 3.17: SolidWorks file showing the pattern etched to make a complete polycarbonate 

article.  Each line shown represents a path made by the laser.  Smaller holes indicate through-

holes for ports (g-code sometimes altered to delete these, if use of a drill-press was preferred), 

while larger holes were used for alignment pins in the gen.1 clamp (g-code altered to delete 

these if the clamp was not used). 

 

Laser parameters for each feature of the polycarbonate piece were set at values listed in Table 

3.10. 

Table 3.10: Laser parameter values for each feature of polycarbonate article. 

Drawing Feature Parameter Value Unit 

Outline Velocity 150 mm/s 

 Repitition rate 30 kHz 

 Laser power 2 watts 

 Repititions 50  

 Laser depth 0.25 mm/rep 

 Spot size Not adjusted 

 

In the final design, a drill-press was used to make holes for screws (used to compress device 

together in final design) at 4.4 mm diameter, and holes for the fluid inlet and outlets at 0.6 mm 

diameter.  It was found that using a drill-press and drill-bit resulted in cleaner through-holes 

than those cut with the laser (i.e. less burning of the material).  Directly after fabrication, any 

rough portions (generally close to through-holes) on polycarbonate single-channel articles 

were sanded down, or trimmed with a razor to remove burrs.  Care was taken to not sand any 

portion of the polycarbonate lamina that needed to be smooth for visualization within the 
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microchannels.  Pieces were then sonicated in water for 3 minutes with the Bronson 8510 

sonicator at MBI’s wet lab, to remove any residual ash.  A solution consisting of half distilled 

water, and half isopropyl alcohol was sprayed over the pieces, and a small paintbrush was 

used to (attempt to) remove any residual material within the channels.  Pieces were then dried 

with a stream of pressurized air. 

 

Quality of both PEI and PSO masters degrade with each embossing step.  Therefore, each 

piece was only used for a total of 10 embosses into either PSO or PC, respectively, or until 

some fabrication defect was noticed via microscope.   

 

3.6.2 Cleaning and coating of microchannel pieces 

Before coating, pieces were immersed in an ethanol bath on the reciprocal shaker set at 50 

RPM for a minimum of 2 hours, and a maximum of 4 hours (1 to 2 hours on each side, as 

pieces could sometimes float).  Pieces were then dried with a stream of pressurized nitrogen. 

 

Machined polycarbonate pieces were then exposed to 20 mL of a 1 mg/mL solution of PEO-

PBD-PEO in water in individual petri dishes.  These dishes were parafilmed, covered in foil, 

and placed on the rotator for at least 12 hours at 50 RPM.  Gamma-irradiation of the 

microchannel pieces was completed as described in Section 3.2.3. 

 

3.6.3 Assembly of test article 

After fabricating and coating polycarbonate pieces, nanoports (with small black o-rings) were 

glued to the back side of the pieces using Loctite 4014 adhesive.  Nanoports were held in 

place by utility clamps, while adhesive was curing.  Adhesive was always allowed at least 30 

minutes to cure, before any testing was completed.  The device was assembled as seen in 

Figure 3.18. 
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Figure 3.18: The final design tested (also listed in Table 3.12) involved compressing a 

microchanneled polycarbonate lamina (without sealing bosses) against a flat slab of PDMS.  

The polydimethyl siloxane (PDMS) was backed with saran wrap, to prevent preferential 

adhesion of the PDMS to the thicker supportive polycarbonate backplate.  Screws, two 

washers (two different sizes), and hex nuts were used to compress the device together (6 sets 

of hardware used).  

 

Polydimethyl siloxane (PDMS) pieces used in any bubble testing were made as described in 

Section 3.2.1, but with a piece of silicon at the bottom of a large petri dish, for improved 

flatness.  The PDMS piece used in the coated device was coated with the same methods 

described in Section 3.2.2 and 3.2.3.  After coating pieces, they were rinsed with phosphate-

citrate buffer three times, and stored under fresh phosphate-citrate buffer until use (1 week).    

 

3.6.4 Imaging of bubbles in single-channel article 

Initial leak testing and imaging of bubbles was done using a Canon EOS 7D DSLR camera at 

12 cm focal range with a Canon macro lens (EF lens mount, focal length 100 mm, aperture 

1:2.8, ultra sonic motor).   

 

In order to see certain sections of the article in more detail (i.e. zoomed in), especially the t-

junction and the location where the bubbles entered the larger microchannel (240 μm width), 

the Leica microscope was used.  Information about this microscope, and the camera attached 

to it, can be found in Section 3.6.6.   

 

Brilliant blue food coloring and rhodamine were also used to enhance visibility of water in test 

articles.  Still images were also taken before any fluids were pushed through the device.    
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3.6.5 Analyzing effect of PEO-PBD-PEO coated microchannels on bubble retention 

To see if a PEO-PBD-PEO coated single-channel article actually would reduce bubble 

retention in the device, one coated and one uncoated article were tested.  The different fluid 

ports are labeled in Figure 3.19. 

 

 

Figure 3.19: Completely assembled article, sitting on Leica microscope, with various fluid 

lines attached to each nanoport.  Fluid lines have black lines drawn over the top, in order to 

see them better.  Information regarding each fluid line is listed in Table 3.11. 

 

Using syringe pumps, PEEK tubing, and nanoport assemblies, the fluids listed in Table 3.11 

were pumped into the device. 

Table 3.11: Single-channel article nanoports, and associated fluids.  Flow rates and syringe 

pumps used are also listed. 

Port Fluid Flow Rate 

[mL/min] 

Syringe Pump 

main channel 

inlet 

water with 

brilliant blue 

0.005 New Era Pump Model NE-1000 

t-junction inlet #1 air 0.005 Harvard Apparatus Model 33 

t-junction inlet #2 water with 

rhodamine  

0.001 Harvard Apparatus PHD 2000 

Infusion 

outlet mixture of the 

above 

n/a n/a 

 

main channel inlet             outlet 

t-junction inlet #1 

t-junction inlet #2 
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The complete testing set-up can be seen in Figure 3.20. 

 

 

Figure 3.20: Complete testing set-up, with Leica microscope (see Section 3.6.6), Spot Insight 

Color camera, computer, three syringe pumps, and test article at the center of it all. 

 

Attempts were also made to use a microblower from Murata Manufacturing Co, Ltd., seen in 

Figure 3.21, as an alternative to using a syringe pump. 

 

 

Figure 3.21: Microblower from Murata Manufacturing, with a nanoport and PEEK tubing. 

 

The microblower was controlled using a variable AC voltage supply, so that air could be 

pumped into the t-junction to generate small bubbles.  The only problem with the microblower 
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was that it was not completely sealed – if enough back-pressure was generated by the water in 

the t-junction channels, the air would escape from the back side of the blower. 

 

3.6.6 Verification of presence of PEO-PBD-PEO within microchannel  

To verify that the PEO-PBD-PEO solution would, itself, enter a microchannel, 10 drops of 

yellow food coloring were mixed with both 20 mL of distilled water, and 20 mL of 1 mg/mL 

PEO-PBD-PEO/water solution.  These solutions were then poured into 100 mm diameter 

polystyrene petri dishes containing identical polycarbonate microchannel pieces: one solution 

onto one piece, and the other solution on the second piece.  Microchannels in polycarbonate 

were 240 µm wide, and 100 µm deep.  Lids were then replaced on the petri dishes, and the 

dishes were parafilmed and wrapped in foil.  The dishes were placed on the rotator at 51 RPM 

for 17 hours at room temperature.   

 

Before exposure to food coloring solutions, microchannel pieces were cleaned first as 

mentioned in Section 3.6.1, and then additionally as described in Section 3.2.1. 

 

After the 17 hour incubation, surfaces of the microchannel pieces were wiped with Kimwipes 

to remove excess fluid.  Care was taken not to touch the channeled sections of the 

microchannel pieces. 

 

A Leica microscope with 4 different lenses (4x/0.10, 10x/0.22, L20x/0.30, and L40x/0.50), as 

seen in Figure 3.22, was used to detect the presence of yellow food coloring within the 

microchannel.   
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Figure 3.22: Leica microscope and computer used to gather images of deposited food coloring 

inside microchannels. 

 

Image-Pro Plus software was used to acquire images, with a Spot Insight Color camera from 

Diagnostic Instruments Incorporated (model # 3.2.0).  To obtain brighter images, the exposure 

time was altered between 1 and 10 msec. 

 

Images were taken while the fluid was in the channels, and also after the excess fluid had 

evaporated, and the food coloring had been deposited. 

 

3.6.7 Development of single-channel designs 

As with all experimentation, a series of changes was made to the single-channel article, such 

that it functioned as desired for final testing (i.e. without leaking).  These alterations and 

changes to the design and overall test setup, as well as rationale for making these changes, are 

listed in Table 3.12.  
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Table 3.12: Design changes made during development of single-channel test article, and their rationale. 

# 

Test Article Features 

Rationale for Changes Made 
Channel Design Materials 

PEO-PBD-

PEO 

Clamping 

Method 

Fluid and Air 

Lines 

1 

A t-junction for bubble 

introduction was connected 

directly to a full-size 

microchannel.  Ports were 

glued directly to the back of 

the machined polycarbonate 

piece.  See Figure 3.23.  

Imaging with Canon EOS 7D 

DSLR camera at 12 cm focal 

range with a Canon macro 

lens (EF 100 mm 1:2.8 USM) 

microchannels 

in 0.04 inch 

thick 

polycarbonate, 

pressed against 

second plain 

piece of 

polycarbonate 

no   Utility clamps and 

Loctite 4014 

(wicking grade) 

between the two 

laminae 

Fluid: Syringe 

pump altered 

between 0.01 and 

0.05 mL/min.  Air: 

Introduced via air 

line in laboratory (at 

127 to 130 psi) 

Loctite adhesive clouded the material, and 

wicking was hard to control.  Wanted to try 

a different adhesive. 

2 

    no   Utility clamps and 

Gorilla Glue 

around edges of 

laminae. 

  GorillaGlue seemed to swell a bit, and didn't 

bond well with polycarbonate laminae, 

although it didn't cloud the material.  

Polycarbonate laminae also are definitely 

not flat enough to prevent leaking when 

clamped against each other, and as such, 

article had internal leaking from the 

channels.  If a bubble was stuck in the 

channel, fluid could easily route around it.  

Still, it was hoped that perhaps the bubbles 

would behave differently when the channels 

were coated with PEO-PBD-PEO. 

3 

    yes     Coated piece appeared to have different 

bubble shape (see Figure 3.24), but this was 

hard to verify, as fluid flow through the 

article was uncontrolled.  It was decided that 

more pressure was needed to seal the 

channels, and a more uniform pressure than 

the utility clamps could provide.  A single 

boss was also added to the design, to contain 

fluid. 
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Table 3.12 continued: Design changes made during development of single-channel test article, and their rationale. 

# 

Test Article Features 

Rationale for Changes Made 
Channel Design Materials 

PEO-PBD-

PEO 

Clamping 

Method 

Fluid and Air 

Lines 

4 

Overall size of piece 

decreased to fit inside Gen. 1 

clamp, and a single boss of 10 

µm height was added 100 µm 

from the outside of the header 

and microchannels.  See 

Figure 3.25.  Piece was 

sandwiched between two 1 cm 

thick pieces of polycarbonate, 

within the Gen. 1 clamp. 

microchannels 

in 0.02 inch 

thick 

polycarbonate 

no   Gen. 1 clamp used 

(see Figure 3.26) 

Air line too 

powerful and 

difficult to control, 

so switched to just 

manually squeezing 

a syringe filled with 

air. 

Internal leaking from channels still occurred, 

so decided to add additional bosses to 

outside of channels, as additional barriers to 

leakage. 

5 

Two additional 10 µm bosses 

were added around the outside 

of the first boss (to make 3 

total bosses), spaced 100 µm 

apart from each other, and 

100µm from the channel 

edges.   

  no       Fluid still leaked from channels, so tried 

using a different material. 

6 

  polycarbonate 

pressed against 

AN69 ST 

membrane 

no       Fluid still leaked from channels, so tried 

using a different material. 

7 

  polycarbonate 

pressed against 

gel film 

no       Fluid did not leak initially from channels, 

however the gel film is a proprietary 

material, and was therefore not wanted for 

single-channel bubble testing.  Thought that 

bosses might be too close to the 

microchannel, and decided to move them 

back from the microchannels another 200 

µm.  
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Table 3.12 continued: Design changes made during development of single-channel test article, and their rationale. 

# 

Test Article Features 

Rationale for Changes Made 
Channel Design Materials 

PEO-PBD-

PEO 

Clamping 

Method 

Fluid and Air 

Lines 

8 

Three 10 µm bosses were 

moved back from the 

microchannel and header, still 

spaced 100 µm apart from 

each other, but 300µm from 

the channel edges.  Similar to 

the design seen in Figure 3.25. 

polycarbonate 

pressed against 

polycarbonate, 

and 

polycarbonate 

pressed against 

AN69 ST 

membrane 

no       Fluid would remain in channels for a short 

period of time, before eventually leaking 

from one, or several places.  Perhaps the 

residual glycerol in the AN69 ST samples 

allowed for a good seal initially, until being 

rinsed away.  It was then thought that 

perhaps taller bosses would allow for better 

compression between the two polycarbonate 

laminae, and perhaps better compression of 

the AN69 ST membrane. 

9 

Three bosses were raised to be 

100 µm tall, by altering laser 

parameters. 

  no       Fluid would remain in channels for a short 

period of time, before eventually leaking 

from one, or several places.  Was thought 

that perhaps the AN69 ST membrane was 

not compressible enough (i.e. the bosses 

couldn't sink into it enough to make a good 

seal), so a softer material was tried. 

10 

  polycarbonate 

lamina pressed 

against 50 µm 

thick LDPE 

(from a plastic 

bag) 

no       Fluid would remain in channels for a short 

period of time, before eventually leaking 

from one, or several places.  At around this 

time, the laser began to act variably, cutting 

incontinuous bosses, and burning the 

polycarbonate. A completely different 

scheme for creating the single-channel 

articles was then devised, while the laser 

was serviced.   
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Table 3.12 continued: Design changes made during development of single-channel test article, and their rationale. 

# 

Test Article Features 

Rationale for Changes Made 
Channel Design Materials 

PEO-PBD-

PEO 

Clamping 

Method 

Fluid and Air 

Lines 

11 

Fluid lines were introduced 

from both sides of the Gen. 1 

clamp.  A fluid line (with 

three 10 µm bosses) was 

machined on one lamina, and 

the t-junction was machined 

on the second lamina.  These 

two laminae faced eachother, 

with a double-sided gel film 

acting as a gasket between the 

two.  The gel film also had a 

tiny hole cut out right where 

the bubbles were to be 

introduced into the main fluid 

line.  See Figure 3.27. 

  no       This article also eventually leaked, and the 

gel film might have even been partially 

occluding the channel.  Wanted to see if the 

same thing would happen using the LDPE 

film as the gasket, instead. 

12 

Same design as mentioned in 

Run # 10, but with 45 µm 

bosses. 

polycarbonate 

laminae 

sandwiched 

between 50 µm 

thick LDPE 

(from a plastic 

bag) 

no       This article leaked, as well, but it was (as 

with most designs) hard to pinpoint the 

actual reason.  Tried smaller bosses again. 

13 

Moved back to 10 µm bosses. polycarbonate 

laminae 

sandwiched 

between 50 µm 

thick LDPE 

(from a plastic 

bag) 

no       Article still leaked, so tried with membrane. 

14 

  polycarbonate 

laminae 

sandwiched 

between AN69 

ST membrane 

no       Article still leaked, so decided that perhaps 

the Gen. 1 clamp wasn't providing enough 

clamping power. 
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Table 3.12 continued: Design changes made during development of single-channel test article, and their rationale. 

# 

Test Article Features 

Rationale for Changes Made 
Channel Design Materials 

PEO-PBD-

PEO 

Clamping 

Method 

Fluid and Air 

Lines 

15 

  polycarbonate 

laminae 

sandwiched 

between 50 µm 

thick LDPE 

(from a plastic 

bag) 

no   added PVC 

rubber gaskets 

into the Gen. 1 

clamp (replacing 

the foam gasket) 

  Still leaked, so tried with taller bosses. 

16 

Moved back to 45 µm bosses   no       Still leaked, so tried with PDMS (since 

PDMS is known to seal microchannel 

articles well) 

17 

Just used single channel piece, 

without bosses.  (PDMS is too 

thick to be used as a gasket 

material as in the design 

mentioned in Run #10.) 

polycarbonate 

lamina 

sandwiched 

against PDMS 

film 

no       Article leaked very minimally, so decided to 

ditch the efforts to make a sealing device 

with either polycarbonate on polycarbonate, 

or polycarbonate on AN69 ST membrane. 

18 

Changed design of pieces to 

contain 4 ports on one lamina, 

for main channel line entrance 

and exit, and t-junction fluid 

entrance and air entrance.  

Ports were glued directly to 

the back of the machined 

polycarbonate piece.  No 

bosses were used. See Figure 

3.28. 

microchannels 

in 0.04 inch 

thick 

polycarbonate 

sandwiched 

against gel film 

and 10 mm 

thick piece of 

polycarbonate 

no   Utility clamps Fluid: Using two 

different syringe 

pumps for two 

different fluid lines 

(main channel and 

t-junction).  0.01 

mL/min.  Air: 

syringe pump set at 

0.006 mL/min 

DID NOT LEAK!  But still wanted to make 

sure that piece worked against PDMS, as gel 

film is proprietary material, and PEO-PBD-

PEO had already been tested on PDMS.   

19 

Imaging completed with Leica 

microscope, to get a better 

view of any air/bubbles 

entering the main channel. 

polycarbonate 

sandwiched 

against PDMS 

and 10 mm 

thick piece of 

polycarbonate 

no   Switched to 

binder clips 

(utility clamps 

too bulky to use 

with the Leica 

microscope). 

Using two different 

dyes to mark two 

different fluid lines 

(brilliant blue for 

main channel, and 

rhodamine for  

t-junction).  0.01 

mL/min 

Noticed that bubbles seemed to aggregate 

into a larger bubble where the t-junction 

joined the main channel, perhaps due to low 

fluid flow at the walls of the main channel.  

Article also started to leak eventually. 
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Table 3.12 continued: Design changes made during development of single-channel test article, and their rationale. 

# 

Test Article Features 

Rationale for Changes Made 
Channel Design Materials 

PEO-PBD-

PEO 

Clamping 

Method 

Fluid and Air 

Lines 

20 

Changed design of pieces so 

that t-junction fluid line is 

injected directly against the 

flow of the main channel line.  

See Figure 3.29. 

  no   Switched to bolts, 

washers, and nuts 

(still less bulky 

than binder clips 

for use with Leica 

microscope), 

making sure to 

sand down any 

rough edges 

created by the drill 

press. 

  Device leaked slightly.  It was thought that 

perhaps the screws were causing the 

microchannel polycarbonate piece to bow in 

the middle (where the microchannel is), so a 

bit of reinforcement was added above the 

microchannel piece. 

21 

    no   Added a second 

10 mm thick bar 

of polycarbonate 

above 

microchannel 

piece for 

additional 

compressibility 

  Device still leaked, even though washers and 

thin pieces of polycarbonate were even 

added underneath the bar to create additional 

pressure points.  It was then thought that 

perhaps the PDMS couldn't "decide" which 

polycarbonate surface to stick to: the 10 mm 

thick backplate, or the piece with the 

microchannels.   

22 

Saran wrap was then placed 

on the back of the PDMS (i.e. 

the side not in contact with the 

microchannels), to prevent 

preferential adhesion of the 

PDMS to the polycarbonate 

backplate 

  no     t-junction fluid line: 

0.001 mL/min.  

main channel fluid 

line: 0.005 mL/min.  

Air: 0.001 to 0.005 

mL/min 

The device sealed nicely.  Unfortunately, the 

seal would break at high enough air pressure 

through the t-junction.  
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Figure 3.23: Initial design of single-channel test article.  Jagged edged circular shapes are fluid 

ports, and block shapes are utility clamps.   Thicker channels are 240 µm wide and 80 µm 

deep, while the thinner t-junction channels are 50 µm wide and 50 µm deep. 

 

 

Air inlet 

Fluid inlet 

Direction of flow 
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Figure 3.24: In single-channel all-polycarbonate test article design #3, bubbles appear to be 

more hydrated in the PEO-PBD-PEO coated micro-channel, versus the non-coated 

microchannel.  This was hard to verify, however, as fluid flow through the article was not 

confined solely to the microchannel region. 
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Figure 3.25: Initial design of article, with a single boss around the channel.  Top three images 

show the sequence of laser etching (i.e. first channels into PEI, second bosses into PSO, and 

third through-holes into polycarbonate), while the bottom four images show zoomed in 

portions of the design.  Each line suggests a pass made by the laser. 

 

 

 

Figure 3.26: Custom clamp used to compress and hold single-channel article together (referred 

to in laboratory notebook as the “gen. 1 clamp” ).  Clamp contains an inner foam gasket/layer 

(so that red handles can actually be closed), two alignment pins, and two thick polycarbonate 

plates (for either side of the microchannel lamina) for enhanced compressibility. 
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Figure 3.27: Two machined laminae (with laser machining patterns for PEI, PSO, and PC) 

were made to be sandwiched together with a double-sided gel film in between, for leak 

resistance.  A tiny hole was placed in the gel film for bubbles to cross over from the t-junction 

lamina (bottom), to the lamina with the main fluid channel (top).  The three bosses placed on 

the main channel lamina (top) were intended to prevent leaking of both laminae, and thus trace 

the outline of all fluid channels. 
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Figure 3.28: A lamina with 3 inlet ports, and 1 outlet port was made, in order to house all fluid 

ports on one side of the article.  The image shown is the SolidWorks file used to cut the PEI 

master.  No sealing bosses were used (so therefore not present in PSO master), and through-

holes were made using a hand-drill instead of the laser (so therefore not present in the final 

laser cut of the polycarbonate). 

 

 

 

Figure 3.29: A lamina similar to the design shown in Figure 3.28 was then used, with the 

curved t-junction fluid line is intended to project bubbles directly into the flow through the 

main channel.  The image shown is the SolidWorks file used to cut the PEI master.  No 

sealing bosses were used (so therefore not present in PSO master), and through-holes were 

made using a hand-drill instead of the laser (so therefore not present in the final laser cut of 

the polycarbonate). 
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4 RESULTS AND DISCUSSION 

4.1 Beta-galactosidase enzyme activity assay results 

4.1.1 PEO-PBD-PEO coating viability on polycarbonate 

Figure 4.1 shows that PEO-PBD-PEO solutions of 1, 5, and 10 mg/mL show similar beta-

galactosidase repulsion capabilities.  Beta-galactosidase repulsion of polycarbonate is 

improved by 75-80% when gamma-irradiated with PEO-PBD-PEO.  It can also be seen that 

when polycarbonate is gamma-irradiated in water, it shows a very slight (10%) improvement 

in beta-galactosidase repulsion.    

 

 

Figure 4.1: Enzyme activity assay results with beta-galactosidase on polycarbonate, with 1, 5, 

and 10 mg/mL PEO-PBD-PEO.  Bars represent relative maximum and minimum values. 

 

No real difference was seen between the 1, 5, and 10 mg/mL PEO-PBD-PEO solutions, 

although the critical aggregation concentration (CAC) of the PEO-PBD-PEO triblock was 

determined via fluorescence of pyrene to be 1.9 mg/mL (range: 1.45 mg/mL to 2.75 mg/mL at 

95% confidence).  Pyrene, when mixed in with a triblock solution is quenched in a polar 

environment (i.e. when exposed to both hydrophilic and hydrophobic portions of the triblock), 

and fluoresces in a hydrophobic state (i.e. when trapped in the center of aggregated triblock 
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molecules).  Thus, a fluorometer can be used to determine this flexion point (Wilhelm et al. 

1991). 

 

The data shown in Figure 4.1 led to the use of 1 mg/mL PEO-PBD-PEO concentration in 

subsequent experimentation, as no apparent improvement in beta-galactosidase repulsion was 

seen with increased PEO-PBD-PEO concentration.    

 

4.1.2 PEO-PBD-PEO coating viability on PDMS 

Figure 4.2 shows that polydimethyl siloxane (PDMS), when gamma-irradiated in a 1 mg/mL 

PEO-PBD-PEO solution, is able to repel beta-galactosidase approximately 80% better than 

non-treated PDMS.  As with polycarbonate, in Figure 4.1, gamma-irradiation of PDMS in the 

presence of water improves the ability of PDMS to repel beta-galactosidase, but only by 5-

10%.       

 

Figure 4.2: Enzyme activity assay results with beta-galactosidase on PDMS with 1 mg/mL 

PEO-PBD-PEO.  Bars represent relative maximum and minimum values. 
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It is important to keep in mind that all beta-galactosidase assay results in this thesis are 

presented as relative enzyme activity between differently treated surfaces of polycarbonate 

and polydimethyl siloxane (PDMS), thus, the beta-galactosidase activity assay for 

polycarbonate and the beta-galactosidase activity assay for PDMS cannot be rigorously 

compared to each other.    Beta-galactosidase is not equally attracted to all surfaces.   As can 

be seen in Figure 4.3, beta-galactosidase is more attracted to polycarbonate, than to PDMS.      

Figure 4.3 represents a separate beta-galactosidase enzyme activity assay performed, for 

simple comparison of beta-galactosidase adsorption on both bare polycarbonate and bare 

PDMS. 

 

 

Figure 4.3: Enzyme activity assay results with beta-galactosidase on bare polycarbonate and 

bare PDMS.  Bars represent relative maximum and minimum values.     

  

From Figure 4.1 and Figure 4.2, however, it can be said that gamma-irradiation in the presence 

of PEO-PBD-PEO at 1 mg/mL leads to an 80% reduction in the total amount of beta-

galactosidase adsorbing at the surface of the material, whether PDMS or polycarbonate, 

although these total amounts are not known.   

 

The fourth data bar in Figure 4.2, i.e. incubated in 1 mg/mL PEO-PBD-PEO, but not gamma-

irradiated, shows that gamma-irradiation improves the stability of the PEO-PBD-PEO by 

covalently linking triblock molecules to the surface of the material.  Section 4.1.5 discusses 

the impact of gamma-irradiation on linking PEO-PBD-PEO to the surface of the material in 

more detail. 
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4.1.3 PEO-PBD-PEO coating viability on polyacrylonitrile membrane 

The PEO-PBD-PEO coating was also tested on AN69 ST polyacrylonitrile membrane, with 

results shown in Figure 4.4.   

 

 

Figure 4.4: Beta-galactosidase enzyme activity assay results for AN69 ST polyacrylonitrile 

membrane with 5 mg/mL PEO-PBD-PEO.  Bars represent relative maximum and minimum 

values. 

 

The AN69 ST membrane is already coated with a layer of hydrophilic cationic 

polyethyleneimide (PEI) that readily attracts and traps negatively charged heparin (Richtrova 

et al. 2007), which prevents blood coagulation.  Heparin solution is used to prime a 

hemodialysis cartridge before human blood is processed.  The PEO-PBD-PEO treated 

membrane in Figure 4.4 was not primed with a heparin solution before (or after) exposure to 

PEO-PBD-PEO.  It is unclear whether the beta-galactosidase from the results shown in Figure 

4.4 is adsorbed into (or on) the PEI brush layer, or whether it actually is trapped in the pores of 

the membrane, or if both mechanisms are at work (i.e. beta-galactosidase trapped in the PEI 

brush layer and within the pores of the membrane).  Regardless of the beta-galactosidase 

adsorption mechanism, the main observation to take away from Figure 4.4 is that gamma-

irradiation and exposure of a non-heparinized AN69 ST membrane to PEO-PBD-PEO 
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solution does not improve the ability of the membrane to repel beta-galactosidase.  The final 

microchannel device, however, could still be coated with a PEO-PBD-PEO solution, and then 

primed with a heparin solution before blood contact. 

 

4.1.4 The effect of ionic strength on PEO-PBD-PEO coating 

The beta-galactosidase enzyme adsorption assay was also used to see if increasing the salt 

concentration of the PEO-PBD-PEO solution would help increase the surface coverage of the 

PEO-PBD-PEO coating, and thus increase the ability of the material to repel beta-

galactosidase.  The results are shown in Figure 4.5. 

 

 

Figure 4.5: Beta-galactosidase enzyme activity assay results on polycarbonate with 1 mg/mL 

PEO-PBD-PEO, and increasing concentration of NaCl.  Bars represent relative maximum and 

minimum values. 

 

It is unclear why the polycarbonate irradiated in 0 mM NaCl 1 mg/mL PEO-PBD-PEO had 

such a relatively high beta-galactosidase enzyme activity, and why the range of data is large 

for the 0, 150 and 500 mM NaCl data points.   While increasing salt concentration would 

improve the surface coverage of PEO-PBD-PEO, and thus the ability of the material to repel 

beta-galactosidase, the beta-galactosidase assay may not be sensitive enough to detect such 

slight changes in PEO surface coverage.  As an improved effect was not noticed when 
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increasing salt concentration, the salt concentration was left at 0mM NaCl for subsequent 

testing.  

 

4.1.5 The effect of gamma-irradiation and rinsing method on PEO-PBD-PEO coating 

To prove that gamma-irradiation actually binds PEO-PBD-PEO to the surface of the 

polycarbonate, two sets of polycarbonate strips were analyzed using the beta-galactosidase 

enzyme activity assay.  The strips were all exposed to a certain concentration of PEO-PBD-

PEO, but only half of them were gamma-irradiated.  They were then rinsed using two different 

methods, and compared to a strip that was not rinsed at all.  No rinsing represents the least 

harsh method, while rinsing in PBS with SDS for 1 hour represents the harshest rinsing 

method.  In Figure 4.6, it can be seen that when the strips are not rinsed, they show 

approximately the same ability to repel beta-galactosidase.   

 

 

Figure 4.6: Beta-galactosidase enzyme activity assay results on polycarbonate with 1 mg/mL 

PEO-PBD-PEO.  Three different rinsing methods were used to show removal of loosely held 

(i.e. unbound) PEO-PBD-PEO.  One set of samples was gamma-irradiated, while the other 

was not.  The 100% enzyme activity control (not shown) was not gamma-irradiated, or 

exposed to PEO-PBD-PEO, but was exposed to beta-galactosidase.  Bars represent relative 

maximum and minimum values. 
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When the two strips (gamma-irradiated, and not gamma-irradiated) are rinsed 3 times with 

phosphate-citrate (PC) buffer, it is shown that a significant portion of the PEO-PBD-PEO is 

removed from the surface of the polycarbonate (i.e. increased beta-galactosidase activity).  

This suggests that during gamma-irradiation treatment, there is a portion of PEO-PBD-PEO 

that is not covalently linked to the surface.  When the two strips (gamma-irradiated and not 

gamma-irradiated) are soaked in phosphate buffered saline (PBS) with SDS for 1 hour, it can 

be seen that the not gamma-irradiated strip has even more PEO-PBD-PEO removed, while the 

strip that was gamma-irradiated has no more PEO-PBD-PEO removed, than when rinsed with 

phosphate-citrate buffer.  This result also proves that rinsing methods with phosphate-citrate 

buffer (i.e. 3 times per side with approximately 10 mL of buffer) is enough to remove non-

covalently bound PEO-PBD-PEO, when the strip is gamma-irradiated.     

 

This same test was also performed with 5 mg/mL PEO-PBD-PEO, as seen in Figure 4.7.  The 

same general trends as were seen in the 1 mg/mL test (Figure 4.6) also hold true for the 5 

mg/mL test.   

 
Figure 4.7: Beta-galactosidase enzyme activity assay results on polycarbonate with 5 mg/mL 

PEO-PBD-PEO.  Three different rinsing methods were used to show removal of loosely held 

(i.e. unbound) PEO-PBD-PEO.  One set of samples was gamma-irradiated, while the other 

was not.  The 100% enzyme activity control (not shown) was not gamma-irradiated, or 

exposed to PEO-PBD-PEO, but was exposed to beta-galactosidase.  Bars represent relative 

maximum and minimum values. 
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In Figure 4.7, it appears that there is still some residual PEO-PBD-PEO on the non-gamma-

irradiated piece, even after rinsing in PBS with SDS for 1 hour.  This could be due to the 

higher concentration of PEO-PBD-PEO used here, as compared with the 1 mg/mL test. 

 

In parallel with the 1 and 5 mg/mL tests, a 0.1 mg/mL test was also completed; results are 

shown in Figure 4.8.  The strips were all exposed to 0.1 mg/mL PEO-PBD-PEO, but only half 

of them were gamma-irradiated.   

 
Figure 4.8: Beta-galactosidase enzyme activity assay results on polycarbonate with 0.1 mg/mL 

PEO-PBD-PEO.  Three different rinsing methods were used to show removal of loosely held 

(i.e. unbound) PEO-PBD-PEO.  One set of samples was gamma-irradiated, while the other 

was not.  The 100% enzyme activity control (not shown) was not gamma-irradiated, or 

exposed to PEO-PBD-PEO, but was exposed to beta-galactosidase.  Bars represent relative 

maximum and minimum values. 

 

The general trends seen in the 1 mg/mL (Figure 4.6) and the 5 mg/mL (Figure 4.7) tests do not 

hold true for the 0.1 mg/mL test.  The gamma-irradiated samples all appear to have about the 

same PEO-PBD-PEO surface coverage, which could imply that all of the coating that reaches 

the surface of the polycarbonate, is actually also covalently linked via gamma-irradiation.   
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4.2 Membrane urea permeability results 

Exposing AN69 and AN69 ST membranes to different treatment conditions, and with different 

combinations of filtration fluids proved to have little to no effect on urea permeability. 

 

First, no significant difference was seen in the urea permeability of either the AN69 or the 

AN69 ST membranes when not γ-irradiated, and when γ-irradiated in water, as can be seen in 

Figure 4.9. 

 

 

Figure 4.9: Urea permeability assay results comparing AN69 and AN69 ST membrane when 

not γ-irradiated and when γ-irradiated in water show that neither the membrane material, nor 

the γ-irradiation treatment have a significant impact on the ability of urea to cross the 

membrane from the urea chamber (grey lines) to the reservoir (black lines).  Note that all tests 

shown here were completed with an initial urea concentration of 0.3 mg/mL in 10 mM PBS.  

Each line shown here represents the average of three trials, with urea concentration sampled 

every 30 minutes. 

 

 

Second, exposure of the AN69 ST membrane to both γ-irradiation in water and γ-irradiation in 

a 5 mg/mL PEO-PBD-PEO solution in water did not have any significant impact on the urea 

permeability, as can be seen in Figure 4.10. 
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Figure 4.10: Urea permeability assay results comparing AN69 ST membrane when not γ-

irradiated, when γ-irradiated in water, and when γ-irradiated in 5 mg/mL PEO-PBD-PEO 

show that neither the γ-irradiation treatment, or exposure to PEO-PBD-PEO during γ-

irradiation have a significant impact on the ability of urea to cross the membrane from the urea 

chamber (grey lines) to the reservoir (black lines).  Note that all tests shown here were 

completed with an initial urea concentration of 0.3 mg/mL in 10 mM PBS.  Each line shown 

here represents the average of three trials, with urea concentration sampled every 30 minutes. 

 

 

Furthermore, the presence of various proteins (BSA and fibrinogen) mixed in with the urea 

solution also had no significant impact, as can be seen in Figure 4.11 and Figure 4.12. 
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Figure 4.11: Urea permeability assay results comparing AN69 ST membrane when not γ-

irradiated, and when γ-irradiated in 5 mg/mL PEO-PBD-PEO, in the presence and absence of 

5 mg/mL bovine serum albumin (BSA) in the 0.3 mg/mL urea in 10 mM PBS filtrate solution.  

In this case, treatment of the membrane does not have a significant impact on the ability of 

urea to cross the membrane from the urea chamber (grey lines) to the reservoir (black lines) in 

the presence of BSA.  Each line shown here represents the average of three trials, except for 

the AN69 ST membrane γ-irradiated in the presence of PEO-PBD-PEO, which only represents 

two trial runs, with urea concentration sampled every 30 minutes. 

 

 

 

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5

P
er

ce
n

ta
g

e 
U

re
a

 

Time [hrs] 

AN69 ST - not γ-irradiated 

AN69 ST - γ-irradiated in PEO-PBD-PEO 

AN69 ST - not γ-irradiated - no BSA 

AN69 ST - γ-irradiated in PEO-PBD-PEO - no BSA 

urea chamber 

 

 

reservoir 



93 

 

 

 

 

Figure 4.12: Urea permeability assay results comparing AN69 ST membrane when not γ-

irradiated, and when γ-irradiated in 5 mg/mL PEO-PBD-PEO, in the presence and absence of 

fibrinogen.  Note that all tests shown here were exposed to 2 mg/mL fibrinogen mixed in with 

an initial urea concentration of 0.3 mg/mL in 10 mM PBS, except for the AN69 ST membrane 

γ-irradiated in the presence of PEO-PBD-PEO, which was only exposed to 1 mg/mL 

fibrinogen.  In this case, treatment of the membrane does not have a significant impact on the 

ability of urea to cross the membrane from the urea chamber (grey lines) to the reservoir 

(black lines) in the presence of fibrinogen.  Each line shown here represents the average of 

three trials, with urea concentration sampled every 30 minutes. 

 

As shown in the beta-galactosidase testing results in Section 4.1.3, it can be inferred that the 

coating is not covalently linked to the membrane through gamma-irradiation, as exposure of 

the membrane to 5 mg/mL PEO-PBD-PEO with gamma-irradiation does not improve the 

materials’ ability to repel beta-galactosidase.  Therefore, it can be stated that the PEO-PBD-

PEO coating methods do not hinder the urea permeability, or the heparin binding of the PEI on 

the AN69 ST membrane.    
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4.3 Contact angle results of water on polycarbonate and PDMS with and without 

various gamma-irradiation treatments 

The contact angle of polycarbonate, when exposed to three different substances during 

gamma-irradiation, and when not irradiated, can be seen in Figure 4.13.      

 

Figure 4.13: Contact angle measurements for 10 µL water droplets on polycarbonate.  Bars 

represent maximum and minimum measured values.   

 

It is clear that when the polycarbonate is irradiated in air, no significant change in 

hydrophobicity or hydrophilicity is seen.  However, when the polycarbonate is gamma-

irradiated in water, a slight drop in the contact angle (signifying a more hydrophilic surface) 

can be seen.  Furthermore, when the polycarbonate is irradiated in the presence of 1 mg/mL 

PEO-PBD-PEO in water, an even greater decrease in the contact angle (signifying an even 

more hydrophilic surface) is shown.  The average values for contact angle of a 10 µL water 

droplet on the 4 different polycarbonate surfaces are shown in Table 4.1 below. 

Table 4.1: Average contact angle, in degrees, of 4 different surface treatments of 

polycarbonate.  Range values are listed in the third column. 

Material Treatment 
Average Contact 

Angle (degrees) 

Data Range 

(degrees) 

Polycarbonate with no γ-irradiation 85.21 15.46 

Polycarbonate with γ-irradiation in air 83.91 12.89 

Polycarbonate with γ-irradiation in water 70.79 9.19 

Polycarbonate with γ-irradiation in  

1 mg/mL PEO-PBD-PEO 
55.61 17.60 
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The contact angle of polydimethyl siloxane (PDMS) when exposed to three different 

substances during γ-irradiation, and when not irradiated can be seen in Figure 4.14.   

 

Figure 4.14: Contact angle measurements for 10 µL water droplets on PDMS.  Bars represent 

maximum and minimum measured values.   

 

The average values for contact angle of a 10 µL water droplet on the 4 different PDMS 

surfaces are shown in Table 4.2 below. 

Table 4.2: Average contact angle, in degrees, of 4 different surface treatments of PDMS.  

Range values are listed in the third column. 

Material Treatment 
Average Contact 

Angle (degrees) 

Data Range 

(degrees) 

PDMS with no γ-irradiation 100.24 23.91 

PDMS with γ-irradiation in air 101.37 14.69 

PDMS with γ-irradiation in water 83.79 26.79 

PDMS with γ-irradiation in  

1 mg/mL PEO-PBD-PEO 
91.29 33.48 

 

These results have higher variability than the polycarbonate.  The surface roughness of the 

PDMS is also unknown, and could be contributing to the large data range.  If the droplets of 

water are not circularly shaped at the interface between the droplet, vapor, and surface, there 

could also be some error incorporated into the measurements.  (For example, if one part of the 
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droplet is spread a bit thinner than another part of the droplet, contact angles at these two 

locations will be different.)   

Comparing the two contact angle data sets for PDMS and polycarbonate show that overall, 

PDMS has a much higher hydrophobicity that polycarbonate.  It can also be seen that the 10 

µm droplet of water showed lower variability in contact angle measurements on 

polycarbonate, than on PDMS. 

 

4.4 Determining if PEO-PBD-PEO coats machined microchannel pieces with food 

coloring test 

As described in Section 3.6.6, pieces with machined microchannels were exposed to solutions 

(water, or 1 mg/mL PEO-PBD-PEO in water) containing yellow food coloring.  Figure 4.15 

shows yellow dye deposited in the 240 μm width channel, after water was allowed to 

evaporate from the 1 mg/mL PEO-PBD-PEO in water solution.    

 

 

Figure 4.15: Single-channel polycarbonate article with yellow dye deposited inside 

microchannel.  This picture was taken after the water from the 1 mg/mL PEO-PBD-PEO in 

water solution was allowed to evaporate. 

 

As the food dye entered the channel, it can safely be assumed that the PEO-PBD-PEO also 

entered the channel.  As PEO-PBD-PEO is of the majority hydrophilic, it can also be assumed 

that the PEO-PBD-PEO itself was well-mixed within the water. 

240 µm 
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Figure 4.16 shows the yellow dye deposited in the microchannel, after water from the water 

and food-dye solution was allowed to evaporate.   

 

 

Figure 4.16: Single-channel polycarbonate article with yellow dye deposited inside 

microchannel.  This picture was taken after the water from the water and food-dye solution 

was allowed to evaporate. 

 

These images verify that the PEO-PBD-PEO coating solution does in fact enter microchannels 

of 240 μm width, and can be used to coat machined microchannels in polycarbonate. 

 

4.5 Bubble movement through single-channel articles – effects of PEO-PBD-PEO 

coatings 

While many design revisions were needed in order to get a relatively non-leaking article (see 

Section 3.6.7), only one uncoated article and one coated article were tested.  It was found that 

the device (seen in Figure 3.18) sealed and was leak-proof only when liquids were pumped 

through.  Several bubbles (from residual air in the system) might pass through the device, but 

any attempt to push air into the system to generate controlled microbubbles at the t-junction, 

would eventually cause the article to leak internally.  The residual air bubbles (i.e. from air in 

PEEK tubing) were quite telling, however, and showed that large bubbles in the PEO-PBD-

PEO coated polycarbonate microchannel lamina behaved no differently than large bubbles in 

240 µm 
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the non-coated polycarbonate microchannel lamina; large bubbles in both devices (coated and 

non-coated) tended to lag in portions of the main channel for 10-20 seconds before enough 

pressure was built up to push the bubble through.  This lagging is quite likely due to the 

surface roughness of the microchannels caused by laser machining.  The rough edges and 

burrs can be seen when looking at images generated by the Leica microscope and camera 

system, as in Figure 4.17.   

 

 

 

Figure 4.17: Bubbles (not generated by the t-junction) tended to stick to surfaces in both the 

PEO-PBD-PEO coated and non-coated polycarbonate articles.  This may be due to surface 

roughness, however, which can also be seen in these images. 

 

It is still possible that with a smoother microchannel, an effect on improving bubble retention 

by coating microchannels with PEO-PBD-PEO may be seen.  

 

Microbubbles also proved difficult to generate.  It was thought that injecting the bubbles into 

the microchannel against the flow of the fluid would help them snap off at a small volume, but 

any air introduced into the main channel aggregated into a single large bubble, as can be seen 

in Figure 4.18. 
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Figure 4.18: Bubble growth at intersection between small t-junction channels, and large main 

channel.  While even controlled introduction of bubbles of this size would have been helpful, 

only two to three bubbles would be introduced into the device before leakage would occur.  

Additional bubbles from residual air in PEEK tubing would also pass through the device, but 

those were also of uncontrolled size.  Approximately two minutes elapsed from first image to 

last image shown.  Faint traces of rhodamine dye (used in t-junction channel) can be seen at 

the bottom of the blue main line channel. 

 

240 µm 
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Bubbles of a smaller size were desired, as can be seen in Figure 4.19.  The bubbles shown in 

this image were probably due to residual air in PEEK tubing, and were extremely rare.  

Controlled injection of microbubbles was unfortunately not achieved. 

 

 

Figure 4.19: Controlled injection of microbubbles, the same size as is seen here, was not 

achieved via the t-junction.  Bubbles of this size were randomly and rarely introduced by 

residual air in PEEK tubing.  The microchannel shown here was non-coated.  (The bubbles 

seen in the above image were only ever seen in microchannels a few times during months of 

testing.) 

240 µm 
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5 CONCLUSIONS AND RECOMMENDATIONS 

The ability to covalently link PEO chains to the inner surface of a polycarbonate microchannel 

for reduced protein adsorption and bubble retention holds great promise for the 

commercialization of a microchannel hemodialysis unit.  The coating also has great potential 

to address life-threatening and expensive nosocomial infections.  The key findings of this 

research, as well as recommendations for next steps are provided in this section. 

 

5.1 Key findings 

Several significant advancements were made during this project, and are listed below.   

 

The beta-galactosidase enzyme activity assaying determined that: 

• PEO-PBD-PEO can be covalently bound to polycarbonate and polydimethyl siloxane 

(PDMS) to reduce adsorption of beta-galactosidase by 80% (as compared to non-

treated surfaces)  

• Coating treatment does not result in covalently linked PEO-PBD-PEO on the surface 

of the AN69 ST membrane 

• γ-irradiation of polycarbonate in the presence of PEO-PBD-PEO does covalently link 

the two together; a portion of the adsorbed PEO-PBD-PEO was not successfully 

linked, however, and was rinsed away with SDS washing 

 

Urea permeability testing determined that the following treatments and conditions had no 

impact on the diffusion of urea through the membrane: 

• γ-irradiation of AN69 and AN69 ST membranes in the presence of water 

• γ-irradiation of AN69 ST membrane in the presence of 5 mg/mL PEO-PBD-PEO  

• Exposure of AN69 ST membranes (no γ-irradiation, and γ-irradiation in 5 mg/mL 

PEO-PBD-PEO) to BSA and fibrinogen containing  urea filtrate solutions 

 

Several other minor points were also confirmed: 

• The inner surface of a microchannel can be coated 

• Exposure of polycarbonate to water, or to 1 mg/mL PEO-PBD-PEO, with γ-irradiation 

increases hydrophilicity of polycarbonate 
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Single-channel bubble testing showed that: 

• Large bubbles behave the same in PEO-PBD-PEO coated and non-coated 

microchannels 

• An improved method for generating test articles is needed, to address both channel 

roughness, and internal leaking. 

 

5.2 Suggestions for future work 

5.2.1 Optimize PEO-PBD-PEO coatings 

Numerous factors play into the protein-resistant qualities of a PEO brush layer, and could be 

altered for better surface coverage of PEO-PBD-PEO, including: 

• Lengths of PEO and PBD chains 

• Dose of γ-irradiation 

• Coating incubation time and temperature 

• Salt effects 

• Concentration of coating solution (use determined CAC) 

 

5.2.2 Try more clinically relevant method to determine PEO-PBD-PEO  

While the beta-galactosidase enzyme activity assay was useful in determining that the PEO-

PBD-PEO was covalently linked to the surface of the polycarbonate and the polydimethyl 

siloxane (PDMS), and that the coating did in fact repel beta-galactosidase, detection using 

adsorbed fibrinogen, or platelet adhesion/activation would be more clinically relevant, and 

perhaps more sensitive to small changes in PEO surface coverage.   

 

5.2.3 Coat polyacrylonitrile membranes with and without heparin exposure 

Initial testing of the PEO-PBD-PEO coatings on AN69 ST polyacrylonitrile membrane did not 

involve priming the membrane with a heparin solution.  The PEI already at the surface of the 

polyacrylonitrile membrane is positively charged, which is intended to trap negatively charged 

heparin.  It is unclear how this unheparinized membrane interacted with the PEO-PBD-PEO; 
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perhaps the PEO-PBD-PEO would adsorb and covalently link more readily to a heparinized 

PEI brush layer (due to decreased movement of PEI chains). 

 

5.2.4 Study how surface roughness impacts ability to coat, and protein adsorption 

characteristics 

The surface roughness of polycarbonate films (studied with AFM) has been shown to increase 

with γ-irradiation in air, thus increasing the amount of protein adsorbed (Denizli and Gueven 

2002).  It is unclear how γ-irradiation of polycarbonate in the presence of PEO-PBD-PEO 

impacts the surface structure of the polycarbonate, and it is therefore desirable to see how this 

may alter the protein adsorption characteristics of the material.  The initial surface roughness 

of the polycarbonate may also have an impact on PEO-PBD-PEO surface coverage, and could 

potentially be optimized.   

 

5.2.5 Verify contact angle measurements on polydimethyl siloxane (PDMS) 

Contact angle testing on PDMS should perhaps be done with a variety of water droplet sizes, 

to see at which volume the contact angle becomes independent of droplet volume.  Droplet 

spreading with time was also not studied, and could provide more accurate data.  

 

5.2.6 Improve single-channel article for bubble testing 

While only mechanical methods were attempted in order to seal the single-channel 

polycarbonate article, chemical methods to bond two polycarbonate laminae together deserve 

some attention.  Softening the polycarbonate laminae (modeled as an infinite sink) by vapor 

deposition of dichloromethane (DCM) could be a good place to start (with a diffusion 

coefficient in polycarbonate films of 3.3 x 10
-11

 cm
2
/s) (Lee et al. 2005).   

 

Chemically etched metal masters also hold promise of generating smoother microchannels, as 

scalloping and burrs created by laser machining could be eliminated. 
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5.2.7 Improve bubble visualization and data collection 

Unfortunately, as a non-leaking single-channel article was developed at the end-stages of this 

research project, attempts to visually record bubbles flowing through the device, and 

automatically measure bubble size and retention time using MatLab were not made.  

Numerous books exist on using MatLab to collect and process data for such projects (Sonka, 

Hlavac, and Boyle 1999) (Gonzalez, Woods, and Eddins 2004).  
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