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ABSTRACT 
 
 
 

NITRIC OXIDE-RELEASING OR GENERATING SURFACES FOR BLOOD-CONTACTING 

MEDICAL DEVICES 

 
 
 

Medical device-induced thrombosis is a major complication that impairs the expected 

performance of blood-contacting medical devices. Traditional anticoagulation therapies are used 

to reduce thrombus formation; however, systemic anticoagulants such as heparin increase the 

risk of thrombocytopenia or even bleeding, which are detrimental to patients who already have 

injuries. To address these issues, surface modification has been widely studied to improve the 

performance of blood-contacting medical devices, ranging from biopassive surfaces to biomimetic 

surfaces. To date, such modifications are not sufficient to prevent blood clotting alone. 

Supplementary anticoagulation remains necessary to maintain clot-free surfaces. Nitric oxide (NO) 

is a well-known signaling molecule that has antiplatelet properties. Our approach is to use 

surfaces that can either release NO via NO donors or promote NO production via an NO catalyst. 

In this work, a NO-releasing polyelectrolyte multilayer coating effectively reduces platelet 

adhesion, platelet activation and delay blood clotting on titania nanotube array surfaces. In 

addition, NO-releasing polymeric surfaces mediate blood serum protein deposition in a manner 

that prevents platelet adhesion and platelet activation. However, the NO donors used in these 

two coatings are photo- and thermo- sensitive, and the NO release is limited by the amount of NO 

donor added to the coating. To overcome these shortcomings, a copper-based metal organic 

framework (MOF) was used to infinitely promote NO production from NO donors in the blood.  

The copper-based MOF polymer coating was successfully applied to the surfaces of 

extracorporeal life support catheters and circulation tubing via custom coating systems. These 
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copper-based MOF-coating also exhibited inherent antibacterial properties under both static and 

dynamic flow conditions. 
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CHAPTER 1 

LITERATURE REVIEW 
 
 
 
1.1 Blood-contacting medical devices and complications 

Blood-contacting medical devices have been widely used during clinical procedures and 

include vacutainer blood collection tubes, coronary stents, central venous catheters, heart valves, 

hemodialyzers, extracorporeal membrane oxygenators (ECMO), and others. Based on 

International Organization for Standardization (ISO) 10993-1: 2018 Biological evaluation of 

medical devices – Part 1: Evaluation and testing within a risk management process, these medical 

devices can be categorized by nature of body contact.1 For examples, vacutainer blood collection 

tubes and ex vivo blood diagnostic equipment are non-contact devices, coronary stents and 

vascular grafts are implant medical devices, and ECMO are externally communicating medical 

devices. In addition, medical devices can be also categorized based on duration of contact, from 

limited exposure (<24 h) and prolonged exposure (24 h – 30 days) to long-term exposure (>30 

days). For example, blood collection needles are used for less than a few minutes, the duration 

of patients on ECMO ranges from days to years based on patient’s need, while coronary stents 

can be used for decades. Despite these different categorization methods, one identical feature of 

these blood-contacting medical devices is the exposure of blood to foreign surfaces, which 

induces thrombosis and further leads to the failure of medical devices. Among all blood-contacting 

medical devices, we focus on two medical devices based on their material composition: coronary 

stents with metallic surfaces, and extracorporeal life support (ECLS) with polymeric surfaces. Both 

metallic and polymeric surfaces may cause medical device-induced thrombosis during contact 

with blood.  
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1.1.1 Coronary stents 

Coronary stents are small mesh-like tubes of thin wires that help to keep a blood vessel 

open and prevent it from narrowing again. The first implantation of a stent into human coronary 

arteries was performed by Sigwart et al. in 1986.2,3 In 1993, the Gianturco-Roubin coil stent 

became the first Food and Drug Administration (FDA)-approved bare-metal stent for threatened 

or acute vessel closure in the United States.4 The following year, the first bare-metal balloon-

expandable stent developed by Palmaz and Schatz was approved by the FDA for elective use.3,5 

In 1999, the first drug (sirolimus)-eluting stent was implanted into a human coronary artery by 

Sousa in Brazil.5,6 Since then, stents technology has developed significantly and is widely used in 

clinical practice.  

Three main types of coronary stents are currently available: bare-metal stents, drug-

eluting stents, and textured stents.7 Traditional bare-metal stents are made from 316L stainless-

steel (316L SS), tantalum (Ta), titanium alloys such as nitinol, and others.7 316L SS is the most 

commonly used material for manufacturing stents, with excellent mechanical properties and 

corrosion resistance.8 However, 316L SS stents are not MRI compatible, have poorly fluoroscopic 

visibility, and release ions from the metal surface.7 Ta stents lack the drawbacks of 316L SS stents, 

but tent to recoil or break during placement process. Nitinol alloys have been widely used to 

manufacture self-expanding stents, due to their superelastic and shape memory properties.9 In 

addition, Nitinol stents exhibit equal corrosion resistance and biocompatibility to other metallic 

materials.9 Although bare-metal stents are able to effectively keep narrowed arteries open, in-

stent restenosis develops in approximately 30% of the patients who receives bare-metal stents 

implantation.10,11 Drug-eluting stents coated with polymers containing therapeutic agents such as 

sirolimus and paclitaxel greatly reduce the risk of in-stent restenosis compared to bare-metal 

stents.5,12–15 However, late-thrombosis which starts from 1 to 12 months after drug-eluting stent 

implantation has been observed in many clinical studies, increasing the risk of heart failure or 
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cardiogenic shock.16–20 In recent years, textured stents with micro- or nano-topography have 

become an alternative to bare-metal stents and drug-eluting stents.21 These textured surfaces are 

able to serve as drug reservoirs to sustain drug-release in the absence of polymer coatings.22 In 

addition, physically or chemically changed surface topography has been shown to enhance 

corrosion resistance and reendothelialization. However, surfaces with texture oxides still induce 

late-thrombosis.22 

By 2019, it was reported that over 1.8 million stents were implanted per year in the United 

State, including approximately 965,000 coronary stents.23 However, in-stent restenosis and late-

thrombosis remain important clinical problems. To address this, we explored a multifunctional  

nitric oxide (NO)-releasing polysaccharide-based textured titanium surface as a unique approach 

to improve the metallic surface of coronary stents. 

1.1.2 ECMO 

ECMO is extracorporeal circulation with mechanical devices that provides lung and/or 

heart support to patients with severe trauma injuries (Figure 1.1). It pumps blood from patient’s 

body into a membrane lung to remove carbon dioxide and oxygenate blood and delivers the 

oxygenated blood from the membrane lung back to the patient’s body. ECMO has four 

components: circulation tubing, catheters, membrane lung, and pump. Except the pump, all other 

components are polymeric surfaces and have direct contact with blood. 

 
Figure 1.1 Extracorporeal membrane oxygenation (ECMO). Photos courtesy of Dr. Phillip Mason, 
Col (USAF) with permission. 
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The concept of an artificial lung support was established in 1930s by Carrel and 

Lindbergh.24 In 1953, the first heart-lung machine was successfully used for an atrial septal defect 

repair by Gibbons who had been working on the development of this machine for approximately 

25 years.25 However, the first clinical use of ECMO for an adult patient with heart and lung failure 

did not occur until 1971.26 Five years later, Bartlett reported the first neonatal survivor of ECMO 

with lung damage.27 After these initial successes, ECMO made slow progress due to the low long-

term survival rate of adult patients on ECMO reported in 1979 and 1994, even with a 50-60% 

survival rate in neonate and pediatric populations.28–30 In the last decade, ECMO has regained 

interest with a better understanding of ventilator-associated lung injury and the improvement of 

pump and membrane lung technology.31 A landmark was the 75% survival rate of ECMO in 

critically ill patients with H1N1-associated respiratory failure in 2009.32 Since then, ECMO has 

been widely recognized and has grown rapidly in intensive care units for patients with acute 

respiratory disease syndrome. 

In recent years, ECMO has been increasingly used for combat casualty critical care by the 

U.S. military.31,33 The Department of Defense has established a programmatic focus to novel 

forms of ECMO at Role II, Role III, and other stages of ground and altitude evacuation.31,33–36 

However, there are challenges in the use of ECMO for military medical care, including 

complications related to the management of thrombosis and hemorrhage during prolonged field 

care.37–39 This major complication limits the early initiation and wider utilization of ECMO for 

trauma patients. To address this, we establish coating methods for circulation tubing, catheters, 

and membrane lung and evaluate the performance of copper-based metal-organic framework 

(MOF) coating. 
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1.2 Medical device-induced thrombosis 

Under physiological conditions, the endothelium layer lining on the interior wall of blood 

vessels inhibits protein adsorption and cell adhesion, and further prevents thrombus formation.40 

However, the surfaces of medical devices lack this endothelium layer and present as a foreign 

body to blood. The interaction between blood and the surfaces of medical devices ultimately 

results in thrombosis which commonly causes the failure of medical devices. Four major events 

lead to medical device-induced thrombosis as shown in Figure 1.2: (1) protein adsorption, (2) 

platelet adhesion, activation and aggregation, (3) blood coagulation, and (4) thrombus 

formation.41 

 
Figure 1.2 Schematic of blood clotting cascade. 

 
Blood mainly contains plasma, platelets, red blood cells, and white blood cells. Blood 

serum proteins are one of the major components in plasma, including 55% of albumins, 38%of 

globulins, 7% of fibrinogen, and approximately 300 other types of proteins.42,43 Within seconds to 

minutes of contact, blood proteins adsorb onto a material surface and form a 2-10 nm protein 

monolayer.41 After attachment, the adsorbed proteins undergo conformational change through 

structure rearrangement and adapt an orientation in which part of the protein interacts with the 

material surface and another is exposed to the blood.44 The ability of proteins to bind to cells is 

determined by the exposed part. It is believed that cells in blood recognize and respond to this 

adsorbed protein layer, rather than through direct contact with a foreign surface.45 

Among these adsorbed proteins, fibrinogen is a prominent component in blood clotting 

and binds only to inactivated platelets.46 Fibronectin, vitronectin, and von Willebrand factor are 
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also able to bind platelets, but are less important in mediation of platelet adhesion than 

fibrinogen.47 Albumin has been considered as non-adhesive to platelets for a long time. However, 

certain studies have suggested that platelets adhere to albumin through receptor-mediated 

processes with the full mechanism remaining unclear.48,49 The adsorbed proteins bind to platelets 

through integrin αIIbβ3 (known as glycoprotein IIb/IIIa and the most abundant integrin on the 

platelet surface) and other receptors, leading to platelet adhesion.50–52 Adhered platelets further 

spread or change shape, which is mediated by cytoskeletal reorganization.53 This platelet 

activation can be recognized through pseudopod extension. In addition, the release of granule 

contents is able to further activate and induce platelet aggregation.54 

Blood serum protein induced blood coagulation is also responsible for thrombus formation 

by converting fibrinogen into fibrin clots.55 Two pathways are involved in coagulation cascades: 

an extrinsic pathway which is triggered by vessel injuries and responsible for hemostatic control, 

and an intrinsic pathway which is triggered by the interaction between blood and a foreign 

surface.56,57 The initiation of the intrinsic pathway involves Factor XII, prekallikrein, high-molecular 

weight kininogen, and coagulation Factor XI.55 Factor XII is first converted to Factor XIIa which 

then activates Factor XI to Factor XIa.58 Factor XIa further converts Factor IX to Factor IXa which 

then convert Factor X to Factor Xa. Finally, Factor Xa activates thrombin which converts 

fibrinogen into fibrin clots.59 

The aggregated platelets are stabilized by fibrin clots and form a platelet-fibrin thrombus. 

Such thrombi may lead to the failure of medical devices without proper treatment. To prevent 

medical device-induced thrombosis, strategies involved in systemic antiplatelet agents and 

anticoagulants, and cutting-edge surface modification techniques will be discussed in the 

following sections. 
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1.3 Systemic antiplatelet agents and anticoagulants 

Systemic antiplatelet agents which inhibit platelet aggregation and anticoagulants which 

inhibit coagulation pathways are drugs that have been used to prevent thrombus formation or 

prolong clotting time in clinical procedures. The use of these drugs has both benefits and risks. 

The greatest risk is bleeding complications, especially in patients who have bleeding injuries or 

clotting disorders. Below are several examples of commonly used systemic antiplatelet agents 

and anticoagulants. 

Dual antiplatelet therapy (DAPT), the combination of aspirin and a P2Y12 inhibitor 

(clopidogrel, prasugrel, or ticagrelor), is commonly used for adult patients with bare-metal stent 

or drug-eluting stent implantation.60 Aspirin exerts antithrombotic effects through irreversible 

acetylation of a serine residue of cyclooxygenase (COX). The COX enzyme family catalyzes a 

series of reactions to generate thromboxane A2 (TXA2), which induces platelet aggregation.61,62 

Although the half-life of aspirin is 20 min, the duration of effect lasts through the approximate 10 

day life cycle of platelets, since platelets cannot generate new COX.61 P2Y12 inhibitors block the 

P2Y12 receptor, which is the primary receptor involved in adenosine diphosphate (ADP)-

stimulated activation of the αIIbβ3 receptor. Inactivation of the αIIbβ3 receptor results in diminished 

platelet degranulation and thromboxane production, leading to reduced platelet aggregation.63 

DAPT is able to inhibit platelets more effectively than single antiplatelet therapy, reducing the 

degree of thrombus formation.64 However, prolonged use of DAPT increases the risk of bleeding 

complications, which relates to the increased risk of both short- and long-term mortality.65,66 

Unfractionated heparin (UNFH) is currently the main anticoagulant used in ECMO. It 

exerts anticoagulant effects by binding to antithrombin, an endogenous anticoagulant produced 

by the liver.37 The UNFH + antithrombin complex is able to inactivate thrombin, activated Factor 

Xa, and coagulation factors.67 However, this complex cannot bind to thrombin already existing in 

fibrin clots, due to the less accessible binding sites on clot-bound thrombin, leading to the 
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ineffectiveness of UNFH on pre-existing clots.68 The use of UNFH also has the risk of bleeding 

complications. In clinical procedure, activated clotting time (ACT), thromboelastography, or 

activated partial thromboplastin time (aPTT) are monitored. Protamine is used as an antidote to 

reverse the effects of UNFH.37 Direct thrombin inhibitors (DTIs) such as bivalirudin and argatroban 

are a class of new anticoagulants that are being used in patients with allergic reactions to UNFH. 

They are able to specifically bind both circulating and clot-bound thrombin, not other plasma 

proteins. However, there is no antidote to reverse the effects of DTIs. In addition, DTIs can 

destabilize existing clots in the patients, increasing the risk of destroying normal hemostasis and 

inducing bleeding complications.37,69 Because the anticoagulation responses vary between 

patients, it is challenging to balance clotting and the effect of systemic anticoagulants. 

1.4 Surface modification 

Surface modification is another strategy to improve the performance of blood-contacting 

medical devices. Since the mechanism of thrombus formation has been well-studied over the past 

decades, different surface modification techniques have been investigated to prevent protein 

adsorption, inhibit platelet activity, and impede the blood coagulation cascade. Some of these 

surface modification techniques are already commercially available, while some remain under 

development. Surface modification can be classified into two groups: biopassive surfaces and 

biomimetic surfaces. Several common surface modification techniques used for blood-contacting 

medical devices are discussed below, including commercially available surfaces and novel 

surfaces that are currently being researched. 

1.1.3 Biopassive surfaces 

Trillium® Biosurface is a polymer coating used in extracorporeal circuits and catheters. 

This surface is hydrophilic and contains a polyethylene oxide layer with negatively charged 

sulfate/sulfonate groups and heparin.70 Polyethylene oxide serves as a priming layer that strongly 
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binds to the artificial surface of the device. The sulfate/sulfonate and heparin layer is the functional 

layer that strongly binds to the priming layer and is able to hold water and repel blood cells.71 The 

Trillium® Biosurface has been shown to significantly improve the biocompatibility of 

cardiopulmonary bypass circuits.72–74 However, the Trillium® Biosurface failed to show clinical 

benefits or clinically important biochemical results in certain clinical trials.75,76 

Phosphorylcholine (PPC) represents the predominant hydrophilic polar head group of 

zwitterionic phospholipids on the outside of plasma membranes of red blood cells and platelets.77 

It has been suggested that these polar head groups contribute to the interface between cell 

membrane and surrounding environment, maintaining the hemostatic balance.77 PPC coated 

coronary stents have shown excellent biocompatibility in an animal study and favorable effects 

on blood platelets in a human clinical trial.78,79 In addition, phosphorylcholine has been crosslinked 

with polymers to enhance its antithrombotic properties or act as a multifunctional copolymer.80–82 

However, in certain studies, PPC coatings did not show advantages compared to artificial 

surfaces with or without other coatings.83,84 

Poly-2-methoxyethylacrylate (PMEA) coatings have been evaluated in cardiopulmonary 

bypass. PMEA is an amphiphilic polymer with a hydrophobic polyethylene backbone and mild 

residues with hydrophilic functional groups.85 PMEA coatings have been shown to have similar 

performance as commercially available heparin coatings.85,86 In contrast, unlike heparin coatings, 

some studies suggest that PMEA coatings may lead to post-procedural leukopenia and systemic 

inflammatory response syndrome in the pediatric population.87 

1.1.4 Biomimetic surfaces 

Heparin, a polysaccharide with a repeating disaccharide unit, belongs to the 

glycosaminoglycan (GAG) family.88 Heparin is chemically and structurally similar to heparan 

sulfate, a proteoglycan that has an anticoagulative function in the vascular endothelium.89 In 1963, 
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Gott et al. bound the anticoagulant drug heparin to a colloidal graphite coating and first discovered 

the thromboresistant properties of a heparin-coated surface.90 Since then, heparin-bound 

surfaces have been widely studied and used on blood-contacting medical devices. Two types of 

heparin binding techniques are currently available: ionic binding and covalent binding.91 Ionic 

binding through the ionic interaction between negatively charged heparin which localized to 

sulfate and carboxyl groups and positively charged quaternary ammonium ions on a device 

surface. However, this technique has a risk of heparin leaching and further damage the 

membrane lung fibers.92 Covalent binding reduces the risk of heparin leaching and is able to 

permanently immobilize heparin onto the device surface. However, immobilized heparin has a 

relatively low binding affinity for antithrombin compared to free heparin, leading to insufficient 

antithrombotic activity. With this disadvantage, the heparin-bound surface cannot prevent blood 

clotting alone and supplemental systemic anticoagulants are needed during the ECMO 

procedure.93,94 Therefore, treatment with covalently heparinized surfaces may result in the same 

complications associated with UNFH. 

1.5 Nitric oxide 

Nitric oxide (NO) was first identified as a simple gas molecule with one nitrogen atom and 

one oxygen atom by Joseph Priestly in 1772.95 Since this first discovery, NO was primarily 

recognized as an atmospheric pollutant until the late 1970s,96,97 the dawn of understanding NO 

from a pharmacological perspective.98 Furchgott and Zawadzki first discovered blood vessel 

relaxation requires the presence of endothelial cells when studying the effects of acetylcholine on 

vasodilation.98 In 1982, Furchgott et al. demonstrated the link between an unknown endothelium-

derived relaxing factor (EDRF) and relaxation of arteries.99 These results drew broad interest in 

identification of this unknown EDRF. In 1987, Ignarro et al. published two articles that 

demonstrated the chemical and biological properties of EDRF are equivalent to radical NO.100,101 
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During the same period, Murad et al. noticed that several nitrogen-containing chemicals were able 

to increase guanylate cyclase activity, and in 1977 they hypothesized that the mechanism might 

be due to the formation of NO.102 In the same year, Murad et al. validated that it was NO alone or 

NO produced from nitro compounds activated by guanylate cyclase.103 In 1998, Furchgott, Ignarro, 

and Murad shared The Nobel Prize in Physiology or Medicine for their identification of NO as a 

signaling molecule in the cardiovascular system.104 Following these milestones, the study of NO 

biochemistry and the use of NO as a therapeutic agent have greatly expanded. 

NO is a signaling molecule involved in many physiological processes, such as inhibition 

of platelet activation and aggregation, defense against bacteria, promotion of the wound healing 

process, and others. NO is synthesized through a series of enzymatic reactions promoted by a 

family of NO synthases (NOS) that convert the amino acid L-arginine to L-citrulline.105 Three NOS 

are present in mammals: calcium-dependent endothelial NOS (eNOS) and neuronal NOS (nNOS), 

and calcium-independent inducible NOS (iNOS). The half-life of NO is between milliseconds to 

seconds depending on oxygen (O2) concentration and distance from the blood vessel wall.106 This 

short half-life is largely due to the interaction between NO and hemoglobin. Hemoglobin is a 

tetrameric protein with four iron-containing globular protein subunits.107 In mammals, hemoglobin 

can bind up to four O2 to form oxyhemoglobin, in which the heme group iron is ferrous (Fe2+). 

When ferrous iron is oxidized to the ferric state (Fe3+), hemoglobin cannot carry O2, forming 

methemoglobin. However, NO is able to bind to ferrous iron heme to form nitrate and 

methemoglobin, as well as bind to ferric ions with a lower affinity.108,109 Though such an interaction, 

hemoglobin can deplete NO and further mediate NO signaling pathway. In addition, NO can be 

consumed through the indirect interaction with other radicals such as superoxide O2-, which 

widely occurs in nature, to form reactive nitrogen species such as nitrate (NO3-), nitrite (NO2-), 

peroxynitrite (ONOO), dinitrogen trioxide (N2O3) and dinitrogen tetroxide (N2O4).110,111 The very 

short half-life makes NO a promising therapeutic agent that can locally target its effects. Some 
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examples include the addition of NO gas into ECMO circuits and fabrication of NO-releasing 

materials.112,113 

Nitric oxide is well-known for its ability to inhibit platelet activity. The vascular endothelium 

cell can generate NO through calcium-dependent eNOS to protect blood vessels from platelet 

adhesion and aggregation.114 NO performs its antiplatelet properties through the increased 

amount of intracellular cyclic guanosine monophosphate (cGMP) which can inhibit calcium 

mobilization.115–117 Intracellular calcium has been shown to regulate platelet inhibition and further 

delay thrombus growth.118,119 NO is also able to inhibit thromboxane A2, a type of thromboxane 

secreted by activated platelets to stimulate new platelet activation and aggregation.120 The 

inhibition of thromboxane A2 is believed to occur through the phosphorylation of the thromboxane 

A2 receptor by cGMP-dependent protein kinase.121 In addition, both eNOS and iNOS isoforms are 

present in platelets, leading to the production of platelet-derived NO production.122 Several studies 

have proposed that platelet-derived NO suppressed platelet activation less depends on 

intracellular Ca2+ than endothelium-derived NO.123–125 Several stimuli are able to active eNOS in 

platelets through glycoprotein VI (GPVI), β2-adrenoceptors (β2AR), protein kinase B (Akt) or 

others without affected by intracellular Ca2+, resulting in the conversion from L-arginine to L-

citrulline and NO.125 The NO-induced increased concentration of cGMP is also able to inhibit 

fibrinogen binding to the αIIbβ3 receptor on the surfaces of platelet membranes through the 

decreased calcium ion concentration, which further inhibits platelet adhesion, activation and 

aggregation.126 However, recent studies have shown that NO-releasing surfaces increase 

fibrinogen adsorption in a manner that prevents platelet adhesion and activation.127,128 The 

mechanism is still unclear. 
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1.6 Dissertation overview 

This dissertation focuses on the fabrication of various NO-generating coatings for different 

medical applications and their performance on protein, platelet, whole blood, and bacteria. 

Multifunctional surfaces have become a new approach in the design of biomimetic 

surfaces for medical devices that prevent blood clotting. The endothelial glycocalyx presents a 

brush-like carbohydrate-rich lining on the surface of vascular endothelial cells.129  Inspired by the 

glycocalyx, a NO-releasing polyelectrolyte multilayer coating on a titanium nanotube array surface 

is explored and evaluated using platelet-rich plasma and human whole blood in Chapter 3. 

Protein adsorption marks the beginning of thrombus formation on blood-contacting 

medical devices. NO is well-known for its antiplatelet functions and its ability to prevent thrombus 

formation. However, it was observed that NO-releasing surfaces decrease clot formation despite 

the presence of a thin fibrin layer.130 More interestingly, Lantvit et al. confirmed that a significant 

degree of fibrinogen adsorption occurs on NO-releasing surfaces.127 There is a lack of information 

regarding how this fibrinogen would affect platelet activity. In Chapter 4, the effects of NO-

exposed fibrinogen on platelets adhesion and activation are explored. 

Thrombosis is a major complication that impede the performance of ECMO. Traditional 

heparinization is utilized to prevent thrombus formation in the ECMO circuit, however this 

treatment increases the risk of bleeding. Copper-based additives promote NO production from 

endogenous biomolecules present in blood, such as S-nitrosoglutathione (GSNO). Free copper-

based additives have shown to inhibit collagen-stimulated platelet aggregation and reduce 

thrombus formation in human donor blood.131 To date, the ability of copper-based additives to 

improve NO production has not been exploited in the design of ECMO systems that contain it as 

a coating. In Chapter 5, various coating methods are designed to coat a copper-based additive 

onto the surface of ECLS components with the aim to promote NO production from NO donors in 

the blood.  
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CHAPTER 2  

HYPOTHESIS AND RESEARCH AIMS 
 
 
 

Fundamental Hypothesis: Nitric oxide (NO)-releasing or generating surfaces exhibit antiplatelet 

properties, improving the performance of medical devices. 

 

Hypothesis 1: A NO releasing polyelectrolyte multilayer (PEM) coating deposited on titanium 

nanotube array (TiO2NT) surfaces inhibits platelet adhesion and activation, as well as blood clot 

formation. 

Aim 1: Develop a NO releasing PEM coating on TiO2NT surfaces, evaluate its antiplatelet 

performance, and investigate its effects on real-time blood clot formation. This work is discussed 

in Chapter 3. 

• Develop the NO-releasing PEM coating on TiO2NT surfaces. 

• Perform platelet adhesion and platelet activation studies using platelet-rich plasma. 

• Perform ex vivo thromboelastographic studies using human whole blood. 

 

Hypothesis 2: NO-releasing polymer films mediate fibrinogen adsorption to further prevent platelet 

adhesion and activation. 

Aim 2: Investigate the effects of the NO-releasing surface on fibrinogen adsorption and 

subsequent platelet adhesion and activation. This work is discussed in Chapter 4. 

• Prepare NO releasing polymer films. 

• Perform fibrinogen adsorption studies on NO releasing polymer films. 

• Perform platelet adhesion and activation studies on adsorbed NO-mediated fibrinogen 

surface in the absence of NO. 
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Hypothesis 3: A copper-based metal-organic framework (MOF) coating promotes NO production 

from the surface of extracorporeal life support (ECLS) components and inhibits bacterial 

attachment under both static and dynamic flow conditions. 

Aim 3: Coat copper-based MOF onto ECLS circulation tubing, catheters, and membrane lung 

fibers using different coating techniques and evaluate the ability of MOF coating to inhibit bacterial 

attachment under static and dynamic flow conditions. This work is discussed in Chapter 5. 

• Coating ECLS circulation tubing, catheter, and membrane lung fibers. 

• Characterize copper-based MOF coating. 

• Perform bacterial attachment study under static and dynamic flow conditions. 
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CHAPTER 3  

FABRICATION AND EX VIVO EVALUATION OF GLYCOCALYX-INSPIRED NITRIC OXIDE-

RELEASING POLYELECTROLYTE MULTILAYER COATING ON TITANIA SURFACE1 

 

 

3.1 Introduction 

Since the first attempt of using “Lane plates” for bone fracture repair in 1895, metal 

implants have become increasingly popular because of their specific advantages, such as 

excellent corrosion resistance, ease of sterilization, and others.1–4 Currently, metal implants have 

been used in a variety of blood-contacting applications, for example, biosensors, vascular stents, 

and pacemakers. However, coagulation at the interface between human whole blood and the 

surface of metal implants is still an unsolved limitation that impedes their performance.5 The 

coagulation cascade starts when human whole blood interacts with implant surfaces, resulting in 

the deposition of blood serum proteins such as fibrinogen. The adsorbed proteins on the material 

surface are then converted into a fibrin clot in the presence of thrombin. The fibrin clots further 

induce platelet adhesion, activation and aggregation, and finally lead to thrombus formation.6 

Without proper anticoagulant intervention, continuous blood clot formation places patients at high 

risk of medical device-induced thrombosis and leads to an additional surgery to replace the 

implanted medical devices.7 

 
1 Part of the following work (except Thromboelastographic studies) was adapted with permission from 
Simon-Walker R, Romero R, Staver JM, Zang Y, Reynolds MM, Popat, KC, Kipper MJ. Glycocalyx-Inspired 
Nitric Oxide-Releasing Surfaces Reduce Platelet Adhesion and Activation on Titanium. ACS Biomater Sci 
Eng. 2017;3(1):68-77. Copyright 2017 American Chemistry Society. This work was supported in part by the 
Office of the Vice President for Research at Colorado State University and by the National Science 
Foundation (award number 1511830). Surface characterization and endotoxin assay were performed by 
Raimundo Romero. Nitric oxide detection was performed by Joseph Staver. PF-4 study was performed by 
Rachael Simon-Walker. All other experimentation was performed by Joseph Staver and Yanyi Zang. 
   The other part the following work (Thromboelastorgraphic studies) has been developed partially and will 
be submitted with authors Dr. Christine Olver, Dr. Ketul C. Popat, Dr. Matt J. Kipper, and Dr. Melissa M. 
Reynolds. All experimentation was performed by Yanyi Zang.  
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Strategies for improving blood−material interactions include the development of “bioinert” 

surfaces that have reduced interactions with blood proteins, and “bioactive” surfaces activated 

with specific anticoagulant or antiplatelet functions.8 Over 35 years ago, Olsson and co-workers 

began investigating the interactions of blood components with heparinized surfaces. While 

heparinized surfaces could reduce platelet adhesion,9,10 reduced platelet adhesion alone was not 

sufficient to eliminate thrombus formation; the morphology of the heparinized surface at the 

nanoscale also plays a strong role in reducing thrombosis.11 Surface-bound heparin can also 

potentiate the activity of antithrombin III.9,10,12,13 This has led to the extensive use of adsorbed 

glycosaminoglycans, particularly heparin, to improve the hemocompatibility of surfaces, including 

dialysis membranes, venous implants, arterio-artery shunts, microfluidic channels, vascular grafts, 

and arterial stents.9–24 Chitosan is a polycationic polysaccharide that can also improve blood-

compatibility. Chitosan can promote wound healing, reduce platelet adhesion, and encourage 

endothelialization of surfaces.21,25–27 

Despite these advances, to date all blood-contacting materials used in biomedical devices 

induce thrombosis and inflammation.28,29 Approaches to development of new blood-compatible 

surfaces are largely “one-dimensional” in the sense that they often focus on a single surface 

feature to address one blood-material interaction, such as a chemistry that reduces protein 

adsorption or a signal that reduces cell adhesion. After reviewing the development of blood-

compatible surfaces over the past three decades, Brash et al. concluded that new approaches 

should focus on multifunctional surfaces containing key features of the blood vessel wall.8 

In contrast to current biomaterials, the luminal surface of healthy blood vessels is a 

dynamic multifunctional surface that prevents inflammation and coagulation, while in continuous 

contact with flowing whole blood. Endothelial cells lining blood vessels actively maintain the 

presentation of a glycosaminoglycan-rich brush-like layer called the glycocalyx and can change 

the glycocalyx structure and composition in response to physiological cues.30 The hierarchical 
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organization of the glycocalyx at the nanoscale and microscale is an important determinant of its 

multiple biological functions.31–33 The glycosaminoglycans (GAGs) in the glycocalyx such as 

heparin and heparan sulfate are polysaccharides that modulate enzymes in the coagulation 

cascade, have antimicrobial activity, and interact with circulating blood cells and proteins. The 

glycocalyx also regulates the production and transport of nitric oxide (NO), a small signaling 

molecule produced by endothelial cells.34 NO also has antiplatelet and antimicrobial activity.35,36 

These multiple, synergistic, biological functions of the blood vessel wall prevent thrombosis and 

inflammation by (i) governing protein adsorption, (ii) presenting biochemical signals that prevent 

adhesion and activation of platelets to reduce coagulation, and (iii) regulating cell−cell interactions 

that prevent leukocyte activation that leads to inflammation. Since synthetic polymers and metals 

do not have these dynamic features and functions, they cannot obviate the undesirable 

blood−material interactions of thrombosis and inflammation. 

This work proposes a new approach to developing blood-contacting surfaces with three 

important features inspired by features of the endothelial glycocalyx. First, nanoscale and 

microscale topography are introduced on titanium by anodization to produce titania nanotubes. 

Surface nanotopographical features on titanium have been shown to reduce platelet adhesion 

and activation and platelet−leukocyte interactions.37–40 Second, these nanotubes are conformally 

coated with heparin and chitosan-thioglycolic acid polyelectrolyte multilayers (PEMs), providing a 

GAG-functionalized surface. The Kipper lab has previously demonstrated similar coatings on 

polymers, bone, metals, glass, and nanostructured materials, to provide controlled modulation of 

cell surface interactions and antimicrobial activity.41–49 Third, the surfaces are nitrosated to provide 

a physiologically relevant and sustained release of NO. The Reynolds lab has developed NO-

donor functionalization of polysaccharides. In particular, thiolated chitosan derivatives from the 

Reynolds lab are converted to an S-nitrosothiol, which provides extended release of NO under 

physiological conditions.50 We hypothesize that by combining nanostructured surfaces, 
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polysaccharide-based PEMs, and NO-donor chemistry to introduce multiple functions on a 

biomaterial surface, platelet adhesion and activation can be substantially reduced. In the present 

work, we demonstrate that the combination of these topographical and biochemical surface 

features, inspired by the endothelial glycocalyx, can improve the blood compatibility of titanium 

surfaces by reducing platelet adhesion and activation. 

In addition, we report the first real-time clot formation evaluation on NO-releasing PEM 

coating on a titania nanotube array surface using human whole blood. In this work, 

thromboelastography (TEG) was performed, since TEG has been widely used in various 

applications, ranging from coagulation management in clinical testing to the evaluation of newly 

designed biomaterials.51–53 Several clinically-relevant clot formation parameters were measured: 

reaction time (R), the amount of time required for the first detection of a 2 mm amplitude clot in 

blood; initial clot formation time (K), the amount of time required for R to progress to a 20 mm 

amplitude clot; amplification rate (a-angle), the speed of fibrin formation and cross-linking; and 

clot strength (MA), the maximum amplitude detected and related to clot stability. For all modified 

surfaces, 2 mm amplitude blood clot formation was never detected on TiO2NT+PEM surfaces 

after either 15 min or 60 min incubation time. Blood clotting was delayed on TiO2NT+PEM+NO 

surfaces after both 15 min and 60 min incubation time. However, this material still induced the 

formation of clots. Based on these results, we have been able to evaluate our coating for further 

development. 

3.2 Material and methods 

3.2.1 Materials 

All chemicals and solvents were purchased from commercial vendors and used without 

further purification unless otherwise noted. Ti sheets (CP grade 1, 0.025 inch thickness) was 

purchased from Titanium Joe (Kingston, Ontario, Canada). Platinum foil was purchased from 
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Surepure Chemetals (Florham Park, NJ, USA). Low molecular weight chitosan (96.1% 

deacetylated, 50−190 kDa), thioglycolic acid (TGA; ≥ 98%), tris(2-carboxyethyl)phosphine (≥98%), 

glutaraldehyde (Grade II, 25 % in H2O), sucrose, and hexamethyldisilazane (HDMS; reagent 

grade, 99%) were obtained from Sigma-Aldrich (St. Louis, MO USA). N-(3-

(Dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDAC; 99.23%) was purchased 

from Chem-Impex International (Wood Lawn, IL, USA). Heparin sodium was purchased from 

Celsus Laboratories, Inc. (from porcine intestinal mucosa, 14.4 kDa, 12.5% sulfur; Cincinnati, OH, 

USA). Sodium cacodylate was purchased from Polysicences (Warrington, PA, USA). Acetic acid 

(≥99%) was purchased from ACROS organics (Geel, Belgium). CorningÔ 0.22 µm PES vacuum 

filter/storage systems were purchased from Corning (Corning, NT, USA). Diethylene glycol (DEG; 

99%), methanol, ethanol, and 50 mL conical tubes were purchased from Fisher Scientific 

(Hampton, NH, USA). Nitric acid (100%) and diethyl ether was purchased from EMD Millipore 

(Burlington, MA, USA). tert-Butyl nitrite was purchased from Sigma-Aldrich (90%; St. Louis, MO, 

USA). Hydrofluoric acid (HF; 48-51%) and Spectrapor 7 8000 MWCO dialysis tubing were 

obtained from VWR International (Radnor, PA USA). Deionized water (18.2 MΩ·cm) (H2O) was 

prepared using a Millipore Direct-Q5 ultrapure water purification system purchased from EMD 

Millipore (Burlington, MA, USA). 

3.2.2 Fabrication of titania nanotube arrays 

Titania nanotube arrays (TiO2NT) were fabricated similar to the diethylene glycol (DEG)-

based electrochemical anodization process outlined elsewhere.40,54 The titanium substrates 

served as the anode, and the platinum foil served as the cathode. All experiments were carried 

out at room temperature. Commercially pure titanium sheets were cut into 2 cm × 2 cm square 

substrates and used as the anode. Titanium substrates were cleaned with acetone, Micro 90, and 

isopropyl alcohol. Platinum foil was cleaned by isopropyl alcohol and nitric acid and used as the 
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cathode. The DEG-based electrolyte was composed of 95 v/v% DEG with 2 v/v% HF and 3 v/v% 

DI water. Anodization was performed at 55 V for 22 h to form nanotubes on titanium substrates. 

After anodization, the TiO2NT were rinsed with DI water, isopropyl alcohol, and DI water, and 

dried with nitrogen gas. The TiO2NT were annealed in an oven at 530 °C at a ramp rate of 15 °C 

per min for 5 h to induce crystallization. The anodization conditions used here result in titania 

nanotubes, containing both rutile and anatase phases, approximately 3.7 μm long and 120 nm in 

diameter, completely covering the surface of the titanium.40,54 The TiO2NT samples were cut into 

0.5 cm × 0.5 cm squares and separated into 24-well trays. They were then washed using an 

Alconox solution and rinsed in DI water before use. 

3.2.3 Synthesis of chitosan thioglycolic acid (Chitosan-TGA) 

Chitosan thioglycolic acid (TGA) was synthesized using the following method. Chitosan 

(1.000 g) was suspended in 100 mL of DI water and 1.00 mL of glacial acetic acid in a 250 mL 

round-bottomed flask (RBF) at room temperature. The suspension was stirred until it became 

visually clear. TGA (1.508 mL) was added to the suspension and stirred for 5 min. EDAC (3.800 

g) was then added to the suspension. The RBF was covered with aluminum foil to protect from 

light exposure and stirred overnight. The solution was then transferred to dialysis tubing and 

dialyzed against 5 L of DI water at pH 4−5 for 24 h. The water was changed 4 times over the 24-

h dialysis. The solution was then transferred to a 250 mL RBF, and 100 mg tris(2-

carboxyethyl)phosphine was added. The solution was covered with aluminum foil and stirred for 

1 h. The solution was then transferred to dialysis tubing and dialyzed in 5 L of DI water at pH 4−5 

for 7 days, with daily water changes. For the first 2 days, the dialysis water had 1% m/v NaCl 

added. After dialysis, the chitosan-TGA was lyophilized using a FreeZone Plus 2.5 L Cascade 

Console Freeze-Dry System (Labconco; Kansas City, MO) with a collector temperature of −89 °C 

at 0.01 mbar. 
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3.2.4 Polyelectrolyte multilayer (PEM) preparation 

A 0.01 M (on a saccharide unit basis) chitosan-TGA solution was made by dissolving the 

chitosan-TGA in 0.2 M acetate buffer, with pH adjusted to 5 using glacial acetic acid. A 0.01 M 

solution of heparin (on a saccharide unit basis) was prepared using the same acetate buffer 

solution, with pH 5. Both polymer solutions were filtered using Thermo Scientific (Waltham, MA 

USA) 0.2 μm Nalgene Rapid Flow filters. An acidified rinse was prepared with DI water, using 

glacial acetic acid to adjust pH to 4. The samples were coated using a layer-by-layer process, 

using the following order: acidified rinse, chitosan-TGA, acidified rinse, and heparin. For each 

step, 500 μL of solution was added to each well, and the 24-well tray was placed onto a shaker 

for 5 min. The solution was then aspirated off, and the next solution was added, for a total of 10 

bilayers, followed by a final acidified water rinse. Ten PEM bilayers are sufficient to completely 

coat the nanotubes and provide a physiologically relevant dose of the NO-donor group, while still 

preserving the nanotube structure and high surface area. Samples were then dried using a 5-step 

ethanol series (50%, 70%, 90%, 100%, and 100%) for 5 min intervals. The samples were then 

dried in a chemical fume hood and stored wrapped in foil in a vacuum desiccator before nitrosation 

step. 

3.2.5 Nitrosation 

Each sample was soaked in 300 µL of tert-butyl nitrite overnight on a shaker. The next 

day, samples were rinsed with 300 µL of methanol followed by 300 µL of diethyl ether before 

being dried under vacuum for 30 min. Nitrosated samples were then covered with aluminum foil 

and used within 1 h. 

3.2.6 Surface characterization by SEM and XPS 

The structure of titania nanotubes before and after PEM modification and after nitrosation 

was evaluated by scanning electron microscopy (SEM), using a JEOL JSM-6500F (Tokyo, Japan). 
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Samples were coated with 10 nm of gold for imaging. Using separate samples from those used 

for SEM, surface chemistry was evaluated by X-ray photoelectron spectroscopy (XPS) using a 

Phi Electronics 5800 Spectrometer (Chanhassen, MN). Spectra were obtained with a 

monochromatic Al Kα X-ray source (ην = 1486.6 eV), a hemispherical analyzer, and multichannel 

detector. High-resolution spectra were obtained using 23.5 eV analyzer pass energy with 0.1 eV 

steps and an X-ray spot of 800 μm. All spectra were obtained with a photoelectron takeoff angle 

of 45°. A low-energy electron gun was used for charge neutralization. Spectra curve fitting was 

done using Phi Electronics Multipak version 9.3 (Chanhassen, MN). All spectra were shifted 

according to the aliphatic carbon peak at 284.8 eV. Curve fitting of all spectra used a Shirley 

background. Gaussian−Lorentzian peaks in the Ti 2p, C 1s, and N 1s envelopes were fit according 

to expected functional groups. 

3.2.7 Endotoxin assay 

Endotoxin presence on TiO2 nanotubes coated with 10 bilayers of chitosan-TGA and 

heparin was evaluated using a limulus amebocyte lysate (LAL) chromogenic assay (Thermo 

Scientific Waltham, MA). This assay detects Gram-negative bacterial endotoxins. Three TiO2 

nanotube samples coated with 10 bilayers of chitosan-TGA and heparin were immersed in 1 mL 

of endotoxin-free water for 2 h at room temperature to determine extractable endotoxins. The 

endotoxin concentration in the supernatant was then assayed in duplicate according the 

manufacturer’s instructions, which has a sensitivity lower limit of 0.1 EU/mL. 

3.2.8 Nitric oxide detection 

NO release from nitrosated chitosan-TGA powder and from nitrosated PEMs on titania 

nanotubes was measured as previously described.50 NO release was recorded in real-time using 

Sievers nitric oxide analyzers (NOA 280i, GE Analytical, Boulder, CO, USA). Calibration was 

performed with nitrogen (zero gas) and 46.3 ppm of NO/nitrogen. NO release was assayed under 
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simulated physiological conditions. S-Nitrosated chitosan-TGA (2−3 mg) or 2 cm × 2 cm PEM-

coated titania nanotube samples were suspended in 10 mM PBS (pH 7.4) at 37 °C. NO release 

experiments were replicated 3 times on both S-nitrosated chitosan-TGA and PEM-coated titania 

nanotube samples. 

3.2.9 Human whole blood collection and platelet-rich plasma preparation 

Whole human blood was drawn via venous phlebotomy, by a trained phlebotomist, from 

healthy donors who had refrained from taking thromboxane inhibitors (aspirin, ibuprofen, and 

naproxen) for at least 2 weeks. The protocol for blood isolation from healthy individuals was 

approved by Colorado State University Institutional Review Board. 

For cytotoxicity, platelet adhesion, and platelet activation studies, blood was collected into 

10 mL BD vacutainersÒ EDTA tubes (K2EDTA 18 mg). Plasma containing platelets and 

leukocytes were isolated by centrifugation at 100g for 15 min to remove red blood cells; the 

plasma and the buffy coat containing the platelets and leukocytes were removed and allowed to 

rest for 10 min prior to use. Plasma and cells were pooled into a sterilized 50 mL conical tube. 

For all cell adhesion, cytotoxicity, and platelet factor-4 assays described below, samples were 

placed into a 24-well plate and incubated with 500 μL of pooled plasma and cells on a horizontal 

shaker plate (100 rpm) for 2 h at 37 °C and 5% CO2. 

For TEG studies, blood was collected into 4.5 mL citrated BD vacutainersÒ venous blood 

collection tubes (12.35 mg sodium citrate, 2.21 mg citric acid). After blood collection, human whole 

blood in each tube was transferred into a 50 mL conical tube and allowed to rest for 20 min prior 

to use. All blood was used within 4 h of collection time. 

3.2.10 Cytotoxicity 

Cytotoxicity was determined using a commercially available lactate dehydrogenase (LDH) 

assay kit (Cayman Chemical, Ann Arbor, MI), on six or more samples for each condition, prepared 



 41 

separately from the samples used for SEM, XPS, and NO release assays. This assay measures 

the relative concentration of LDH, which is released upon cell lysis. This is a relevant measure of 

cytotoxicity in this context because platelet lysis is associated with platelet activation during blood 

clot formation. After 2 h of incubation in plasma containing cells, the samples were further shaken 

on a horizontal shaker plate (100 rpm) for 5 min at room temperature, to resuspend settled 

components. Sample-exposed plasma (100 μL) and manufacturer-supplied standards were 

transferred to a 96-well plate. A reaction solution consisting of 96% v/v assay buffer, 1% v/v NAD+, 

1% v/v lactic acid, 1% v/v INT, and 1% v/v LDH diaphorase was added in equal amounts (1:1) to 

all the standards and sample-exposed plasma. This was followed by gentle shaking on a 

horizontal shaker (100 rpm) for 30 min at room temperature, to achieve mixing. Experimental 

sample surfaces were compared to pooled plasma containing cells treated with 2% Triton X in DI 

water (to achieve maximal lysing and release of LDH), to plasma containing cells on tissue culture 

polystyrene (a nontoxic control surface), and to HEPES buffer with no cells (to provide 

absorbance readings on a solution containing no cells, representing no cell lysis). The absorbance 

was immediately measured at a wavelength of 490 nm using a plate reader. 

3.2.11 Platelet adhesion 

Platelet adhesion was investigated using fluorescence microscopy. At least five separate 

samples of each type were prepared for fluorescence microscopy, and at least two samples of 

each type were used for SEM imaging to qualitatively assess platelet adhesion and activation. 

After 2 h of incubation in plasma containing cells, the surfaces were stained with calcein-AM 

(Thermo-Scientific). CalceinAM is an acetoxymethyl ester fluorescein derivative that stains the 

cytoplasm of live cells. Only live cells are able to convert calcein-AM to the fluorescent calcein. 

The unadhered cells were gently aspirated, and the surfaces were rinsed twice with phosphate-

buffered saline (Hyclone, 0.0067 M PO4, without Ca and Mg, PBS). One milliliter of a 5 μM solution 
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of calcien-AM in PBS was added to the substrates. The samples were allowed to incubate for 20 

min at room temperature in the stain solution. After 20 min, the stain solution was gently aspirated, 

and the substrates were rinsed twice with PBS. The surfaces were immediately imaged using a 

Zeiss Axiovision fluorescent microscope using a 493/514 nm filter. Two nonoverlapping images 

were taken on each of 5 replicate surfaces for each experimental condition. All 10 images 

representing each condition were processed using ImageJ software to quantify the percentage of 

the surface covered with cells. 

3.2.12 Platelet activation 

Platelet activation was qualitatively evaluated using scanning electron microscopy (SEM; 

JEOL JSM-6500F), and quantitatively evaluated by an ELISA for platelet factor-4. For SEM 

imaging, after 2 h of incubation in plasma, substrates were fixed with a primary fixative [6% 

glutaraldehyde, 0.1 M sodium cacodylate, and 0.1 M sucrose] for 45 min at room temperature. 

The substrates were then transferred to a secondary fixative (primary fixative without 

glutaraldehyde) for 10 min. This was followed by exposing the substrates to consecutive solutions 

of ethanol (35%, 50%, 70%, and 100%) for 10 min each followed by a final incubation in HMDS 

for 10 min at room temperature. The substrates were then air-dried and stored in a desiccator 

until imaging by SEM. Surfaces were coated with a 10 nm layer of gold and imaged at 15 kV. 

Fully activated platelets express platelet factor-4 (PF-4). PF-4 expression was quantified 

using a commercially available enzyme linked immunosorbent assay kit (ELISA, RayBio), 

according to the manufacturer’s recommended protocol. Substrate-exposed plasma was diluted 

1:200 in the provided assay diluent and then transferred along with the provided PF-4 standards 

to an antibody-coated microassay well plate. The assay plate was incubated for 2.5 h at room 

temperature. The wells were subsequently washed (4×) with wash buffer and incubated with 

biotinylated antibody for 1 h on a horizontal shaker plate (100 rpm) at room temperature. The 
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wells were then washed (4×) to remove unbound biotinylated antibody. This was followed by 

incubating the wells with a diluted horseradish peroxidase (HRP)-streptavidin solution for 45 min 

on a horizontal shaker plate (100 rpm) at room temperature. Wells were then washed (4×) with 

the wash buffer. 3,3′,5,5′-Tetramethylbenzene (TMB) solution was immediately added to each 

well and incubated for 30 min on a horizontal shaker plate (100 rpm) at room temperature with no 

exposure to light. The reaction was stopped with a stop solution, and the optical density was 

measured at 450 nm to determine the amount of PF-4 released by platelets on each of the 

substrates. 

3.2.13 Thromboelastography (TEG) 

Citrated human whole blood without any added sample was gently shaken and tested at 

1 h intervals until the blood became hypercoagulative or 5 h had elapsed since collection to ensure 

the blood duration of use (n = 2  50 mL tubes of blood). 1 mL of citrated human whole blood was 

incubated with modified samples in microcentrifuge tubes for 15 min and 60 min at room 

temperature with gentle shaking, and unmodified Ti samples were used as controls (n ³ 5 

samples). After incubation, 340 µL of citrated human whole blood was transferred into TEG  

disposable cups with 20 µL of CaCl2. TEG was then performed without activating reagents at 37 

°C until clot maximum amplitude (MA) was detected or until 60 min after TEG was started. 

Reaction time (R), initial clot formation time (K), amplification rate (a-angle), and clot strength (MA) 

were recorded.  

3.2.14 Statistical analysis 

Separate two-tailed, one-way ANOVAs were used to compare treatment means on 

cytotoxicity, platelet adhesion, and TEG data with a post-hoc Tukey’s multiple comparisons test. 

For cytotoxicity, six samples of each type were evaluated. Data are reported as the mean ± 

standard deviation. For blood cell adhesion studies, two nonoverlapping areas on each of five 
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samples of each type were evaluated. Images from the median sample of each type are reported. 

Data are reported as the mean ± standard deviation. Three samples from each treatment group 

were imaged by SEM to characterize platelet adhesion, and representative SEM images are 

presented. 

3.3 Results and discussion 

3.3.1 Surface characterization by SEM and XPS 

Figure 3.1 shows scanning electron micrographs of TiO2 nanotubes (left), PEM-modified 

nanotubes (center), and nitrosated PEM-modified nanotubes (right) at two different magnifications. 

Hereafter, these are identified as TiO2NT, TiO2NT+PEM, and TiO2NT+PEM+NO, respectively. 

The 10-bilayer PEM modification conformally coats the nanotubes and blocks the individual 

nanotube pores. However, the nanotubes remain distinct, with space between the nanotubes 

remaining. Subsequent nitrosation does not physically alter the PEM structure at a length scale 

observable by SEM. Complete coverage of the nanotubes is further confirmed by XPS. Figure 

3.2 shows representative high-resolution spectra of the Ti 2p and O 1s envelopes of the TiO2NT, 

TiO2NT+PEM, and TiO2NT +PEM+NO samples. TiO2NTs have the expected titanium signature 

in both the Ti 2p and O 1s envelopes. Addition of the PEM completely attenuates the TiO2 signal, 

in both the Ti 2p and O 1s envelopes of the TiO2NT+PEM and TiO2NT+PEM +NO samples. This 

confirms complete coating of the surface. The O 1s envelope of these spectra is broad, due to 

contributions from sulfate (expected at 532 eV) and alcohol, ether, amide, and carboxylic acid 

groups in the 533−534 eV range. 
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Figure 3.1 Scanning electron micrographs of different surface modifications. 

 

 

Figure 3.2 High-resolution X-ray photoelectron spectra of the Ti 2p (left) and O 1s (right) 
envelopes of all three modified surfaces. Data are circles, individual peaks in the curve fits are 
broken lines, and sums of individual peaks from the curve fit are solid lines. 

 
The chemistry of the PEM coating and nitrosation is further confirmed by the N 1s, C 1s, 

and S 2p envelopes from XPS, shown in Figure 3.3. TiO2NT has a small amount of adventitious 
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aliphatic carbon, with no discernible nitrogen or sulfur. Addition of the PEM results in expected 

nitrogen species, characteristic of the PEM, and oxidized sulfur (sulfate) at ∼168.5 eV. The 

nitrogen species in the TiO2NT+PEM sample includes both amide (400.4 eV) and amine (398.9 

eV) contributions from the heparin and thioglycolic acid chitosan. Some of the amine is protonated 

(ammonium at 402.6 eV), indicating ionic interaction with the heparin and small counterions in the 

multilayer. The sulfate confirms the addition of heparin. Reduced sulfur (thiol) species at lower 

binding energy are not resolvable above the noise. The nitrosated TiO2NT+PEM+NO sample has 

the same species present as the TiO2NT+PEM sample. Nitrosation results in a relative increase 

in the ammonium in the TiO2NT+PEM+NO sample and a new nitrogen peak at higher binding 

energy associated with oxides of nitrogen. The relative amounts of these nitrogen species are 

summarized in Table 3.1. Nitrosation also results in minor apparent changes in the C 1s and O 

1s envelopes that are difficult to precisely assign, due to the convolution of multiple species. 

 

Figure 3.3 High-resolution X-ray photoelectron spectra of the N 1s (left), C 1s (center), and S 2p 
(right) envelopes of modified surfaces. Data are circles, individual peaks in the curve fits are 
broken lines, and sums of individual peaks from the curve fit are solid lines. 

Table 3.1 Relative amounts of nitrogen species from XPS data. 
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surface 
amine amide ammonium NxOy 

Pos. (eV) % Pos. (eV) % Pos. (eV) % Pos. (eV) % 
TiO2NT+PEM 398.9 17.6 400.4 48.5 402.6 33.9 - 0 

TiO2NT+PEM+NO 398.4 18.0 400.0 34.4 401.9 41.5 406.3 6.2 
 

3.3.2 Endotoxin assay 

The endotoxin assay showed no detectable levels of endotoxin contamination. (Table 

3.2) The TiO2NT+PEM contain less than 0.1 EU mL−1. 

Table 3.2 Blank-corrected average absorbance for LAL standards and samples. 

Endotoxin standard or sample Blank corrected average absorbance 
1.0 EU mL−1 standard 1.241 
0.5 EU mL−1 standard 0.383 
0.25 EU mL−1 standard 0.081 
Endotoxin free water 0 

TiO2NT+PEM Sample 1 -0.001 
TiO2NT+PEM Sample 2 0.002 
TiO2NT+PEM Sample 3 0.001 

 

3.3.3 Nitric oxide (NO) release 

The NO release from S-nitrosated chitosan-TGA and from S-nitrosated TiO2NT+PEM+NO 

was evaluated at 37 °C, in pH 7.4 PBS. The S-nitrosated chitosan-TGA releases 335 nmol/g over 

the first 1 h 45 min of the release experiment (Figure 3.4). The three TiO2NT+PEM+NO samples 

released an average of about 40 pmol cm−2 over the first 20 min. In these experiments, the limit 

of quantitation (LOQ) is about 1 pmol cm−2 min−1. After 15 min, the NO flux falls to below the LOQ 

(Figure 3.5). Endothelial cells are estimated to produce NO on the order of 10s to 100s of pmol 

cm−2 min−1.55,56 Some of this NO diffuses into the underlying smooth muscle cells, where it acts 

as a vasodilator. Some of the NO also diffuses into the blood vessel, where its antiplatelet activity 

is important. In blood, NO is rapidly consumed, in part by hemoglobin.55,56 The resulting 

reaction−diffusion gradient is thought to produce antiplatelet activity only very close to the blood 

vessel wall. Materials that release on the order of 10 s to 100 s of pmol cm−2 min−1 of NO have 
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been shown to reduce platelet activation.35,55,57 The NO flux required to affect platelet aggregation 

may depend upon the shear rate.58 The very thin coatings used here (Figure 3.1) release at a 

maximum rate just below this range. The high surface area of the TiO2NT+PEM+NO (Figure 3.1) 

may result in rapid early release of NO from the S-nitrosothiol donor group. On the basis of the 

release kinetics from the S-nitrosated chitosan-TGA, we conjecture that our TiO2NT+PEM+NO 

samples continue to release NO for longer than 20 min, albeit at levels below the LOQ. However, 

the PEM coating thickness and the donor group chemistry used here might be modified to further 

optimize NO delivery. 

 
Figure 3.4 NO flux and (B) cumulative NO release from nitrosated chitosan-TGA. 
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Figure 3.5 NO flux and (B) cumulative NO release from TiO2NT+PEM+NO surfaces. 

 
3.3.4 Cytotoxicity 

Cytotoxicity of different surfaces after 2 h of incubation in whole blood plasma containing 

platelets and leukocytes was determined using a commercially available lactate dehydrogenase 

(LDH) assay kit. Upon exposure to a toxic surface, cell necrosis is induced resulting in swelling of 

the cell membrane and the organelles. This results in cell lysis and release of an enzyme, LDH, 

that is located in the cytoplasm of the cells. The LDH assay measures the amount of formazan 

crystals formed following a two-step reduction reaction, where the released LDH catalyzes NAD+ 

to NADH and H+ by oxidation and a subsequent catalyst reaction by diaphorase converting 

tetrazolium salt to a colored formazan, that can be spectrophotometrically measured. Adhered 

cells on all experimental sample surfaces have no significant differences in their cytotoxicity, nor 

are they different from either the PS or the HEPES buffer control containing no cells (Figure 3.6). 

All experimental surfaces, the noncytotoxic PS control, and the HEPES (no cells) control were 

significantly less cytotoxic than the cytotoxic control (Triton X). Since titanium and PS are not 

cytotoxic, and since other surfaces had comparable absorbance to the PS and HEPES controls, 

we conclude that none of the experimental surfaces will have any short-term cytotoxic effects on 

platelets and leukocytes. 
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Figure 3.6 Quantification of LDH after 2 h of incubation in whole blood plasma containing platelets 
and leukocytes (mean LDH activity ± standard deviation). No significant difference in LDH activity 
was observed among the HEPES (no cells), PS (noncytotoxic control), and experimental sample 
types. Experiments were replicated with at least two difference cell populations on at least three 
different samples (n = 6). Triton X (positive control for cell lysis) is significantly different from all 
other conditions (* indicates p < 0.05). 

 

3.3.5 Platelet adhesion 

Platelet adhesion on surfaces was investigated after 2 h of incubation in whole blood 

plasma containing platelets and leukocytes using fluorescence microscopy. The cells were 

stained with calcein-AM, a cell-permeate stain that labels viable cells by converting the 

nonfluorescent calcein-AM into a green fluorescent calcein (Figure 3.7). The fluorescence 

micrographs were further processed using the ImageJ software to determine cell coverage 

(Figure 3.8). There is significantly lower cell adhesion on TiO2NT, TiO2NT+PEM, and 

TiO2NT+PEM +NO surfaces (p ≤ 0.01) compared to that on Ti surfaces. Several studies have 

shown that nanostructured surfaces reduce blood plasma cell adhesion.37–40 This is due to the 

presence of nanotopography on the surface, which results in changes in surface area and surface 

energy.37,40 The cell adhesion on TiO2NT surfaces reported here is similar to these previous 

studies. The lack of nanotopography on Ti surfaces resulted in significantly higher cell adhesion. 

Chitosan surfaces may enhance platelet adhesion in the presence of adsorbed plasma.59 This 

was found to be primarily mediated by α(IIb)β(3) integrins on the platelet surface. However, in 
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this work, we observe a decrease in cell adhesion on TiO2NT+PEM surfaces. This may be due to 

the combined effect of nanotopography of TiO2NT and the chitosan present in the form of PEMs. 

The cell adhesion is further reduced on TiO2NT+PEM+NO compared to TiO2NT (p ≤ 0.01) and 

TiO2NT+PEM (p ≤ 0.05) surfaces. This is due to the effect of NO release from the surfaces. In the 

body, endothelium-derived NO inhibits platelet adhesion and aggregation.60 NO-activated soluble 

guanylate cyclase, which catalyzes the formation of cGMP from GTP, and NO both inhibit platelet 

function via this cGMP-dependent mechanism.61,62 Thus, the reduction in cell adhesion on 

TiO2NT+PEM+NO surfaces may be beneficial in controlling subsequent thrombogenic events on 

surfaces. 

 
Figure 3.7 Representative (median from at least 5 samples for each experimental group) 
fluorescence micrographs of adhered cells stained with calcein-AM on Ti, TiO2NT, TiO2NT+PEM, 
and TiO2NT+PEM+NO surfaces. 
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Figure 3.8 Percentage coverage analysis of cells adhered to surfaces visualized by calcein-AM 
staining on Ti, TiO2NT, TiO2NT+PEM, and TiO2NT+PEM+NO surfaces (mean ± standard 
deviation). All NT surfaces have significantly lower cell adhesion than the Ti surfaces. The 
TiO2NT+PEM+NO surfaces have significantly lower cell adhesion than the TiO2NT+PEM and 
TiO2NT surfaces. (n = 10 images from each experimental group; * indicates p < 0.05; ** indicates 
p < 0.01). 

 

3.3.6 Platelet activation 

Platelet adhesion and activation were characterized qualitatively by scanning electron 

microscopy. During activation, platelets undergo cytoskeletal-dependent membranous shape 

changes. This commences with the disassembly of the microtubule ring followed by actin 

polymerization to form dendritic extensions that are thought to release chemo-attractants and 

summon additional platelets to form aggregates and commence the production of the platelet 

plug.63 Five morphological groups of dendritic expressions on implant surfaces have been 

identified corresponding with four levels of activation: round (unactivated), disc shaped with no 

pseudopodia present; dendritic (partially activated), early pseudopodia, i.e., short reversible 

dendritic extensions; spread-dendritic (moderately activated), irreversible long-dendritic 

extensions with some spreading and some pseudopodial flattening; spreading (fully activated), 

pseudopodia almost fully flattened, hyaloplasmic spreading; and fully spread (fully activated), no 



 53 

pseudopodia present and full hyaloplasmic spreading.64,65 Ti surfaces exhibit moderate activation 

of platelets with mostly short dendritic extensions. TiO2NT surfaces exhibit a large amount of 

platelet aggregation; however, there are no visible dendritic extensions (Figure 3.9). This may be 

because TiO2NT surfaces are hydrophilic compared to Ti surfaces, limiting platelet activation. 

Previous studies have shown that platelet activation is mitigated on TiO2NT surfaces indicating 

lower propensity for subsequent thrombogenic events on surfaces.40 We also observe a drastic 

decrease in platelet aggregation and activation on TiO2NT+PEM and TiO2NT+PEM+NO surfaces. 

The very few platelets on these surfaces have mostly round morphologies with minimal dendritic 

extensions. Studies have shown that platelets are activated by chitosan; however, the extent of 

activation is modulated by the presence of blood serum proteins such as fibrinogen.59 The 

hydrophilic nature of TiO2NT+PEM surfaces as well as the presence of nanotopography will result 

in lower fibrinogen adsorption, thus resulting in lower platelet adhesion and aggregation. Further, 

NO is a potent inhibitor of platelet function.60 In the presence of NO multiple pathways of platelet 

activation are inhibited. NO binds with the hemoprotein, soluble guanylate cyclase (SGC), which 

results in increased production of cGMP that directly affects platelet function by inhibiting Ca2+ 

influx into the platelets, inhibiting GPIIb/IIIa expression and binding with fibrinogen, inhibiting 

phosphorylation of myosin light chains, inhibiting phosphorylation of protein kinase C, and 

modulating phospholipase A2- and phospholipase C-mediated responses.62,66 Further, the binding 

of NO to SGC also results in decrease in local Ca2+ concentration. The oxidation products of NO 

also reacts with thiols in blood resulting in the formation of S-nitrosothiols, which enhances the 

half-life and biological activity of NO, further inhibiting platelet function.62,66 Thus, the drastic 

decrease in platelet aggregation and activation is due to the release of NO from 

TiO2NT+PEM+NO surfaces. 
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Figure 3.9 Representative SEM images of adhered cells on Ti, TiO2NT, TiO2NT+PEM, and 
TiO2NT+PEM+NO surfaces. 

 
Platelet activation was also quantified by measuring platelet factor-4 (PF-4) expression. 

During the late stages of activation and aggregation, PF-4 is released from alpha-granules 

(degranulation) present within the bodies of platelets and binds to heparin to assist in clotting. 

Thus, it is an indicator of the late stages of platelet activation, including degranulation. After 2 h 

of exposure of experimental surfaces to plasma containing platelets and leukocytes, no significant 

differences are observed in the release of PF-4, nor were differences noted between these groups 

and the negative controls (PS and HEPES). (Figure 3.10) The PF-4 confirms observations in the 

calcein-AM (Figure 3.7) and SEM (Figure 3.9) images, i.e., surfaces result in low amounts of 

adhesion, and surfaces do not significantly induce degranulation. Future work will investigate 

surface contact with plasma containing platelets and leukocytes for longer time periods to 

investigate whether increased adhesion, aggregation, and activation could occur with increased 

exposure. 



 55 

 
Figure 3.10 Quantification of platelet factor-4 released after surface exposure to plasma 
containing platelets and leukocytes for 2 h. No significant platelet activation amongst the 
experimental groups, nor differences between experimental surfaces and negative control (PS) 
in observed. 

 

3.3.7 Thromboelastography (TEG) 

The reaction time, initial clot formation time, amplification rate, and clot strength 

determined by TEG at 1 h intervals after human whole blood collection are shown in Table 3.3. 

The clot strength kept relatively similar value and less than 68 mm until 5 h had elapsed, which 

indicated that human whole blood did not become hypercoagulative and could be used within 5 h 

of collection.67 

Table 3.3 Reaction time, initial clot formation time, amplification rate, and clot strength determined 
by TEG at 1 h intervals after human whole blood was collected. 

 

Time interval after 
blood collection (h) 

Reaction time 
(min) 

Initial clot 
formation time 

(min) 

Amplification rate 
(deg) 

Clot strength 
(mm) 

1 9.7 ± 1.6 4.4 ± 0.4 40.8 ± 4.0 52.5 ± 2.1 
2 9.8 ± 2.2 4.9 ± 1.5 40.7 ± 3.3 54.5 ± 1.4 
3 9.0 ± 0.0 4.1 ± 0.1 40.9 ± 1.6 54.8 ± 0.4 
4 12.7 ± 0.7 3.6 ± 0.1 42.2 ± 6.4 55.0 ± 0.0 
5 9.9 ± 3.1 3.2 ± 0.2 48.8 ± 3.0 52.5 ± 4.9 
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A 2 mm amplitude of blood clot formation was not reached on TiO2NT+PEM surfaces after 

15 min and 60 min incubation in human whole blood (Figure 3.11). Chitosan and its derivatives 

are suggested to be effective hemostatic agents that enhance the blood coagulation cascade to 

accelerate the wound healing process.68–74 It is believed that at low pH, the positive charge density 

on chitosan and its derivatives interacts with negatively charged proteins and glycolipids in the 

red blood cell membrane, inducing the aggregation of red blood cells.69,75 Some studies also show 

that chitosan and its derivatives are able to trigger platelet adhesion and aggregation, through the 

interaction between positively charged chitosan and negatively charged phosphatidyl serine in 

the platelet membrane.59,76,77 The complete hemostasis mechanism of chitosan and its derivatives 

is still unclear.78 However, in this study, we observed no blood clot formation on TiO2NT+PEM 

surfaces. This may be due to the presence of heparin in the multilayer coating, since heparin is 

well-known for its anticoagulation function and has been widely used in clinics.79–81 Two potential 

pathways of heparin from the PEM coating may contribute to the non-clotting phenomenon, 

heparin on top of the coating and leached heparin from the coating. During the PEM coating 

process, heparin is the top coating layer and increases the surface interaction with human whole 

blood compared to the lower chitosan layer. It is also possible that heparin is released from the 

PEM coating and leaches into surrounding blood. Further investigation is required, including ex 

vivo testing using anti-factor Xa assay, to measure the heparin level in human platelet-rich-plasma 

and determine the heparin source. 
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Figure 3.11 Reaction time (R) of modified surfaces after 15 min and 60 min incubation in human 
whole blood (n ³ 5 samples, * indicates p < 0.05, > 60 min indicates no end-point value was 
provided by TEG during 60 min test). 

 
Except for TiO2NT+PEM surfaces, the time until clot formation was significantly prolonged 

on TiO2NT+PEM+NO surfaces (13.1 ± 2.8 min) compared to Ti (7.7 ± 1.1 min) and TiO2NT (6.8 

± 1.8 min) surfaces (Figure 3.12 a); TiO2NT+PEM+NO surface (3.9 ± 0.8 min) showed an 

increase in initial clot formation time (K) compared to Ti (2.5 ± 0.6 min) and TiO2NT surfaces (2.6 

± 0.9 min) (Figure 3.12 a); a lower a-angle of TiO2NT+PEM+NO surface (40.9 ± 7.0°) compared 

to Ti surfaces (54.3 ± 7.5°), but no difference from TiO2NT surfaces (51.4 ± 10.6°) (Figure 3.12 

b); and no significant difference between Ti (57.4 ± 1.5 mm), TiO2NT (55.4 ± 7.5 mm), and 
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TiO2NT+PEM+NO (54.1 ± 1.9 mm) on clot strength (MA) after 15 min incubation in human whole 

blood (Figure 3.12 c). 

 
Figure 3.12 Initial clot formation time (K), amplification rate (a-angle), and clot strength (MA) of 
modified surfaces after 15 min incubation in human whole blood (n ³ 5 samples, * indicated p < 
0.05, N/A indicates no value was provided by TEG during the 60 min test). 



 59 

 
Except for TiO2NT+PEM surfaces, the time to initial clot formation (R) was significantly 

prolonged on TiO2NT+PEM+NO surfaces (17.5 ± 8.6 min) compared to Ti (5.6 ± 1.0 min) and 

TiO2NT (3.8 ± 0.0 min) surfaces (Figure 3.13 b); TiO2NT+PEM+NO surfaces (5.1 ± 3.2 min) 

showed an increase in initial clot formation time (K) compared to TiO2NT surfaces (1.4 ± 0.2 min), 

but not Ti surfaces (1.9 ± 0.4 min) (Figure 3.13 a); a lower a-angle of TiO2NT+PEM+NO surface 

(40.4 ± 12.8°) compared to Ti surfaces (63.3 ± 5.5°) and TiO2NT surfaces (69.4 ± 2.5°) (Figure 

3.13b); and TiO2NT+PEM+NO (53.1 ± 3.3 mm) with a significant lower clot strength (MA) 

compared to Ti (57.8 ± 2.1 mm) and TiO2NT (59.2 ± 1.0 mm) after 60 min incubation in human 

whole blood (Figure 3.13 c). 
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Figure 3.13 Initial clot formation time (K), amplification rate (a-angle), and clot strength (MA) of 
modified surfaces after 60 min incubation in human whole blood (n ³ 5 samples, * indicated p < 
0.05, N/A indicates no value was provided by TEG during 60 min test). 
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NO is well-known for antiplatelet properties.62,82,83 However, it was difficult to reach 

conclusions regarding the effects of NO on human whole blood in this work. Since NO has a short 

half-life (milliseconds range),84,85 blood will not contain NO for any length of time during the 

transfer of human whole blood from microcentrifuge tubes containing incubated samples into TEG 

cups. Instead, the blood will contain NO oxidation products and probably methemoglobin within 

red blood cells. Blood incubated with TiO2NT+PEM+NO surfaces for 15 min should be exposed 

to less NO than blood incubated for 60 min, contain lower quantities of NO oxidation products and 

methemoglobin, which probably leads to the different results observed between these two groups. 

An additional study without this transfer process is required. For example, direct coating of TEG 

cups with PEM and nitrosation of this coating to study the effects of NO release. Chitosan has 

been shown to be chemically degraded by certain nitrosating agents including nitrous acid (HNO2). 

However, the use of an alkyl nitrite (t-buONO) as the nitrosating agent did not result in any 

apparent changes to the structure of chitosan.86 This result indicates that our nitrosation process 

using tert-butyl nitrite is unlikely to affect PEM structure. In addition, the release of NO from S-

nitrosated thioglycolic acid moieties may be accompanied by formation of disulfide bonds that link 

TGA units and perhaps chitosan-TGA chains.87 It is possible that the inter- and intramolecular 

disulfide bonds in the coating partially prevent heparin leaching and reduce the effects of heparin 

on human whole blood. However, to form disulfide bonds, the TGA residues must be close 

together. The probability of two TGA residues reacting in such a way in a solid is unclear. Further 

investigation is needed to study the chemical and physical interaction between PEM coating 

layers during NO releasing process. 

The present study establishes that the combination of surface nanotography, biologically 

derived coating chemistry, and release of a small molecule signal at physiologically relevant 

doses can improve the blood compatibility of titanium for short-term blood exposure. Design of 

biomedical device coatings for therapeutic delivery must also consider (i) off-target effects of the 
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therapeutic, (ii) the duration of delivery of the therapeutic, and (iii) possible side effects and 

longevity of the coating itself. For example, several recent studies suggest that drug-eluting stents 

designed to deliver cytostatic drugs from their surfaces may increase the risk of late thrombosis 

(3 years after implantation and beyond) compared to bare metal stents.88–90 These cytostatic 

drugs are intended to perform for a long period of time, preventing smooth muscle cell proliferation 

and restenosis, while re-endothelialization occurs. However, the increased risk of late thrombosis 

may be attributed to delayed re-endothelialization and to local persistent inflammatory responses 

caused by the durable polymer coatings used to provide the cytostatic drug reservoir.91–93 Delayed 

re-endothelialization is an off-target effect of the cytostatic drug, and the inflammatory response 

is a side effect of the coating persisting long after the drug reservoir is depleted. 

The glycocalyx-inspired coatings proposed here are designed to obviate off-target effects 

of the therapeutic, could be tuned to regulate the NO release rate, and are composed of 

biodegradable, biologically derived polysaccharides. NO is a free radical with a short half-life, 

which ensures that it is active only very locally near the vessel wall. Since it is naturally produced 

by the healthy endothelium to cause both smooth muscle cell senescence and antiplatelet signals, 

the physiologically similar doses provided here are anticipated to neither have exhibit off-target 

effects nor to retard endothelialization. Further work should confirm these design criteria. Further 

work should also be pursued to optimize the NO release rate and duration, and the coating 

degradation kinetics to correspond to re-endothelialization time frame. 

3.4 Conclusions 

In this work, we have shown that surfaces with multiple functions inspired by blood vessel 

endothelium provide an alternative to one-dimensional surfaces for improving blood− material 

interactions. Here, we combine surface nanotopography, glycosaminoglycan-based surfaces, 

and NO-donor chemistry to demonstrate substantial reduction in platelet adhesion and activation 
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on titanium. From the ex vivo real-time blood clotting thromboelastographic performance of 

modified surfaces using human whole blood, TiO2NT+PEM surfaces effectively inhibited blood 

clot formation. However, this raises concern of hemorrhage for patients who already have 

thrombocytopenia issue. In comparison, NO-releasing TiO2NT+PEM+NO surfaces delayed blood 

clot formation without causing bleeding concerns. This study enables us to re-evaluate the 

multidimensional strategies like the one proposed here for further development of blood-

compatible surfaces. 
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CHAPTER 4  

NITRIC OXIDE-MEDIATED FIBRINOGEN DEPOSITION PREVENTS PLATELET ADHESION 

AND ACTIVATION2 

 

 

4.1 Introduction 

Blood-contacting medical devices such as extracorporeal circuits (ECCs), vascular grafts, 

stents, and catheters have been widely used in critical medical procedures. However, these 

medical devices have one major complication: thrombosis. Initially, key blood serum proteins such 

as fibrinogen (Fb) adsorb on the device surface within seconds of contact with the blood.1 The 

adsorbed Fb binds to platelets through the glycoprotein IIb/IIIa receptors and induces platelet 

adhesion, activation, and aggregation.2 Further, adsorbed Fb is converted to fibrin via thrombin, 

thereby cross-linking platelets to each other, which ultimately results in thrombus formation.3 

Without intervention, platelets will continue to accumulate on the surface, leading to overall low 

platelet counts, obstruction of blood flow, and significant risk for emboli. 

Unfortunately, due to the incompatibility of the device surface with the blood, clinicians 

must manage the interactions of blood components at the material surface to avoid severe 

consequences such as surface clotting or inflammation. To date, the standard of care to prevent 

thrombus formation on devices is to administer systemic anticoagulants such as heparin 

intravenously or subcutaneously.4–6 For certain patients, heparin use may result in excessive 

 
2 The following was adapted with permission from Zang Y, Popat KC, Reynolds MM. Nitric Oxide-Mediated 
Fibrinogen Deposition Prevents Platelet Adhesion and Activation. Biointerphases. 2018;13(6):E403. 
Copyright 2018 American Vacuum Society. All experiments were performed by Yanyi Zang. Dr. Patrick 
McCurdy from Central Instrument Facility at Colorado State University assisted scanning electron 
microscopy and X-ray photoelectron spectrometry. Dr. Alec Lutzke assisted in preparation for the 
manuscript. This work was supported by Monfort research funding awarded to Dr. Melissa Reynolds in 
2017. 
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bleeding and further complications.7 Antidotes such as protamine sulfate can neutralize the effects 

of heparin; however, it is necessary to adjust dosage on a case by case basis. Other 

anticoagulants such as direct thrombin inhibitors and Factor Xa inhibitors have been used for 

patients; however, no antidote exists that can reverse their effects.8,9 Since these systemic 

anticoagulants have severe drawbacks, the development of new surfaces that prevent thrombus 

formation in vivo is vital. 

There are three common approaches that researchers use to disrupt specific processes 

in the coagulation cascade: (i) controlling protein deposition, (ii) preventing platelet adhesion and 

activation, and (iii) reducing platelet aggregation. The first approach is to prevent protein 

adsorption on a material surface by changing surface wettability,10–12 charge,13,14 coating,15–17 and 

other properties. For example, a modified surface with poly(2-methoxyethylacrylate) coating has 

been shown to reduce protein adhesion by creating a water boundary layer.15,18 The second 

approach is to prevent platelet adhesion and activation by depositing precursor proteins or 

modifying the surface chemistry to delay or mitigate biological responses,19–21 or by modifying the 

surface topography at a nanoscale to change surface properties, such as 

hydrophilicity/hydrophobicity via texturing the surface.22,23 The third approach is to prevent platelet 

aggregation by inhibiting the activation of Factor Xa and further prevent fibrin formation by using 

direct Factor Xa inhibitors, such as rivaroxaban or apixaban, or by using indirect Factor Xa 

inhibitors, such as subcutaneous injection of fondaparinux.24–26 

Over the past 25 years, nitric oxide (NO) has gained significant attention as an alternative 

strategy to surface modifications and systemic anticoagulants because of NO’s ability to reversibly 

inhibit platelets and its short half-life in blood.27 Indeed, many researchers have reported the ability 

of NO to prevent platelet adhesion, activation, and aggregation.28–32 For example, the release of 

NO from NO donors embedded into polymer coatings has shown effectiveness in preventing 

platelet adhesion and activation on polymers such as silicone rubber, polyurethane, poly(vinyl 
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chloride) (PVC), and polymethacrylates.33–42 These polymers have been tested in a range of 

devices including catheters, ECCs, vascular grafts, and sensors in mice, rabbit, sheep, and pig 

models. Taken together, the reports documenting NO’s effectiveness as an antithrombotic agent 

are overwhelming. While much is known about the influence of NO on platelets, few studies have 

investigated the effects of NO on the first step of the coagulation cascade—protein adsorption. A 

surprising result has been shown that NO increases the amount of Fb adsorbed on the surface of 

PVC,43 which is consistent with reports that plasma Fb decreased more after blood flow through 

NO-releasing silicone rubber ECC loops than controls.33 These results subverted the traditional 

concept that NO reduces Fb adsorption to further prevent platelet adhesion and activation. 

However, the direct effect of NO on Fb adsorption and subsequent effects on platelet adhesion 

and activation on the surface of PVC remains unknown. 

In this study, we examined the effect of NO on Fb adsorption and the subsequent ability 

of the NO-mediated Fb modified surfaces to bind platelets. A model system was designed for 

studying whether platelets would interact with an NO-mediated Fb modified surface. Plasticized 

PVC films containing NO donors were formulated to achieve three distinct NO surface fluxes: (i) 

4.7 ± 0.6 × 10−10 mol NO cm−2 min−1 , (ii) 15.6 ± 0.9 × 10−10 mol NO cm−2 min−1 , and (iii) 33.2 ± 

0.7 × 10−10 mol NO cm−2 min−1. These values were selected based on the NO flux from the 

endothelium,44 and the previously reported critical NO surface flux needed to reduce platelet 

activation and blood clot formation in an ECC rabbit model.45 Direct NO measurements were 

made using a nitric oxide analyzer (NOA). The surfaces were characterized for roughness, 

contact angle, and elemental composition. Fb adsorption was determined by bicinchoninic acid 

(BCA) assay. Platelet adhesion was quantified and analyzed by using calcein-acetoxymethyl (AM) 

staining and IMAGEJ software. The results from this study demonstrate for the first time that NO 

may prevent platelet adhesion onto PVC surfaces through a pathway that involves protein 

deposition, confirming previous reports.33,43 That is, NO directs Fb adsorption onto surfaces in a 
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manner that subsequently reduces platelet adhesion and activation even after NO release has 

ceased. 

4.2 Materials and Methods  

4.2.1 Materials 

All reagents and solvents were purchased from commercial vendors and used without 

further purification unless noted otherwise. Reduced glutathione and phosphate buffered saline 

(PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM phosphate, pH = 7.3–7.5) were purchased from VWR 

International (Radnor, PA, USA). Hydrochloric acid (HCl), dioctyl sebacate (DOS), tetrahydrofuran 

(THF), calcein-AM, sodium cacodylate, sucrose, a Pierce BCA protein assay kit, and 

Environmental Protection Agency (EPA) vials were purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). Sodium nitrite and human plasma Fb were purchased from EMD Millipore 

(Burlington, MA, USA). High molecular weight PVC was purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Ethylenediaminetetraacetic acid (EDTA)-coated vacuum tubes were purchased from 

BD Biosciences (Franklin Lakes, NJ, USA). A lactate dehydrogenase (LDH) cytotoxicity assay kit 

was purchased from Cayman Chemical (Ann Arbor, MI, USA). Glutaraldehyde was purchased 

from Ted Pella (Redding, CA, USA). Hexamethyldisilazane (HMDS) was purchased from KMG 

Chemicals (Fort Worth, TX, USA). Ultrahigh purity N2 and O2 gases were supplied by Airgas 

(Denver, CO, USA). Water (H2O) was purified (18.2 MΩ cm) using a Millipore Direct-Q5 ultrapure 

water purification system purchased from EMD Millipore (Burlington, MA, USA) for all experiments. 

4.2.2 Synthesis and characterization of S-nitrosoglutathione 

The NO donor used in this study was S-nitrosoglutathione (GSNO). GSNO was 

synthesized based on a previously reported method.46 In brief, 5 mmol (1.53 g) of reduced 

glutathione was added into 8 ml of cold H2O and 2.5 ml of 2 M HCl and was stirred on ice for 10 

min. To initiate nitrosation, 5 mmol (0.345 g) of sodium nitrite was added into this solution. The 
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solution was stirred further for 40 min on ice. This was followed by the addition of 10 ml of cold 

acetone, and the mixture was stirred for another 10 min. The resulting GSNO was collected 

through gravity filtration. The filtered GSNO was washed with 5 ml of cold H2O and 5 ml of cold 

acetone. Finally, GSNO was transferred into an EPA amber vial and dried under vacuum for at 

least 3 h. GSNO purity was characterized using an Evolution 300 UV-vis spectrophotometer 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) by measuring the absorbance at 336 nm which 

is associated with the S-nitrosothiol (RSNO) functional group.47 The GSNO was stored in an EPA 

amber vial to prevent light exposure and kept at −20 °C to prevent thermal decomposition until 

further use. 

4.2.3 Fabrication of polymer films 

Polymer solutions of varying concentrations of PVC, DOS, and GSNO in THF were 

prepared as shown in Table 4.1 to make different films. Six hundred microliters of each solution 

was aliquoted into a 10 ml beaker and allowed to cure for approximately 40 min. This was 

repeated two more times to fabricate films with three layers. The films were then cut into 8 mm 

disks for further use. To prevent GSNO leaching and ensure slow release of NO, the NO-releasing 

polymer films were further coated on both top and bottom sides by curing with 300 μl of PVC 

control polymer solution. The films were dried overnight to evaporate solvent prior to further use. 

Table 4.1 Composition of NO-releasing polymer films. 

Polymer films 

Polymer solution 

Concentration of GSNO in 
polymer solution (w/v %) 

Total amount of 
PVC and DOS in 

THF (mg ml−1) 

Ratio of PVC to 
DOS in THF 
(PVC:DOS) 

PVC control 150 2:1 0 

Low NO flux 86 2:1 3 

Mid NO flux 70 2:1 6.5 



 80 

High NO flux 75 1:1 15 

 

4.2.4 Measurement of NO surface flux from polymer films 

NO surface flux of the GSNO incorporated films was measured using Sievers 280i nitric 

oxide analyzers (GE Analytical Instruments, Boulder, CO, USA). The instrument was calibrated 

with N2 and 43.6 ppm NO/N2 prior to all experiments using a flow rate of 200 ml min−1. Baseline 

measurements were taken 4 min prior to introducing polymer films into the NOA sample cell. The 

film was placed in 2 ml of PBS in a sample cell connected to the NOA chamber and purged with 

N2 to deoxygenate the cell. The released NO is swept into a chamber where it reacts with ozone 

(O3) to generate excited-state nitrogen dioxide (NO2) and O2. As NO2 relaxes, a photon is released 

and passes through a red filter into a photomultiplier tube where the signals are multiplied and 

converted from millivolt (mV) into part per billion ( ppb). These ppb values are converted to mols 

of NO using a calibration constant. All NO surface flux data points were collected for 5 h at 15 s 

intervals at 37 °C. 

4.2.5 Isolation of platelet-rich plasma 

Human whole blood was drawn from healthy donors who did not take thromboxane 

inhibitors for at least two weeks. The protocol of blood isolation from healthy human donors was 

approved by Colorado State University Institutional Review Board. In brief, venous phlebotomy 

blood was drawn into 10 ml EDTA-coated vacuum tubes by a trained phlebotomist. Platelet-rich 

plasma (PRP) was isolated by centrifuging whole blood at 150 g for 15 min. The PRP was allowed 

to rest for 10 min prior to further use. For all PRP studies, polymer films were incubated in PBS 

at 37 °C for 1 h to ensure a steady-state NO release rate. The films were then incubated in PRP 

for 2 h at 37 °C, 5% CO2 with 100 rpm shaking. 
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4.2.6 Cytotoxicity of polymer films 

Platelet cytotoxicity was measured using a commercially available LDH cytotoxicity assay 

kit. After 2 h incubation, 100 μl of film-exposed PRP and standards was transferred into a 96-well 

plate, followed by the addition of 100 μl of LDH Reaction Solution which contained 1% (v/v) of 

NAD+ , 1% (v/v) of lactic acid, 1% (v/v) of tetrazolium salt (INT), and 1% (v/v) of reconstituted 

diaphorase in assay buffer. The solution was incubated for 30 min at 37 °C, 5% CO2 with 100 rpm 

shaking. PRP lysed with 2% (v/v) Triton X-100 was used as the negative control, and assay buffer 

without cells was used as the noncytotoxic control. The absorbance of the red formazan product 

was measured at 490 nm using a FLUOstar Omega microplate reader (BMG LABTECH, 

Ortenburg, Germany). 

4.2.7 Blood cell interaction with polymer films 

Platelet adhesion on different polymer films was investigated by staining the cells with 

calcein-AM and imaging using an AXIO Imager A2 fluorescence microscope (Carl Zeiss, Inc., 

Thornwood, NY, USA). After 2 h incubation with PRP, the films were rinsed twice with PBS and 

stained with calcein-AM. The films were incubated in 1 ml of 5 μM calcein-AM solution at room 

temperature for 25 min. This was followed by gently rinsing the surfaces twice with PBS. All the 

films were imaged using a fluorescence microscope with 493/514 nm filters and processed using 

IMAGEJ software to obtain percentage of coverage. 

Platelet activation was evaluated using a JEOL JSM-6500F scanning electron microscope 

(SEM; Peabody, MA, USA). After 2 h of incubation in PRP, the films were rinsed twice with PBS 

and were fixed with a primary fixative containing 7.2% glutaraldehyde, 0.1 M sodium cacodylate, 

and 0.1 M sucrose for 45 min at room temperature. The films were then transferred into a 

secondary fixative ( primary fixative without glutaraldehyde) for 10 min. This was followed by 

exposing the films to consecutive solutions of ethanol (35%, 50%, 70%, and 100%) for 10 min 
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each and a final incubation in HMDS for 10 min at room temperature. The films were then air-

dried in the fume hood and stored in a desiccator until imaging by SEM. All films were sputtered 

with 10 nm layer of gold and imaged at 15 kV. 

4.2.8 Surface characterization of high NO flux films 

Surface characterization of the high NO flux films was measured after 1 h incubation, 5 h 

incubation, and incubation until all NO was released. Incubation was done in PBS at 37 °C with 

100 rpm shaking. Postincubation, films were vacuum dried and covered from light at room 

temperature before measurement. 

An optical profilometer (Zygo Corporation, Middlefield, CT, USA) was used to determine 

surface roughness of films at room temperature. Average surface roughness (Ra) was measured 

from two single map squares 0.375 mm × 0.281 mm at −20× magnification. 

The static water contact angle of films was measured using a Ramé-hart 200F-1 contact 

angle goniometer (Raméhart Instrument Co., Succasunna, NJ, USA) at room temperature. The 

static contact angle was obtained by placing a 2 μl drop of H2O on the surface of films and 

measuring the angle between solid–liquid and liquid–vapor interfaces. 

Surface elemental compositions were measured by a PE-5800 x-ray photoelectron 

spectrometer (XPS; Chanhassen, MN, USA). All spectra were collected using a monochromatic 

Al 7 mm filament with hv = 187.85 eV and with a photoelectron takeoff angle of 45°. Survey scans 

were taken over a range of 10–1100 eV. High-resolution scans were taken for C 1s, O 1s, Cl 2p, 

N 1s, and S 2p using 23.50 eV analyzer pass energy with 0.1 eV per step. All scans were taken 

using a low-energy electron gun for charge neutralization set at 20.5 μA. Spectra curve fitting was 

done using Phi Electronics Multipak version 9.3 (Chanhassen, MN, USA). 
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4.2.9 Fb adsorption on high NO flux films 

A commercially available Pierce BCA protein assay kit was used to quantify Fb adsorption 

on films. After films were incubated with Fb, Fb solution was removed and films were rinsed with 

PBS to remove excess and unabsorbed Fb. The films were transferred into a new 24-well plate 

and incubated with 1% sodium dodecyl sulfate (SDS) in PBS for 1.5 h at 37 °C to desorb Fb from 

the surfaces.48 This was repeated twice to ensure all Fb was desorbed from the surface. Twenty-

five microliters of the solution was mixed with 200 μl of BCA Working Reagent in a 96-well plate 

and incubated further for 30 min at 37 °C. The absorbance of the purple-colored reaction product 

was measured at 562 nm using a Synergy Mx Microplate reader (BioTek; Winooski, VT, USA). 

The amount of Fb adsorbed was calculated based on Fb standard curves. 

To determine Fb adsorption on high NO flux films and to evaluate if incubation affects the 

amount of adsorbed Fb, two sets of films were used. First, films were incubated in a 24-well plate 

in PBS at 37 °C for 1 h to reach a steady-state NO release rate, and then incubated in 1.5 mg 

ml−1 Fb solution at 37 °C for 2 h with 100 rpm shaking. After incubation, Fb on one set of films 

was directly measured as described, and the other set of films was incubated in PBS at 37 °C 

until all NO was released and Fb was measured as described. To determine if surface roughness 

or NO release affects Fb adsorption, two sets of high NO flux films were used. One set of high 

NO flux films was incubated in PBS at 37 °C with 100 rpm shaking for 15 days to release all NO 

before incubated in Fb solution. The other set of high NO flux films was used directly after 

fabrication. The amount of Fb adsorbed on two sets of high NO flux films was measured as 

described. 

4.2.10 Blood interaction with high NO flux films with pre-adsorbed Fb 

To evaluate effects of NO-mediated pre-adsorbed Fb on platelet adhesion and activation, 

PVC control and high NO flux films with pre-adsorbed Fb were incubated in PBS at 37 °C with 
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100 rpm shaking for 15 days. After incubation, platelet adhesion and activation were evaluated 

as described earlier. 

4.2.11 Statistical analysis 

One-way analysis of variance (ANOVA) was performed to identify statistically significant 

differences between polymer films for measurements related to surface characterization, 

cytotoxicity, Fb adsorption, and platelet adhesion data. ANOVA was followed by post hoc Tukey–

Kramer multiple comparison test to determine the statistically significant differences between films 

at 99% confidence levels (p < 0.01). All potential outliers were determined based on Grubb’s test 

with a 99% confident level (p < 0.01). For NO surface flux, surface roughness, and static contact 

angle, three samples of each group were measured. For cytotoxicity, Fb adsorption, and platelet 

adhesion, five samples of each group were evaluated. Data are reported as mean with standard 

deviation. For XPS and platelet activation studies, two samples for each group were measured, 

and representative XPS spectra and SEM images are presented. 

4.3 Results and discussion 

4.3.1 Measurement of NO surface flux of polymer films 

To investigate the effect of NO-mediated Fb deposition on platelet activation, surfaces 

with different NO surface fluxes were fabricated. NO generated from natural microvascular 

endothelial cells is 0.5 – 4.0 × 10−10 mol NO cm−2 min−1,44 whereas the NO surface flux needed to 

improve hemocompatibility of ECCs is 13.7 × 10−10 mol NO cm−2 min−1.49 Therefore, polymer films 

with varied NO surface flux were investigated in this study. NO surface flux of polymer films was 

measured using an NOA with the NOA sample cell maintained at 37 °C for 5 h. It took 1 h for all 

the films to reach a steady-state of NO release rate (Figure 4.1). Figure 4.2 shows the NO surface 

flux over a 4 h period after the experiment had been performed for 1 h. All the low NO flux, mid 

NO flux, and high NO flux films maintained a steady-state NO release rate during the entire 4 h 
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period. Achieving a steady-state of NO release rate for all films allows for a better understanding 

of the effects of NO on Fb adsorption, and platelet adhesion and activation. During the 4 h period, 

NO surface flux of low NO flux films (4.7 ± 0.6 × 10−10 mol NO cm−2 min−1) was near the upper 

range of NO surface flux from natural microvascular endothelial cells, mid NO flux films (15.6 ± 

0.9 ×10−10 mol NO cm−2 min−1 ) were similar to the known beneficial NO surface flux that improves 

the performance of ECCs, and high NO flux films (33.2 ± 0.7 × 10−10 mol NO cm−2 min−1) can 

provide information about Fb adsorption, and platelet adhesion and activation at a higher range 

of NO surface flux. 

 
Figure 4.1 Representative 0 h to 5 h NO surface flux of low NO flux (blue), mid NO flux (green), 
and high NO flux (orange) films. 
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Figure 4.2 Representative 1-5 h NO surface flux of low NO flux (blue), mid NO flux (green), and 
high NO flux (orange) films after allowed to release for 1 h in PBS at 37 °C with 100 rpm shaking 
to reach steady-state of NO release rate. 

 
4.3.2 Cytotoxicity of polymer films 

Cytotoxicity of different films was determined after 2 h incubation in human platelet-rich 

plasma using an LDH assay kit. The amount of LDH released from dead cells, as well as the level 

of cytotoxicity, is directly proportional to the amount of red formazan product which can be 

measured spectrophotometrically at 490 nm. All the polymer films, polystyrene (PS) (nontoxic), 

and assay buffer (no platelets) were significantly less cytotoxic than Triton X-100 (cytotoxic) 

(Figure 4.3). There was no significant difference among PS, polymer films, and assay buffer. 

Since PS and assay buffer are noncytotoxic, none of the polymer films are expected to have short-

term cytotoxic effects on platelets. Indeed, none of the NO films had a negative effect on platelet 

function. 
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Figure 4.3 Quantification of LDH after 2 h incubation in human platelet-rich-plasms. No significant 
difference among PS control (noncytotoxic), polymer films and assay buffer control (no platelet). 
Triton X-100 is significant different than other groups (* indicates p < 0.01). 

 
4.3.3 Blood cell interaction with polymer films 

For platelet adhesion study, polymer films were incubated in PBS at 37 °C with 100 rpm 

shaking for 1 h to reach a steady-state of NO release and incubated in PRP for 2 h at 37 °C with 

100 rpm shaking. Platelets adhered on film surfaces were stained with calcein-AM, which stains 

the cytoplasm of live cells and is converted to green fluorescent calcein. The fluorescent images 

were further processed and analyzed using IMAGEJ to quantify platelet coverage. As expected, 

significantly lower platelet adhesion was observed on PVC control, low NO flux, mid NO flux, and 

high NO flux films compared to PS (p < 0.01) (Figure 4.4 and Figure 4.5). PS has a tissue-culture 

treated surface, which is designed for platelets to adhere. High NO flux films have the least platelet 

adhesion. This is likely due to the increased concentration of NO, which is well known to have 

antiplatelet function.49 
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Figure 4.4 Representative (median from at least 5 samples for each group) fluorescence images 
of adhered platelets stained with calcein-AM on PS, PVC controls, low NO flux, mid NO flux, and 
high NO flux films. 

 

 
Figure 4.5 Percentage of platelet coverage was analyzed on PS, PVC control, low NO flux, mid 
NO flux, and high NO flux films. PS has a significant higher coverage than other groups (* 
indicates p < 0.01). 
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Platelet adhesion and activation were characterized qualitatively by SEM. During 

activation, the shape of the platelet membrane changes. Five morphologies with four levels of 

activation have been distinguished on implant surfaces, and each activation level has unique 

dendritic expression: round with no pseudopodia present (unactivated); short reversible dendritic 

extension with early pseudopodia ( partially activated); spread dendritic extension with some 

pseudopodia flattening (moderately activated); almost fully flattening pseudopodia and 

hyaloplasmic spreading (fully activated); and fully hyaloplasmic spreading without pseudopodia 

present (fully activated).50,51 (Figure 4.6) Control films exhibit a small amount of partially activated 

platelet aggregates with short dendritic extensions. Low NO flux films exhibit morphologies 

ranging from partially activated platelets with short dendritic extensions to fully activated platelets 

with fully flattening pseudopodia. This may be because of the combined effects of film surface 

properties and NO release. Mid NO flux films exhibit partially activated platelets with aggregation. 

High NO flux films have less platelets than the other groups, and the platelets are unactivated. 

The reduction of platelets and less activated morphology may be due to the increasing NO surface 

flux as previously reported. Based on these results, the high NO flux formulation was selected for 

further surface characterization, Fb adsorption, and blood cell interaction with pre-adsorbed Fb to 

determine the effect of NO on Fb. 
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Figure 4.6 Representative SEM images of adhered cells on PVC control, low NO flux, mid NO 
flux, and high NO flux films. 

 
4.3.4 Surface characterization of high NO flux films 

To eliminate the potential effects of NO release on surface properties during Fb adsorption 

and blood cell interaction studies, high NO flux films were characterized after 1h incubation, after 

5 h incubation, and after incubation until all NO was released, which covers the entire incubation 

period needed for this study. 

For each incubation period, high NO flux films had significantly higher surface roughness 

than PVC control films. However, high NO flux films were found to have consistent surface 

roughness during the entire incubation period, as well as PVC control films (Table 4.2). However, 

high NO flux films have significantly higher roughness than PVC control films. This is due to the 
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settling of GSNO, which imparts a surface texture that remains detectable even after application 

of a polymer top coat. 

The static water contact angle for both PVC control and high NO flux films showed similar 

wettability after 1 h incubation, 5 h incubation, and incubation until all NO was released (Table 

4.2). Both PVC control films and high NO flux films are hydrophilic; however, the high NO flux 

films exhibited a greater degree of wettability (p < 0.01), which suggests a more hydrophilic 

surface than the PVC control films. These results are consistent with the Wenzel statement that 

adding surface roughness will enhance wettability.52 

Table 0.2 Roughness and wettability of PVC control and high NO flux films. 

Polymer films Incubation status Ra (nm) Static contact angle (°) 

PVC control 

1 h incubation 3.9 ± 2.6 88.3 ± 0.9 

5 h incubation 7.4 ± 0.3 89.5 ± 0.6 

Incubation until 

all NO was released 
4.9 ± 2.6 88.1 ± 0.8 

High NO flux 

1 h incubation 191.9 ± 36.5 85.2 ± 1.6 

5 h incubation 169.0 ± 39.1 83.2 ± 2.4 

Incubation until 

all NO was released 
191.6 ± 26.9 85.4 ± 2.9 

 

XPS was used to ensure surface composition does not change over the entire time period 

of Fb adsorption and platelet adhesion and activation. This was done by evaluating surface 

elemental composition of C, O, Cl, N, and S after 1 h incubation, 5 h incubation, and incubation 

until all NO was released. (Figure 4.7) The overall binding environment of PVC control and high 

NO flux films remains the same. This confirms that PVC control and high NO flux films have the 

same surface chemistry, and incubation will not affect the surface composition. To determine if 
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GSNO mixes with or leaches from the film surface, the high-resolution scans of S and N were 

evaluated. For all groups, the peaks of N 1s and S 2p to noise have average between 0 and 1, 

indicating no peak for N 1s and S 2p, which indicated GSNO remains under the surface of films. 

 
Figure 4.7 Representative survey scan of polymer film surfaces. 

 
4.3.5 Fb adsorption on high NO flux films 

Fb adsorption on films was detected and quantified using a BCA assay kit. This assay 

relies on the reduction of Cu2+ to Cu1+ by protein in an alkaline medium. Cu1+ can bind with two 

molecules of BCA and form a purple-colored product which can be measured at 562 nm. The 

amount of purple-colored product is proportional to the amount of Fb. Fb adsorbed on films can 

be calculated using Fb standard curves. PS is used as a negative control for Fb adsorption. PS 
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has a tissue-culture treated surface which is hydrophilic and has a net negative charge on the 

surface and is therefore not favorable for protein attachment. 

To evaluate the effects of high NO flux films on Fb adsorption compared to control films, 

films were incubated for 1 h in PBS to reach a steady-state of NO release rate and then 2 h in Fb 

before use. To investigate the effects of NO-mediated pre-adsorbed Fb on platelet adhesion and 

activation, films with pre-adsorbed Fb that have released all NO were used to determine the 

amount of adsorbed Fb during the incubation period. High NO flux films have a significantly higher 

Fb adsorption than PS and PVC control films for both 1 h incubation and incubation until all NO 

was released groups (p < 0.01), and there is no significant difference between PS and PVC control 

films (Figure 4.8). Although PVC control films have less wettable surfaces, they are still not 

preferable for Fb. Since protein adsorption induces platelet adhesion and NO is known to have 

antiplatelet properties, a lower Fb adsorption was expected. This high Fb adsorption may be due 

to the surface roughness of high NO flux films which creates more surface area for Fb to bind, or 

this may be due to the release of NO as a previous study has shown that NO release can increase 

Fb adsorption on polymer films.43 

 
Figure 4.8 Amount of Fb adsorbed on PS, PVC control, and high NO flux films (* indicates p < 
0.01). 
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To determine if the surface roughness or the NO release affects Fb adsorption, high NO 

flux films without NO release and high NO flux films with NO release were used. These two films 

were shown to have the same surface characterization in previously reported results; therefore, 

only NO release is anticipated to affect Fb adsorption between these two films. High NO flux films 

incubated until all NO was released, eliminates the effect of NO release on Fb adsorption, which 

isolates the effects of surface roughness. High NO flux films with NO release have the effect of 

both surface roughness and NO release on Fb adsorption. High NO flux films without NO release 

have significantly higher adsorbed Fb than PS and PVC control (p < 0.01), which indicates that 

surface roughness increases Fb adsorption (Figure 4.9). High NO flux films with NO release have 

significantly higher Fb adsorption than PS, PVC control, and high NO flux films without NO release 

(p < 0.01), which shows that NO release can significantly increase Fb adsorption. While surface 

roughness is clearly correlated with greater Fb adsorption, these results support that NO 

independently produces an increase in Fb adsorption. 

 

Figure 4.9 Amount of Fb adsorbed on PS, PVC control, high NO flux films without NO release, 
and high NO flux films with NO release ongoing (* indicates p < 0.01). 
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To determine if the surface roughness or NO release contributes more to the increase in 

Fb adsorption, the amount of adsorbed Fb was compared. High NO flux films without NO release 

exhibit Fb adsorption of 0.11 ± 0.04 mg cm−2 due to surface roughness, and high NO flux films 

with NO release have 0.21 ± 0.04 mg cm−2 due to both surface roughness and NO release, so 

the amount of Fb adsorption due to NO release is 0.10 ± 0.04 mg cm−2. Therefore, surface 

roughness and NO release result in similar increases in Fb adsorption. 

4.3.6 Blood cell interaction with high NO flux films with pre-adsorbed Fb 

To determine the effects of surface roughness and the NO release on pre-adsorbed Fb, 

and further on platelet adhesion and activation, films were treated with Fb and incubated in PBS 

at 37 °C with 100 rpm shaking until all NO was released. This eliminates the direct effects of NO 

on platelet and activation. Figure 4.10 shows fluorescence images of the adhered cell on PS, 

PVC control, and high NO flux films. As shown in Figure 4.11, PS has significantly higher platelet 

adhesion than PVC control and high NO flux films, and PVC control films have significantly higher 

platelet adhesion than high NO flux films. Combined with Fb adsorption results, high NO flux films 

are found to have the most adsorbed Fb, but have the least platelet adhesion. Platelet adhesion 

and activation were characterized qualitatively by SEM. PS exhibits irreversible long-dendritic 

extension moderately activated platelets and spreading fully activated platelets, and PVC control 

films exhibit small partially activated platelet aggregates and some moderately activated platelets 

with long dendrites (Figure 4.12). This is due to the pre-adsorbed Fb, which can promote platelet 

adhesion and activation. After extensively scanning the surfaces, fewer platelets were observed 

on high NO flux films. 
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Figure 4.10 Representative (median from at least five samples for each group) fluorescence 
images of adhered platelets stained with calcein-AM on PS, PVC control, and high NO flux films 
with NO-mediated pre-adsorbed Fb. 

 

 
Figure 4.11 Percent coverage analysis of platelet adhered to surfaces visualized by calcein-AM 
staining on PS, PVC control, and high NO flux films with NO-mediated pre-adsorbed Fb. PS has 
a significantly high platelet adhesion than PVC control and high NO flux films, and PVC control 
films have a significantly higher platelet adhesion than high NO flux films (* indicates p < 0.01). 

 

 

Figure 4.12 Representative SEM images of adhered platelets on PS, PVC control, and high NO 
flux films with NO-mediated pre-adsorbed Fb. 
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Since Fb is the connection between the surface of the material and platelets, the increase 

of Fb would presumably coincide with increased platelet adhesion.1 Surprisingly, the results were 

counterintuitive. Studies have shown that surface roughness greater than 50 nm increases 

platelet adhesion,53 so surface roughness is not likely to be the cause of the reduction of platelet 

adhesion on high NO flux films that have a measured roughness around 184.2 nm during the 

incubation period. 

Based upon the findings of this study, NO mediates Fb binding to the surface and in turn, 

this NO-mediated Fb binding prevents platelet activation. While the mechanism through which 

NO influences Fb deposition requires further investigation, it is feasible that NO may change the 

Fb structure or conformation rendering the surface nonreactive to platelets. Excitingly, this is the 

first study to show that NO increases Fb adsorption, but still exerts its antiplatelet properties, 

which provides a new perspective on how NO-releasing materials can prevent platelet adhesion 

and activation. 

4.4 Conclusions 

In this work, the results have shown that constant NO surface flux with 33.2 ± 0.7 × 10−10 

mol NO cm−2 min−1 can increase Fb adsorption, but still improves the hemocompatibility of NO-

releasing polymer films by reducing the likelihood of platelet adhesion and activation. With NO-

releasing surfaces, this inhibition of platelet adhesion and activation is accompanied by an 

increase in Fb adsorption. A greater degree of Fb adsorption has been previously theorized to 

induce more platelet adhesion and activation, but this study reveals the opposite outcome. 

Furthermore, the exposure of adsorbed Fb to NO is able to inhibit platelet adhesion and activation 

even in the absence of continuing NO release. It is possible that NO alters Fb conformation or 

structure in a manner that lowers the binding affinity to platelets. This may be a key factor in the 
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ability of NO-releasing synthetic materials to prevent the blood clot formation in comparison to 

traditional biomaterials. 
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CHAPTER 5  

METAL-ORGANIC FRAMEWORK POLYMER COATING ON EXTRACORPOREAL LIFE 

SUPPORT COMPONENTS AND ITS ANTIBACTERIAL ATTACHMENT PERFORMANCE3 

 

 

5.1 Introduction 

Extracorporeal life support (ECLS) has been used as a life-saving therapy to replace organ 

function for trauma patients and combat casualties with acute lung failure or severe heart and/or 

lung injuries.1,2 Currently, both U.S. civilian and military hospitals are seeking the establishment 

of standardized ECLS protocols. However, thrombosis, thrombocytopenia or even hemorrhage, 

and infection are the major challenges that impede early initiation and wider utilization of ECLS. 

Initiation of the coagulation cascade occurs due to interaction between blood components 

(e.g., blood serum proteins and platelets) and ECLS material surfaces (e.g., oxygenation fibers 

and circulation tubing). When human whole blood comes into contact with ECLS material surfaces, 

blood will respond to the material surface as a foreign body and trigger immune responses. Within 

seconds to minutes, blood serum proteins such as fibrinogen and albumin will adsorb to the 

material surface and induce platelet adhesion. Adsorbed fibrinogen will be converted into fibrin 

clots in the presence of thrombin, inducing further platelet adhesion, platelet activation and 

 
3 Part of the following work was adapted with permission from Zang Y, Roberts TR, Batchinsky AI, Reynolds 
MM. Metal-Organic Framework Polymer Coating Inhibits Staphylococcus aureus Attachment on Medical 
Circulation Tubing under Static and Dynamic Flow Conditions. ACS Appl. Bio Mater. 2020;XXXX,XXX,XXX-
XXX. H3BTTri synthesis and characterization were performed by Jonathan Thai. ICP-AEC analysis was 
performed by the Soil, Water and Plant Testing Laboratory at Colorado State University. All other 
experiments were performed by Yanyi Zang. Dr. Patrick McCurdy and Dr. Roy Geiss from Central 
Instrument Facility at Colorado State University assisted scanning electron microscopy. Dr. Alec Lutzke 
assisted in preparation for the manuscript. This work was funded by the Assistant Secretary of Defense for 
the Health Affairs endorsed by the Department of Defense through the Peer Reviewed Medical Research 
Program – Technology/Therapeutic Development Award, under Grant number W81XWH-18-2-0048. 
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platelet aggregation. After several hours, blood clots will form on the surface. Without effective 

and proper intervention, blood clot formation will lead to the failure of ECLS.3 

Several strategies have been used to prevent medical device-induced thrombosis. 

Anticoagulants such as heparin are commonly administered during ECLS procedures. However, 

anticoagulants increase the risk of hemorrhage, especially for patients who already have severe 

bleeding injuries. Commercially available heparinized ECLS is another approach. The limitation 

of heparinized surfaces is that their inhibitory effects may not be enough to compensate for the 

coagulative activation that results from the foreign reaction with the artificial surface.4 Polymer 

coatings that release nitric oxide (NO) have also shown a promising ability to inhibit platelet 

activation and aggregation.5–7 However, none of these studies have been performed using a full 

ECLS circuit (circulation tubing, catheters, and membrane lung) under conditions that simulate 

clinical ECLS applications for trauma patients and lack sufficient information for further coating 

development. There is an urgent need to seek new surface treatment to prevent thrombus 

formation and reduce the use of anticoagulants. 

Among all ECLS components, blood-contacting circulation tubing used in hemodialysis 

and other forms of extracorporeal organ support has a large surface area that permits the 

attachment and spread of bacteria. This significant foreign-surface exposure that occurs during 

extracorporeal organ support places these patients at an elevated risk of bacterial infection. For 

example, instances of nosocomial infection in chronic hemodialysis patients were significantly 

higher than patients who did not require chronic hemodialysis but were hospitalized for the same 

duration.8  Additionally, in adult patients requiring extracorporeal pulmonary support for >14 days, 

instance of nosocomial infection (52%) was significantly higher than patients requiring support for 

<7 days (13%).9  These findings emphasize the need for antibacterial materials for extracorporeal 

organ support with sufficient stability and longevity of function for the duration of therapy required. 
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Medical device-associated bacterial infection involves multiple strains of bacteria. 

However,  Staphylococci aureus (S. aureus) is one of the most virulent, common organisms 

isolated from infected implanted medical devices.10 Specific to hemodialysis, S. aureus was 

selected as it is the leading cause of access infections and bacteremia.11,12 For example, a 

prospective single center study reported that 40% of hemodialysis patients were S. aureus 

carriers versus 27% in the general population.13 A major contributing factor in the prevalence of 

S. aureus infections is their unique ability to attach to surfaces and develop into a biofilm.14,15 The 

removal of the medical device and antibiotic treatments are the two most common methods for 

prevention or mitigation of medical device-associated bacterial infections. Unfortunately, the 

removal of a device requires urgent replacement for long-term applications and is sometimes 

impossible because the patient relies on its performance to survive.16 Antibiotics can be provided 

by oral or intravenous administration, through the use of antibiotic releasing-medical devices or 

other approaches. Regrettably, antibiotic resistance has been recognized as one of the biggest 

public health challenges facing the world and effectively voids the use of current antibiotic 

treatments.17 These disadvantages have necessitated the development of new methods to 

combat medical device-associated bacterial attachment. Antibacterial drug delivery systems have 

been widely developed for wound healing, surgeries, and water disinfection applications. For 

example, silver has been regarded as the “antimicrobial gold standard” when used in antibacterial 

applications.18,19 However, silver-based treatments have caused allergic reactions in some 

individuals, creating toxicity concerns for silver and silver-derived products.20 Surface modification 

can also confer antibacterial properties to medical devices. For example, superhydrophobic 

surfaces and micropatterned surfaces have shown promising antibacterial properties.21–30 

Unfortunately, the majority of studies that assess the antibacterial properties of these modified 

surfaces have used substrates that were not commercial medical devices or were performed 
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under static or shaking conditions that do not simulate the blood flow rate and shear conditions 

that occur during clinical use, providing insufficient information for medical device development. 

One alternative approach is to use metal-organic frameworks (MOFs) in polymer coatings 

to confer antibacterial function to medical tubing under dynamic flow conditions. MOFs are hybrid 

high-porosity crystalline structures containing metal centers and organic linkers. Various MOFs 

have been widely utilized as gas-storage/-separation agents and catalysts.31,32 Recently, 

increased understanding of the biological effects of MOFs has led to interest for medical 

applications. For example, water-unstable copper-based MOFs have been shown to inhibit S. 

aureus and Escherichia coli (E. coli) activity on polymeric substrates such as silk and cotton fibers 

with the observed effects attributed to the release of copper ions.33,34 Water-stable copper-based 

MOF/polymer films have also been seen to inhibit bacterial attachment but without significant 

degradation and release of copper ions.35,36   

In this study, we report the first custom-designed coating process for application of a 

water-stable copper-based MOF, CuBTTri (H3[(Cu4Cl)3(BTTri)8] where H3BTTri = 1,3,5-tris(1H-

1,2,3-triazol-5-yl)benzene), to standard seven-foot-long extracorporeal circulation tubing. The 

CuBTTri coating was characterized using optical profilometry for coating roughness, scanning 

electron microscopy (SEM) for coating thickness and CuBTTri distribution, and SEM coupled with 

energy-dispersive X-ray spectroscopy (SEM-EDS) for copper content analysis. The coating 

stability was examined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) 

for copper release after 24 h incubation. SEM was used to assess changes to the coating 

morphology after circulating phosphate-buffered saline (PBS) with a 300 mL min−1 flow rate for 

24 h. We also report the first bacterial attachment study of CuBTTri-coated 0.25 in inner diameter 

(ID) medical tubing with a 300 mL min−1 flow rate. Our study simulates the blood flow rate utilized 

during hemodialysis, a procedure used to replace kidney function via removal of metabolites and 

water from blood. Bacterial attachment studies were carried out by circulating a S. aureus 
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suspension in both CuBTTri-coated medical tubing and uncoated controls for 24 h under static 

and dynamic flow conditions. This is the first report of a successful application of a MOF coating 

to seven-foot-long medical tubing, a length commonly used in hemodialysis and circuitry for other 

forms of extracorporeal organ support. The bacterial results demonstrate for the first time that S. 

aureus attachment was reduced by 52 ± 15% (static conditions) and 53 ± 29% (dynamic 

conditions) on the CuBTTri-coated tubing compared to uncoated controls, and S. aureus 

attachment was reduced by 52 ± 12% (CuBTTri coating) and 52 ± 30% (uncoated controls) under 

dynamic flow compared to static conditions. 

5.2 Materials and methods 

5.2.1 Materials 

All chemicals and solvents were purchased from commercial vendors and used without 

further purification unless otherwise noted. Plasticizer-free TygonÒ ND-100-65 medical tubing 

(1/4 inch ID) was purchased from Saint Gobain (Courbevoie, France). Tecophilicâ polyurethanes 

were purchased from Lubrizol (SP-80A-150, SP-60D-60; Wickliffe, OH, USA). PBS tablets was 

purchased from VWR (Radnor, PA, USA). 1,3,5-Triethynylbenzene (98%), trimethylsilylazide 

((CH3)3SiN3, 94%), copper(II) chloride dihydrate (CuCl2×2H2O, >99%), and m-cresol (99%) were 

purchased from Alfa Aesar (Ward Hill, MA, USA). Copper(I) iodide (CuI, 99.5%) was purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Methanol, N,N-dimethylformamide (DMF), 

tetrahydrofuran (THF), 50 mL conical tubes, microcentrifuge tubes, nutrient broth medium (NBM), 

and nutrient agar were purchased from Fisher Scientific (Hampton, NH, USA). Dopamine 

hydrochloride (>98%) was purchased from Tokyo Chemical Industry (Tokyo, Japan). Diethyl ether 

was purchased from EMD Millipore (Burlington, MA, USA). S. aureus was purchased from ATCC 

(Manassas, VA, USA). Deionized water (18.2 MΩ·cm) (H2O) was prepared using a Millipore 

Direct-Q5 ultrapure water purification system purchased from EMD Millipore (Burlington, MA, 



 111 

USA). Raumedic ECC noDOP® tubing, Avalon EliteÒ Bi-Caval Dual Lumen Catheters (Avalon 

catheters), OriGen Reinforced Dual Lumen VV Catheters (OriGen catheters), and BIOLINE 

coated membrane oxygenation fibers in the Getinge HLS Set Advance (membrane oxygenation 

fibers) were provided by Dr. Andriy I. Batchinsky from The Geneva Foundation (Tacoma, WA, 

USA). S-nitrosoglutathione (GSNO) was synthesis and characterized based on previously 

reported methods.36 Characterization data of GSNO that match reported value were used in this 

study.36  

5.2.2 CuBTTri synthesis and characterization 

The ligand, 1,3,5-tris(1H-1,2,3-triazol-5-yl)-benzene (H3BTTri), was synthesized using a 

simplified method adapted from literature.37 Briefly, 1,3,5-triethynylbenzene (5.3 g , 35.29 mmol), 

and CuI (1.011 g, 5.31 mmol) were measured out. A solvent system of DMF (180 mL) and 

methanol (20 mL) was then added under nitrogen. Then, (CH3)3SiN3 (21 mL, 158.95 mmol) was 

added into the above mixture. The reaction was heated at 100 ° C for at least 36 h. Once collected, 

the filtrate was concentrated to approximately 10 mL with rotary evaporation. After concentration, 

30 mL of H2O was added to the filtrate to produce a pale green precipitate. The resulting pale 

green precipitate was filtered through a coarse porosity fritted glass funnel under vacuum and 

washed with 500 mL of H2O followed by 500 mL of diethyl ether. The final product was dried under 

vacuum overnight and characterized by proton nuclear magnetic resonance spectroscopy (1H 

NMR) and time-of-flight mass spectrometry (TOFMS). CuBTTri synthesis followed a method from 

the same paper.37 H3BTTri (1.2375 g, 5.1535 mmol) was suspended into 220 mL DMF and 

sonicated for 1 h. CuCl2×2H2O (2.1065 g, 12.36 mmol) was added into the mixture and shaken 

until fully dissolved. CuBTTri-DMF, a dark purple precipitate, was formed after the mixture was 

heated to 100 ° C for 72 h. CuBTTri-DMF was filtered using a fine porosity fritted glass funnel 

under vacuum and washed with 150 mL of 100 ° C DMF and 150 mL of 85 ° C H2O. Then, 
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CuBTTri-DMF was heated in H2O at 95 ° C for 5 days with H2O being changed every 24 h to 

replace DMF with H2O. The resulting product CuBTTri, a light purple solid, was dried using 

reduced pressure and characterized using attenuated total reflectance-Fourier transform infrared 

spectroscopy (ATR-FTIR) and powder X-ray diffraction (pXRD). H3BTTri and CuBTTri that 

matched reported characterization values were used in this study.37 

5.2.3 Circulation tubing coating and characterization 

Colored TygonÒ polymer solution preparation. 1.0 g of TygonÒ ND-100-65 medical tubing 

was added into 10 mL of THF to form 10 w/v % TygonÒ polymer solution. Before the coating 

process, 10 w/v % TygonÒ polymer solution was diluted to1 w/v % using THF and mixed with 

green dye to form a colored TygonÒ polymer solution. The volume ratio of 1 w/v % TygonÒ 

polymer solution to green dye was 10 to 1. 

CuBTTri coating solution preparation. TygonÒ tubing pieces (approximately 1/4 inch 

length with 0.125 inch width) were cut from TygonÒ ND-100-65 medical tubing. Tygon® tubing 

pieces were added into THF and stirred overnight at room temperature until fully dissolved to form 

Tygon® polymer solution. Two methods were used to process CuBTTri into Tygon® polymer 

solution. The first method was adding CuBTTri directly into Tygon® polymer solution and 

sonicated the mixture for 1 h to form CuBTTri coating solution. The second method was mixing 

CuBTTri into THF to form CuBTTri solution and sonicated the mixture for 1 h. After sonication, 

CuBTTri solution was gently added into Tygon® polymer solution while stirring and sonicated for 

another 1 h to form CuBTTri coating solution. The formulation of CuBTTri coating solution was 

shown in Table 5.1. 

Table 5.1 Composition of tubing CuBTTri coating solution. 

Tygon® 
(g) 

CuBTTri 
(g) 

THF 
(ml) 

Concentration of Tygon® in 
coating solution (w/v %) 

Concentration of CuBTTri in 
coating solution (w/v %) 

0.16 0.016 16 1.0 0.1 
0.16 0.08 16 1.0 0.5 
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0.16 0.16 16 1.0 1.0 
0.16 0.8 16 1.0 5.0 

 

Tubing coating process 1. The coating process is shown in Figure 5.1. Approximately 

one-foot-long middle section of a night-foot-long tubing was inserted into the head of a peristaltic 

pump. Half-foot-long tubing from each end of the eight-foot-long tubing was inserted into 50 mL 

of colored TygonÒ polymer solution. The colored TygonÒ polymer solution was circulated in the 

tubing via peristaltic pump at 300 mL min−1. After coating, tubing sections merged inside the 

polymer solution were removed, and the remaining coated eight-foot-long tubing was dried in the 

fume hood. 

 
Figure 5.1 Tubing coating process 1. 

 
Tubing coating process 2. Two-foot-long tubing sample in pump head was connected two 

seven and half-foot-long tubing on each end in Design 2 as shown in Figure 5.2. Half-foot-long 

tubing from each of the seven and half-foot-long tubing was merged into 50 mL of colored TygonÒ 

polymer solution. After coating, tubing sections in the polymer solution were removed and two 

coated seven-foot-long tubing were disconnected from the tubing sample in pump head. The 

coated tubing were dried in fume hood. 
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Figure 5.2 Tubing coating process 2. 

 
Tubing coating process 3. A two-foot-long tubing sample was inserted into the pump head 

and connected to the seven-foot-long tubing using connector as shown in Figure 5.3. The end of 

seven-foot-long tubing was inserted into colored TygonÒ polymer solution, and the end of two-

foot-long tubing sample was inserted into waste coating solution container. 16 mL of colored 

TygonÒ polymer solution was pumped through the tubing. After coating process, the seven-foot-

long tubing was disconnected from the two-foot-long tubing sample and dried in fume hood. 

 

Figure 5.3 Tubing flow loop coating process 3. 

 
Tubing coating process 4. The seven-foot-long tubing was adhered onto a stainless steel 

rod using parafilm as shown in Figure 5.4. The seven-foot-long tubing was then connected with 

two-foot-long tubing using parafilm on top of tape. 16 mL of colored TygonÒ polymer solution 

passed through the tubing via the peristaltic pump. After coating, the coated seven-foot-long 

tubing was disconnected from the two-foot-long tubing and rod before dried in the fume hood.   
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Figure 5.4 Tubing flow loop coating process 4. 

 
Tubing coating process 5. The stainless steel rod was connected to a mechanical rotator 

with a slope angle of 30° as shown in Figure 5.5. 20 mL of colored TygonÒ polymer solution was 

manually added into one end of the tubing with a rotation speed at 65 rpm. After coating, the 

tubing was disconnected from the rod and dried in fume hood. 

 

Figure 5.5 Tubing flow loop coating process 5. 

 
Tubing coating process 6. One end of the seven-foot-long tubing was connected to a two-

foot-long tubing using a swivel connector and adhered to the stainless steel rod using parafilm as 

shown in Figure 5.6. The open end of the two-foot-long tubing was inserted into the colored 

TygonÒ polymer solution. The two-foot-long tubing was inserted into the pump head. The rod was 

connected to a mechanical rotator. 16 mL of colored TygonÒ polymer solution was moved through 

the tubing while the tubing was rotated at 65 rpm. 
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Figure 5.6 Tubing flow loop coating process 6. 

 
Tubing coating process 7 (successful). The coating process is shown in Figure 5.7. One 

end of the seven-foot-long tubing segment was connected to a two-foot tubing segment for 

connection with a peristaltic pump. An additional four-inch tubing segment was connected on the 

opposite end for insertion into a vial of the coating solution. 16 mL of CuBTTri coating solution 

was pumped from one end of the tubing to the other end via a peristaltic pump at 900 mL min−1 

(Figure 5.7a). The coated tubing was then rotated on a mechanical rotator at 65 rpm for 10 min 

to ensure coating uniformity (Figure 5.7b). Finally, the coated tubing was placed under vacuum 

(~0.05 Torr) for 48 h to remove residual solvent. 
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Figure 5.7 Tubing flow loop coating process 7. (a) A peristaltic pump was used to pump the 
coating solution from one end of the tubing to the other end. (b) A mechanical rotator was used 
to create uniform coating. 

 
Coating catalytic property evaluation before and after sterilization by nitric oxide analyzer 

(NOA). To remove potential copper ions in the PBS solution, one PBS tablet was dissolved in 100 

mL of water containing 0.1g Chelex resin and sit for two days. After two days, resin was removed 

through centrifugation. The resulting PBS solution (pH = 7.4) was used for NO generation study. 

The ethylene oxide sterilization was performed with the help from Dr. Jeremiah Easley 

(Department of Clinical Sciences, Colorado State University, Fort Collins, CO, USA). The amount 

of NO generation promoted by CuBTTri coating was measured via NOA using previously reported 

methods.38 2 cm CuBTTri-coated tubing was immersed into 5 mL of water containing 10 µM of 

GSNO at 37 °C until the amount of NO was not detectable. Control experiments were performed 

with 10 µM of GSNO in 5 mL of water in the absence of tubing and were performance with 2 cm 

uncoated tubing in water without GSNO. All experiments were protected from light. The data 

points were collected at 15 intervals until NO signal was not detectable (n = 3).  

Surface roughness by optical profilometer. Before characterization, the seven-foot-long 

CuBTTri-coated medical tubing was cut into seven one-foot segments as shown in Figure 5.8 

using titanium-bonded non-stick scissors. The average surface roughness (Ra) of coated tubing 

was measured on three locations at each length interval by optical profilometer (Zygo Corporation, 

Middlefield, CT, USA). The measurements were taken from central rough scan of a square 0.3 

mm ´ 0.3 mm at 20x magnification with a frontier filter applied.  Measurements were done on 

three different spots from each segment and three different tubing samples were used (n = 3). 
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Figure 5.8 Sampling schematic of seven-foot-long CuBTTri-coated medical tubing for coating 
surface characterization. Seven segments were sliced before characterization. The numbers on 
the tubing corresponded to measured length point. 

 
Coating thickness and CuBTTri distribution by SEM. Coating thickness was measured by 

JEOL JSM-6500F SEM using 5 kV with 1500x magnification. CuBTTri particle distribution was 

visualized by SEM using 10 kV with 100x, 1000x, and 10000x magnification. The sample surfaces 

were sputter-coated with 20 nm of gold before imaging. All measurements and images were 

obtained on three different spots from each tubing sample and three different seven-foot-long 

tubing pieces were used (n = 3). 

Copper content analysis by SEM-EDS. Copper content was analyzed by JEOL JSM-

6500F SEM-EDS using 2 and 10 kV with 100x magnification. All measurements were obtained 

on two different spots from each tubing sample and three different seven-foot-long tubing pieces 

were used (n = 3). 

Coating stability (determination of CuBTTri degradation) by ICP-AES. Copper ion 

concentration from CuBTTri degradation in the coating was examined by immersing 2 cm length 

CuBTTri-coated medical tubing samples into 5 mL PBS at room temperature for 24 h. The 

following day, tubing samples were removed from PBS and the solution was diluted five times 

before the copper concentration was measured using ICP-AES (n = 3). 

Coating stability (morphology change) by SEM. Coating morphology changes after flow 

were visualized by SEM. A custom-designed flow system shown in Figure 5.9 was used to 

circulate PBS in the tubing. The CuBTTri-coated medical tubing was cut into six-inch-long 

segments from four different seven-foot-long CuBTTri-coated medical tubing segments. The 

coated tubing pieces were connected to one and half-foot-long tubing on each end; one end was 

inserted into the peristaltic pump and the other end was inserted into PBS. The PBS was pumped 

from one end to the other end. All experiments were performed for 24 h at room temperature in 
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the absence of bubbles in the tubing with a 300 mL min−1 flow rate which simulates a typical blood 

flow rate utilized for hemodialysis. After 24 h, tubing samples were dried under vacuum after 

removing PBS. The coating morphology was visualized by SEM using 10 kV with 10000x 

magnification before and after 24 h flow. The sample surfaces were sputter-coated with 20 nm of 

gold before imaging. All images were obtained on three different spots from each tubing sample 

and four different tubing samples were used (n = 4). 

 
Figure 5.9 Schematic of the custom flow system for CuBTTri stability study under dynamic flow 
conditions. (For bacterial attachment study, PBS was replaced by S. aureus solution). 

 
5.2.4 Avalon catheter coating and characterization 

Evaluation the compatibility between Avalon Catheter polymer and various solvents. 

Acetone, diethyl ether, and methanol were used to dissolve Avalon Catheter samples. The 

compatibility between Avalon Catheter polymer and each of the solvents was evaluated by visual 

inspection.  

Nonaqueous turbidimetric titration test. The turbidity of solvent having no/minimum effect 

to Avalon Catheter sample were tested in 1.0 w/v % Avalon Catheter polymer solution via a 

nonaqueous turbidimetric titration method. 0.13 g of Avalon Catheter was added into 13 mL of 

THF and stirred overnight at room temperature until fully dissolved to form 1 w/v % Avalon 

Catheter polymer solution. 5 mL of the polymer solution was transferred into a 15 mL beaker and 
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stirred. Methanol was added dropwise into the beaker until the mixture became turbid. The volume 

of methanol used during the test was recorded. 

CuBTTri coating solution preparation. 1 g of Avalon Catheter was dissolved in 20 mL THF 

to form a 5 w/v % of polymer solution.  0.4 g of CuBTTri was added into 32 mL of THF and 

sonicated for 1 h to for 1.25 w/v % CuBTTri solution. 8 mL of polymer solution and 32 mL of 

CuBTTri solution were added into 160 mL of THF. The mixture was sonicated for 1 h. After 

sonication, 200 mL of methanol was added into the mixture dropwise and sonicated for 1 h to 

form CuBTTri coating solution. 

Avalon Catheter coating method. The custom-designed dip-coating process was shown 

in Figure 5.10. Briefly, Avalon catheter was hung on a stainless steel rod. The rod was inserted 

into a mechanical rotator so that the catheter could be moved up and down at 65 rpm. After dip-

coating, the catheter was dried in the fume hood for two days and then dried under vacuum for 

3 days. 

 

Figure 5.10 Avalon catheter dip-coating process. 

 
Coating catalytic property evaluation before and after sterilization by nitric oxide analyzer 

(NOA). Same sample preparation and experimental process were performed as “coating catalytic 

property evaluation before and after sterilization by nitric oxide analyzer (NOA) in 1.2.3. 

5.2.5 OriGen catheter coating 

Evaluation of compatibility between OriGen Catheter polymer and various solvents. 

Ethanol, acetone, THF, toluene, hexane, and dichloromethane were used to dissolve OriGen 
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Catheter samples at room temperature, respectively. The compatibility between OriGen Catheter 

polymer and each solvent was evaluated by visual inspection. 

Polyurethane polymer solution preparation and evaluation. Tecophilic® polyurethane SP-

80A-150 and Tecophilic® polyurethane SP-60D-60 were used to make polymer solution. 

Polyurethane was added into 50 °C THF and stirred until polyurethane completely dissolved. The 

concentration of two types of polyurethane polymer solution were shown in Table 5.2. 300 mL of 

polyurethane polymer solution was applied to the surface of a OriGen catheter sample. The 

coated sample was dried in a fume hood overnight. To test coating delamination, surgical 

tweezers were used to scratch and peel off the polyurethane coating from the catheter surface 

before and after soaking in water for 1 h. 

Table 5.2 Various concentration of Tecophilic® polyurethane (SP-80A-150 and SP-60D-60) in 
THF. 

Polyurethane 
(g) 

THF 
(mL) 

Concentration of polyurethane in polymer solution 
(w/v %) 

0.05 5 1 
0.15 5 3 
0.25 5 5 
0.35 5 7 
0.5 5 10 

 

Pebax polymer solution preparation and evaluation. 0.1 g of Pebax polymer was added 

into  10 mL dichloromethane and stirred at 37 °C overnight. The solubility of Pebax polymer in 

dichloromethane was evaluated by visual inspection. 0.1 g of Pebax polymer was added into 10 

mL of m-cresol and stirred at room temperature until fully dissolved to form 1.0 w/v % Pebax 

polymer solution. 1 cm length of OriGen® Catheter sample was dipped into Pebax polymer 

solution for 10 sec, and then dipped into ethyl ether to remove m-cresol. The coated sample was 

dried in fume hood and evaluated by visual inspection. 
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5.2.6 Membrane oxygenation fiber coating 

CuBTTri with solvent coating solution preparation and evaluation. 0.1 g CuBTTri was 

added into 10 mL of solution containing various concentration of THF and methanol as shown in 

Table 5.3 and sonicated for 1 h to form 1.0 w/v % CuBTTri coating solution. 1 inch x 1 inch 

membrane oxygenator fiber sheet was merged into coating solution for 5 sec and dried in fume 

hood. The coated fiber sheet was evaluated by visual inspection. 

Table 5.3 Composition of membrane lung fiber CuBTTri coating solution. 

CuBTTri (g) Volume of THF (mL) Volume of methanol (mL) 
Concentration of CuBTTri in 

coating solution (w/v %) 
0.1 10 0 1.0 
0.1 5 5 1.0 

 

Layer-by-layer CuBTTri growth and evaluation. 0.012 g of H3BTTri and 0.012 g of 

CuCl2×2H2O were individually dissolved in 5 mL of ethanol. 1 inch x 1 inch membrane oxygenator 

fiber sheet was soaked into 15 mM 10 mL NaOH overnight. Next day, the soaked fiber sheet was 

rinsed with water three time and dried in fume hood before use. Fiber sheet was soaked in 

H3BTTri solution for 30 min and rinsed with water and soaked in CuCl2×2H2O solution for 30 min 

and rinsed with water. These two steps were repeated for 5 times. The fiber sheet surface was 

evaluated by visual inspection. 

Dopamine coating evaluation. 10 mM of Tris buffer was prepared by adding 0.5 g Tris 

buffer into 318 mL of water and adjust to pH 8.5 using 0.1 mM NaOH. 0.01g of dopamine was 

added into 5 mL Tris buffer solution to form 2 mg/mL polydopamine solution. 1 inch x 1 inch 

membrane oxygenator fiber sheet was soaked into polydopamine solution for 24 h with shaking 

in the absence of light. After 24 h, the fiber sheet was rinsed with water for 3 times and soaked in 

5 mL of water for 24 h with shaking to remove unbounded polydopamine. These two steps 

repeated for 3 times. The polydopamine coating on fiber sheet surface was evaluated by visual 

inspection. 
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5.2.7 Bacterial attachment study 

Bacterial solution preparation. Commercial S. aureus solution was thawed at room 

temperature and streaked onto an agar plate, which was incubated overnight at 37 ° C until colony 

formation. A single colony was chosen and inoculated into NBM, which was allowed to grow 

overnight at 37 ° C until an optical density at 600 nm (OD600) » 1 was reached. The resulting S. 

aureus solution was mixed with 30% v/v glycerol in a 1:1 volume ratio and stored at -80 ° C until 

further use. Prior to each bacterial experiment, the frozen S. aureus solution was thawed and 

centrifuged at 4700 rpm for 10 min. The upper solution was discarded, and the remaining S. 

aureus pellet was resuspended in NBM and incubated overnight at 37 ° C until OD600 » 1. The 

next day, S. aureu-NBM solution was centrifuged at 4700 rpm for 10 min. The supernatant was 

discarded, and the remaining bacterial pellet was resuspended in PBS. The S. aureus-PBS 

solution was diluted with PBS until OD600 » 0.033 corresponding to (4.7 ± 1.4) × 106  cfu/mL with 

approximate total volume of 125 mL before use. 

Bacterial attachment study. The bacterial attachment study was carried out using the 

same custom-designed flow system with modification. Briefly, six-inch-long uncoated medical 

tubing segments were used as controls. The coated or uncoated control tubing pieces were 

connected to one and half-foot-long tubing, which was inserted into the peristaltic pump on one 

end and one-foot-long tubing, which was inserted into the bacterial solution on the other end. The 

bacterial solution was pumped from one end to the other end. All experiments were performed in 

the absence of bubbles in the tubing. For the bacterial attachment study performed under dynamic 

flow conditions, the flow rate was 300 mL min−1, which simulated a typical blood flow rate utilized 

for hemodialysis. For the bacterial attachment study under static condition, the bacterial 

suspension was incubated in the loop for 24 h without active pumping. After 24 h, 150 mL of PBS 

was used to wash the entire loop at a flow rate of 300 mL min−1. Four inch-long CuBTTri-coated 
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or uncoated control tubing pieces were cut from the system and moved into 25 mL of PBS in a 50 

mL conical tube, which was then sonicated for 15 min and vortexed for 10 s to completely detach 

S. aureus from the tubing surface. The bacterial solution in the tube was transferred into a 

microcentrifuge tube and diluted 10 times. Diluted bacterial solution (20 µL) was streaked onto an 

agar plate and incubated overnight at 37 °C until colonies formed for enumeration. The amount 

of bacterial attachment was normalized into cfu mm-2 (n = 12).   

5.2.8 Statistical analysis 

Potential outliers were detected by Grubb’s test with a 95% confidence interval (p < 0.05). 

The statistical differences in data were evaluated using one-way analysis of variance (ANOVA) 

followed by post-hoc Tukey-Kramer multiple comparison test at a 95% confidence interval (p < 

0.05). All reported values were expressed as either mean ± standard deviation or spread range 

of 95% confidence interval. 

5.3 Results and discussion 

 
5.3.1 Circulation tubing coating and characterization 

CuBTTri coating solution preparation. Larger CuBTTri agglomerates were observed in 

CuBTTri coating solution with direct addition of CuBTTri into polymer solution compared to by 

mixing CuBTTri solution into polymer solution. Using the second CuBTTri coating solution 

preparation method, sonication was able to reduce the size of CuBTTri agglomerates. The 

additional sonication after mixing allowed the evenly distribution CuBTTri particles inside Tygon® 

polymer network, which helped to create a relatively well-dispersed CuBTTri coating solution. 

Tubing coating process 1 - 7. In tubing coating process 1, tubing section in the pump head 

was deformed, which was due to the compression created by the rollers that allowed the partially 

soften tubing change its configuration. Tubing coating process 2 was able to solve this issue by 

discarding the tubing used in pump head. However, bubbles formed in the flow-out tubing after 
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coating solution passing through the pump head. In addition to bubble formation, the coating 

solution tended to settle at the bottom of the tubing due to gravity. These two issues resulted in 

unevenly coated tubing. In tubing coating process 3, bubble formation was not a concern by 

removing flow-out tubing. However, coating solution still settled at the bottom of the tubing and 

tubing kept bending due to vibration resulting in unevenly coating. The connector needed to be 

changed each time after use which increased the cost. In tubing coating process 4, parafilm was 

used instead of connector. However, coating solution settlement remained a challenge. In tubing 

coating process 5, since the peristaltic pump was removed and coating solution was manually 

added into the tubing, a constant speed of addition of coating solution was hard to control and 

spilled coating solution while the tubing was rotating which created safety concerns. To keep 

tubing rotated and reduce safety concerns at the same time, peristaltic pump and a swivel 

connector was used in tubing coating process 7. However, the coating solution leaked from the 

swivel connector and tubing was twisted during rotation. In addition, a surface coating formed 

inside the swivel connector which needed to be changed each time of use and increased the cost. 

These issues found in tubing coating process 1 – 6 were solved in tubing coating process 7 which 

is currently used in our lab, including Raumedic ECC tubing (1/4 inch ID) coating and Tygon® 

ND-100-65 medical tubing (0.25 inch ID). 

Interconnection between CuBTTri coating and surface of medical tubing. In this study, 

CuBTTri was coated onto the inner surface of the medical tubing by casting from the coating 

solution containing dissolved TygonÒ. The TygonÒ in the coating solution serves as a bonding 

agent, which blends with and penetrates the medical tubing, to prevent delamination of the 

CuBTTri-coating layer, and to avoid the introduction of new chemicals and additional bonding 

chemistries. THF dissolves a wide variety of polymers such as polyvinyl chloride and 

thermoplastic polyurethane and has a relatively low boiling point.40,41 Over a short contact time, 

THF in the CuBTTri-coating solution is able to penetrate the rubbery surface of medical tubing, 
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leading to the formation of a gel layer that promotes adhesion of the coating solution.40 Since the 

coating polymer is identical to the polymer used to manufacture the substrate tubing, the CuBTTri 

coating was deposited on the surface of the medical tubing without concern of delamination due 

to shear stress under flow conditions. Due to the volatility of THF, residual solvent was easily 

removed under vacuum.42 In addition, no cytotoxic effects were observed when CuBTTri particles 

were added directly to human whole blood in an in vitro assessment of the effects of CuBTTri on 

coagulation and platelet aggregation.43 CuBTTri/PVC composite membrane extracts also do not 

show any toxic effects to fibroblast or hepatocyte cultures.44 Therefore, we expect that the coating 

method used in this work reduces the risk of cytotoxic effects. 

CuBTTri-coating. CuBTTri (Figure 5.11a) maintained the same purple color after being 

mixed with a transparent polymer solution, which made the interior surface of CuBTTri-coated 

tubing appear the same purple color (Figure 5.11c) compared to clear uncoated controls (Figure 

5.11b). The color change was an indicator of the distribution of CuBTTri particles in CuBTTri 

coating. CuBTTri coating solution containing 0.1 w/v%, 0.5 w/v%, and 1.0 w/v% were successfully 

coated onto the interior surface of tubing using Coating process 7. 

 
Figure 5.11 Representative images of (a) purple color CuBTTri particles; (b) clear uncoated 
medical tubing control; and (c) CuBTTri-coated medical tubing. 

Coating catalytic property by nitric oxide analyzer (NOA). The real-time enhanced NO 

production from GSNO with CuBTTri coating containing various concentration of CuBTTri were 
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shown in Figure 5.12. CuBTTri-coated tubing was able to promote NO production from 10 µM 

GSNO in the solution. 1.0 w/v% CuBTTri-coated tubing induced a faster NO generation compared 

to 0.5 w/v % and 0.1 w/v % CuBTTri-coated tubing. The drop of NO production in the figure 

indicated that all NO was generated from GSNO through the CuBTTri coating. 

 
Figure 5.12 Representative real-time enhanced NO production from GSNO with CuBTTri-coated 
tubing containing various concentration of CuBTTri. 

 
Coating post-sterilization catalytic property change by NOA. The real-time enhanced NO 

production from GSNO with CuBTTri coating containing various concentration of CuBTTri after 

ethylene oxide sterilization were shown in Figure 5.13. The CuBTTri coating was still able to 

promote NO production from GSNO, which indicated the ethylene oxide sterilization won’t affect 

the catalytic properties of CuBTTri coating on tubing. 
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Figure 5.13 Representative real-time enhanced NO production from GSNO with CuBTTri-coated 
tubing after ethylene oxide sterilization. 

 
Surface roughness by optical profilometer. It is essential that the seven-foot-long medical 

tubing exhibits a uniform thin coating after processing. The coating uniformity was evaluated 

based on coating surface roughness, coating thickness, and CuBTTri particle distribution in the 

coating. There were no significant differences in coating surface roughness among the seven 

segments of one inch-long tubing that were cut from the same tubing sample as shown in Figure 

5.14. The average roughness (Sa) of coated tubing pieces was 0.50 ± 0.06 µm, approximately 

eight-fold greater than the roughness of uncoated control tubing which was 0.06 ± 0.005 µm. 
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Figure 5.14 Surface roughness was measured on each segment from the CuBTTri-coated tubing. 
No significant difference was observed in surface roughness along the seven-foot long tubing (n 
= 3, p < 0.05) which indicated that the coating was evenly applied along the entire length of tubing. 

 
Coating thickness and CuBTTri distribution by SEM. The coating thickness was roughly 

20 µm, which is less than a 1.3% increase in wall thickness or less than 0.63% decrease in tubing 

inner diameter. The octahedral morphology of CuBTTri particles (Figure 5.15a) was partially lost 

during the coating process, as shown in Figure 5.15b. This change in particle morphology 

resulted from sonication during preparation of the coating solution. Sonication also separates 

larger CuBTTri agglomerates into smaller particles and disperses these uniformly in the polymer 

solution. Due to the distinct physical and chemical properties of CuBTTri and the TygonÒ solution, 

CuBTTri particles tended to aggregate and form small agglomerates between 0.5 to 3.0 µm in 

size (Figure 5.15b). An industrial extrusion method would be able to solve this issue by melting 

CuBTTri particles and TygonÒ into polymer pellets, similar to the CuBTC/polyurethane pellets 

previously reported by our group.45 Furthermore, as shown in Figure 5.15c and 5.15d, CuBTTri 

particles were embedded in the coating matrix and distributed across the entire surface without 

regular micropatterning. Portions of the CuBTTri particles were merged into the surface of the 

tubing while the remaining portion of CuBTTri particles was on the surface of tubing but covered 

by TygonÒ polymer which is able to protect CuBTTri particles under flow conditions. Overall, 

based on the results of coating thickness, surface roughness and surface morphology analysis, 

the CuBTTri coating was relatively uniform and thin but not fully homogenous. 
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Figure 5.15 Representative SEM images of (a) free CuBTTri particles after synthesis; (b) CuBTTri 
particles in the coating at 10000x magnification; (c) and (d) interior surfaces of CuBTTri-coated 
medical tubing and uncoated control at 1000x magnification; (e) and (f) interior surfaces of 
CuBTTri-coated medical tubing and uncoated control at 100x magnification. 
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Copper content analysis by SEM-EDS. The incorporation of CuBTTri in the coating matrix 

was further evaluated via the elemental analysis of copper ion in the framework using SEM-EDS. 

The weight percentage of copper content in the coating matrix after scanning the sample surface 

was 3.9%. This results indicates the presence of CuBTTri particles in the coating matrix, which 

was consistent with the observation in Figure 5.15. 

Coating stability (determination of CuBTTri degradation) by ICP-AES. For use in 

extracorporeal organ support, the stability of CuBTTri in the coating must be maintained to 

preserve function and protect patient safety. When copper-based MOF breaks down, it will 

release copper ions and organic linkers.46,47 CuBTTri degradation from the coating was evaluated 

based on measurement of the copper ion concentration in PBS after 24 h incubation. The 

presence of dissolved copper in this medium may indicate breakdown of CuBTTri particles from 

the coating matrix or leaching of residual copper ions from the MOF synthesis that were trapped 

in the framework.48 Using ICP-AES, the concentration of copper ions in this solution was 

determined to be (3.3 ± 0.1) × 10−6 M, corresponding to 0.28% of the theoretical total copper in 

the coating. This result indicates that CuBTTri in the coating matrix is stable with negligible 

leached copper. 

Coating stability (coating morphology change) by SEM. Changes in coating morphology 

were visualized using SEM. CuBTTri particles maintained a similar size and crystal structure in 

the CuBTTri-coating matrix before and after flow as shown in Figure 5.16. This outcome supports 

that the CuBTTri coating remains stable under flow conditions over 24 h. However, the CuBTTri 

coating in Figure 5.16b looked more uniform than in Figure 5.16a. After the coating was exposed 

to flowing PBS for 24 h, the PBS was trapped within the coating matrix and induced some swelling. 

SEM measurements were made under high vacuum, which causes surface dehydration. The 

dehydrated surface would either turn to its original appearance or become deformation. In 

addition, the samples used for SEM before and after flow were not the same but from similar 
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locations. From the surface roughness results, this was a ± 0.06 µm variability from location to 

location. These are the reason why the two surfaces look slightly different. 

 
Figure 5.16 Representative SEM images of (a) interior surface of CuBTTri-coated medical tubing 
before flow at 10000x magnification (same image as Figure 6b); and (b) interior surfaces of 
CuBTTri-coated medical tubing after flow at 10000x magnification. 

 
5.3.2 Avalon catheter coating and coating catalytic property evaluation 

Evaluation the compatibility between Avalon Catheter polymer and various solvents. To 

reduce the effects of THF on the catheter surface, solvent that is miscible with THF and 

compatible with the Avalon Catheter polymer was used to dilute THF. The volatility of this second 

solvent was selected to be similar to THF so that they can be removed by evaporation at similar 

rates. Acetone, diethyl ether, and methanol were tested. Methanol satisfied all of the previously 

mentioned criteria and was therefore used to dilute THF. 

Nonaqueous turbidimetric titration test. The volume of methanol used during turbidimetric 

titration test was 5 mL which was exactly the same volume of polymer solution. Because of these 

results, the ratio of THF to methanol used in CuBTTri coating solution was 1 to 1. 

Assessment of catalytic property by NOA. Real-time enhanced NO production from GSNO 

is shown in Figure 5.17. Without light exposure, NO production from GSNO was minimal either 

in solution without any coated sample or in the presence of uncoated catheter. Both of reinfusion 

port and tubing section from CuBTTri-coated catheter were able to promote NO production from 
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GSNO. Again, the decline in NO release indicated that all NO was released from GSNO in the 

presence of CuBTTri coating. 

 
Figure 5.17 Representative real-time enhanced NO production from GSNO with CuBTTri-coated 
catheter. 

 
Assessment of post-sterilization catalytic property changes by NOA. Real time enhanced 

NO production from sterilized CuBTTri-coated catheter is shown in Figure 5.18. This result 

indicates that ethylene oxide sterilization is unlikely to affect the catalytic properties of CuBTTri 

coating on catheters. 
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Figure 5.18 Representative real-time enhanced NO production from GSNO with CuBTTri-coated 
tubing after ethylene oxide sterilization. Compared to pre-sterilization results, CuBTTri-coating 
was still able to promote NO production. 

 
5.3.3 OriGen catheter coating 

Evaluation of compatibility between OriGen Catheter polymer and various solvents. To 

prepare a coating solution of the OriGen Catheter polymer, different solvents were used to 

dissolve OriGen Catheter samples. Ethanol, acetone, toluene, hexane, and dichloromethane had 

no effect on the surface of OriGen Catheter sample after 12 h exposure by visual inspection. 

OriGen Catheter samples softened after 12 h in THF, but did not dissolve. 

Polyurethane polymer solution evaluation. Both types of polyurethane polymer coating 

layer on Origen Catheter sample surface were removed by scratching using a steel implement 

and delaminated after soaking in water for 1 h.  

Pebax polymer solution evaluation. Pebax polymers failed to dissolve in dichloromethane, 

but slightly swelled. The colorless m-cresol became yellow when this solvent was exposed to air, 

which is attributable to oxidation of phenols.44  m-Cresol was able to fully dissolve Pebax polymers 

and the polymer solution was a light yellow color. The boiling point of m-cresol is 203 °C under 

atmospheric pressure, making it difficult to remove from the polymer coating and creating 
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biological toxicity concerns. Diethyl ether dissolves m-cresol and is very volatile with a boiling 

point of 34.6 °C. By dipping the coated sample in diethyl ether, m-cresol can be removed from 

the coating matrix. However, phenol tarring odor persisted after several dipping cycles and the 

polymer coating was not uniform by visual inspection. 

Because the composition of OriGen Catheters is proprietary, the exact polymer or mixture 

of polymers used in their fabrication is unknown. Without this information, it was challenging to 

identify chemicals that would effectively dissolve or promote coating of OriGen Catheters. 

Different methods were tested to prepare a coating solution in the absence of this information. 

However, none of the methods worked well on these catheters. Because of the known formulation 

of Avalon catheters , we were focused on them instead. 

5.3.4 Membrane oxygenation fiber coating 

Coating solution evaluation. Membrane lung fibers were deformed in both coating 

solutions. This outcome likely results from incomplete removal of THF from the hollow structure 

of fibers,  leading to deformation. 

Layer-by-layer CuBTTri growth and evaluation. In this study, no CuBTTri formation was 

observed on the fiber sheet surface. However, copper-based MOFs, such as CuBTC, have been 

successfully grown on silk and cotton fibers using layer-by-layer growth methods.32,33,45 Chemical 

bonds could first form between the fiber surface and ligand by the interaction of functional groups. 

Metal ions could coordinate with the ligand on the fiber surface and start the nucleation process 

to form the frameworks. To protect membrane oxygenation fibers from deformation, the solvent 

used for the ligand and metal ions should be resistant to the fibers and the nucleation temperature 

should be below the fiber melting point. The chief difficulty is identifying useful nucleation 

conditions, such as solvent, temperature, and other factors. 
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Dopamine coating evaluation. Dopamine is a mussel-inspired chemical that contains both 

catechol and amine functional groups which mimic 3,4-dihydroxy-L-phenylalanine and lysine 

amino acids, two adhesive proteins in mussels. Dopamine can self-polymerize under marine 

condition and has been shown to successfully form thin polydopamine films on different 

substrates. After deposition, the polydopamine film can be used as an intermediate for secondary 

reactions. So far, dopamine has been shown to help the growth of CuBTC on metal surface. We 

expect dopamine can help either the adhesion or the growth of CuBTTri. In this study, a black 

color polydopamine layer was formed on a fiber surface. Further study involved in the 

incorporation of CuBTTri into polydopamine layer is needed. 

5.3.5 Static and dynamic flow bacterial attachment studies on CuBTTri-coated tubing 

Conventional hemodialysis is performed in routine treatments lasting 3-12 hours.51 More 

intensive forms of renal support, such as continuous renal replacement therapy (CRRT), can be 

implemented over 24 hours to several days.52 In this initial investigation,  an intermediary 24 h 

duration study was selected with the results applicable to both conventional hemodialysis and 

CRRT. Bacterial attachment to foreign surfaces is highly flow dependent. For example, fluid shear 

forces can accelerate bacterial transport to the biomaterial surface and promote cell binding to an 

extent; however, significantly high flow rates can induce detachment and limit attachment once a 

critical flow limit is exceeded.53 Further, lower flow rates are associated with random bacterial 

attachment and lower density of attached bacteria in specific regions.54 This demonstrates the 

importance of evaluating bacterial attachment to biomaterials utilizing flow conditions that closely 

replicate the clinical scenario. Therefore, we used a flow rate of 300 ml L-1 to simulated a typical 

blood flow setting during hemodialysis procedures. 

Under static conditions, the attachment of S. aureus on uncoated controls and CuBTTri-

coated medical tubing was 1912 ± 490 cfu mm-2 and 916 ± 281 cfu mm-2, respectively. Under 
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dynamic flow conditions  the attachment of S. aureus on uncoated controls and CuBTTri-coated 

medical tubing was 925 ± 221 cfu mm-2 and 437 ± 272 cfu mm-2, respectively. As shown in Figure 

5.19, bacterial attachment was significantly reduced by 52 ± 15% and 53 ± 29% on CuBTTri-

coated medical tubing compared to uncoated controls under static and dynamic flow conditions, 

respectively. Leaching of copper ions from the material surface could raise safety concerns for 

medical applications, so copper leaching was accessed in addition to bacterial attachment. Based 

on the dimensions of medical tubing samples and the volume of the solution used for the bacterial 

attachment study, the copper ion concentration in the system was calculated to be approximately 

4 µM based on the coating stability test. This concentration is lower than concentrations (10-100 

µM) reported to have an effect on both mammalian cells and S. aureus. 55–57 CuBTTri antibacterial 

properties have been reported by several groups, although the mechanism remains unclear.35,36 

In addition, Neufeld et al. demonstrates that the antimicrobial properties of CuBTTri/chitosan films 

are attributable to the material itself, not solvated copper ions or organic ligands.35 CuBTTri 

contains copper centers both inside the framework and on the framework surface. Copper centers 

on the framework surface may be able to come into direct contact with bacterial membranes and 

induce oxidative damage to bacterial cells.36,58,59 However, coating physiochemical properties, 

such as surface patterns and surface roughness, may also affect bacterial attachment.60 

Patterning surfaces, such as sharklet, are known to influence the interaction between bacteria 

and material surfaces.30,61 In this study, a regular micropatterning was not observed on the 

CuBTTri coating surfaces (Figure 5.15). Coating surface roughness is another factor that may 

affect S. aureus attachment. The effects of surface roughness on bacteria attachment have been 

studied with a variety of biomaterials and bacterial strain. However, a surface roughness study 

has yet to be performed using CuBTTri coatings. It is possible that the combination of MOF 
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inherent antibacterial properties and surface roughness contribute to the reduction of S. aureus 

attachment. In general, the mechanism of antibacterial activity requires further investigation. 

Bacterial attachment was also significantly reduced under dynamic flow conditions 

compared to static conditions for both the CuBTTri-coated medical tubing and uncoated controls. 

Both mass transport and shear stress can affect bacterial attachment in a flow system.62 Mass 

transport refers to the process in which the rate of bacterial attachment is determined by the 

number of bacteria passing over the surfaces of medical devices.63–65  It is believed that bacterial 

attachment will be increased if the number of bacteria is higher.66 Shear stress can neutralize this 

phenomenon if flow occurs beyond a critical point where shear stress can decrease bacterial 

attachment.67,68 In our study, we showed that bacterial attachment is reduced by 52 ± 12% 

(CuBTTri coating) and 52 ± 30% (uncoated controls) under dynamic flow compared to static 

conditions. Traditionally, pre-clinical assessment of antibacterial biomaterials is performed in a 

static benchtop setup with no flow on small fragments of tubing or isolated pieces of catheters. 

For this reason, it is difficult to compared the percent reduction in bacterial adhesion we observed 

in our study to other static, benchtop assays. A small number of dynamic flow bacterial attachment 

studies have been reported, but these studies do not use the same flow rate or clinically-relevant  

circuit test configuration as we have attempted to do in this study, so it is also difficult to compare 

the percent reduction in bacterial attachment observed in this study to other dynamic studies.69–

72 

The promising antibacterial activity of this CuBTTri-based coating may interest clinicians 

who are seeking new treatments and novel surfaces for the improvement of extracorporeal organ 

support performance. Further testing is required, including in vivo testing in animal models, to 

understand more about how these results translate to clinical applications. 
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Figure 5.19 Bacterial attachment was significantly reduced on CuBTTri-coated medical tubing. 
Bacterial attachment was significantly reduced with dynamic flow (n = 12, * indicates p < 0.05). 

 
In addition to antibacterial effects, CuBTTri has catalytic properties that enhance nitric 

oxide (NO) release from bioavailable donors in the blood, such as S-nitrosothiols 

(RSNOs).44,45,50,73,74 NO has potent antimicrobial and antibacterial effects that are implicated in a 

healthy host response to infection.75 In addition,  NO can effectively inhibit platelet activation and 

aggregation at the blood-biomaterial interface.5 Generation of NO at the biomaterial surface using 

CuBTTri could be extremely beneficial to prevent infections and blood clot formation during 

hemodialysis and other forms of extracorporeal organ support such as ECMO. The anticoagulant 

effects of CuBTTri were demonstrated ex vivo using whole blood from healthy human donors 

where CuBTTri reduced the time to start of clot formation and reduced clot strength, as measured 

by thromboelastography.43 Additionally, CuBTTri added to platelet-rich plasma with an RSNO 

reduced platelet aggregation by approximately 35% when compared to addition of the RSNO 

alone.43 Further testing using the CuBTTri-coated medical tubing we have detailed in this study 
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is required to examine the effects of the coating on both foreign surface-induced thrombus 

deposition and bacterial adhesion when exposed to blood and RSNOs. 

5.4 Conclusion 

This is the first study to report methods for coating a MOF-polymer composite layer on 

catheters and medical tubing at a length normally used during extracorporeal organ support 

procedures. The CuBTTri-coated medical tubing combined with typical hemodialysis flow 

conditions can maximize inhibition of bacterial attachment compared to uncoated medical tubing 

under static conditions. The CuBTTri coating is not limited to medical tubing and can conceivably 

be used to coat other polymeric medical devices. Since CuBTTri also has catalytic properties 

conferring antibacterial and platelet inhibitory effects, the CuBTTri coating is a promising 

multifunctional coating for medical devices. 
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CHAPTER 6  

CONCLUSIONS AND FUTURE DIRECTIONS 
 

 

6.1 Conclusions 

In this work, three strategies were achieved to improve the performance of blood-

contacting medical device surfaces: (1) nitric oxide (NO)-releasing surfaces, (2) NO-mediated 

fibrinogen surfaces, and (3) NO-generating surfaces. In addition, platelet-rich plasma, human 

whole blood and bacteria were used to evaluate the biological responses on these coated 

surfaces. 

Chapter 3 achieves the synthesis of a multifunctional glycocalyx-mimetic surface with 

three features: (1) surface nano- and micro topography to provide high surface area, (2) a heparin-

chitosan polyelectrolyte multilayer coating to provide glycosaminoglycan functionalization, and (3) 

modified chitosan with NO donor chemistry to provide an important antithrombotic small-molecule 

signal. Chapter 3 also demonstrates that the multifunctional glycocalyx-mimetic surfaces are 

nontoxic to platelets and are able to inhibit platelet adhesion and platelet activation. In addition, 

the NO-releasing surface can delay the blood clotting process. This work presents a successful 

and innovative strategy to coat medical devices with metallic surfaces. 

Chapter 4 addresses the effects of a NO-mediated fibrinogen surface on platelet adhesion 

and activation. It is surprising that fibrinogen adsorption increases in the presence of NO, because 

the assumption has been that NO would inhibit fibrinogen adsorption. Interestingly, it was also 

observed that NO-exposed fibrinogen is able to inhibit platelet adhesion and platelet activation in 

the absence of continuing NO release. This observation could lead to a new approach to coat 

blood-contacting medical devices using fibrinogen and NO gas. It also allows consideration of 

whether NO-releasing surfaces are necessary at all, since platelet inhibition can be mediated by 
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a layer of NO-treated fibrinogen without continuous NO release. As an example of this approach, 

a thin fibrinogen layer can be deposited onto the surface of medical devices. The surface of the 

fibrinogen-coated device can then be swept with NO gas, presumably altering the structure and 

behavior of the protein in order to reduce the binding affinity between fibrinogen and receptors on 

platelet membranes. This approach overcome the limitations of NO-releasing surfaces, such as 

finite NO release, photo- and thermo sensitivities, NO cytotoxicity concerns, and sterilization 

incompatibility. 

Chapter 5 demonstrates different coating methods for extracorporeal life support (ECLS) 

components using a copper-based metal–organic framework (MOF) as a NO-generating catalyst. 

The coatings promote NO generation from endogenous NO donors and are stable both after 

sterilization and under dynamic flow conditions. This is the first report of a successful ECLS tubing 

and catheter coating with catalytic properties and inherent antibacterial properties under both 

static and dynamic conditions. These coatings are also improve upon the disadvantages of NO-

releasing surfaces as described above. 

6.2 Future directions 

6.2.1 NO-releasing PEM coating  

Currently, the NO-releasing surfaces described in Chpater 3 can only release NO for 

approximately 20 min which is not ideal for implanted medical devices. For example, the 

achievement of re-endothelialization after coronary stent implantation is a strategy to minimize 

undesired immune response and smooth muscle cell de-differentiation and proliferation.1 

However, the time taken from after implantation to complete re-endothelialization various on a 

case-by-case basis. Two methods can be used to prolong NO release: (1) deposition of more 

PEM layers, and (2) modification of the nitrosation step used to form the NO donor. tert-Butyl 

nitrite is able to penetrate PEM layers and react with chitosan-thioglycolic acid (chitosan-TGA) to 
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form S-nitrosothiol functional groups. The increased chitosan-TGA layer may lead to the formation 

of more nitrosated chitosan-TGA, which may extend the NO release time. The additional PEM 

layers will also result in a rougher surface, which has been shown to reduce blood protein 

adsorption and prevent fibrin clot formation.2 Modification of the nitrosation step is another 

approach that may improve overall nitrosation of chitosan-TGA and perhaps extend NO release 

capabilities. For example, nitrosation of PEM layers multiple times during the PEM coating 

process. However, it is unclear if additional nitrosation steps or the release of NO will change the 

structure of PEM layers, such as undesired reaction between reactive nitrogen species and 

heparin.3,4 Dynamic blood studies with a simulated physiological flow rate are recommended. 

Coating stability tests under dynamic flow conditions should also be included. In addition, this NO-

releasing surface is photo- and thermo- sensitive, which limits its application in clinical procedures. 

An alternative approach with a more robust NO donor may be considered, such as N-

diazeniumdiolate. 

6.2.2 NO-mediated fibrinogen coating 

The mechanism of how NO affects fibrinogen is still unclear. It is possible that NO forms 

reactive nitrogen species in aqueous condition and induces changes the structure of fibrinogen. 

With new a structure, fibrinogen may have low binding affinity to the receptor on platelet 

membranes. It would be beneficial to distinguish the effects of NO and reactive nitrogen species 

on fibrinogen. NO gas can be used instead of a NO-releasing surfaces. However, NO gas is not 

stable, reacting rapidly with oxygen in the presence of air. A glovebox may or may not solve this 

issue. To examine structure change, several methods may help, such as circular dichroism, 

single-pair fluorescence resonance energy transfer, partial proteolysis, immunochemical analysis, 

and others.5 
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6.2.3 NO-generating MOF-coating 

Currently, the MOF-coated ECLS circuit is being tested using an ex vivo blood flow model 

that simulates anticipated clinical conditions. With the exception of thromboelastographic 

performance, the coating integrity and catalytic properties will also be evaluated after ex vivo 

studies. The coating will then be optimized based on the results from ex vivo studies. For 

examples, the amount of MOF in each coating matrix will be adjusted if the thromboelastographic 

results are the same or worse than control groups. After optimization, the coated ECLS circuit will 

be tested using animal models for up to 72 h, which is the time required for prolonged field care. 

The decision on further development of MOF-coated ECLS will be based on the results from 

animal studies. 
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