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ABSTRACT 

Investigation ofplatelet adhesion, platelet activation, and platelet morphology was 

performed on Hexatluoroethane coated glass coverslips, Fluorinated Ethylene Propylene 

(FEP), and Polymethyl Methacrylate (PMMA) thin fiJm polymers. Hexatluoroethane was 

coated on glass coverslips using Radio Frequency Glow Discharge (RFGD) polymer 

deposition and was supplied by researchers at the University ofWashington in Seattle. For 

several years now, analogously prepared Fluoropolymer surfaces have been reported to 

exluOit unique protein adsorption properties and reduced adherent platelet concentrations 

compared to standard fluoropolymers and non-fluorinated polymers (Kiaei, 1995). 

Platelet interactions were assessed using a novel, dynamic, and physiologically 

relevant experimental system. In-vitro tests were performed on polymer surfaces mounted 

in a light transparent flow cell by pumping whole blood through the apparatus to deposit 

platelets over the polymer surface. Red blood cells were rinsed from the flow cell with 

plasma immediately after platelet deposition to permit observation of adherent cells. 

Dynamic, real time single cell morphology observation was made under low flowing plasma 

conditions using light microscopy and recorded using a computer image acquisition system. 

Physiologic conditions were maintained using a low pJasma flow rate which ensured available 

nutrients for platelets as tests were performed for up to 90 minutes. 

Ill 



Compared to PMMA and FEP, Hexatluoroethane surfu.ces exhibited the lowest 

platelet surface concentrations with overall mean adherent platelet concentrations of8165, 

6895, and 4387 platelets perm, respectively. PMMA is a more activating surface 

compared to the fluoropolymers tested, however, the rate ofprogress ofplatelet activation 

and morphological trends are similar between the Hexafluoroethane and FEP polymer 

surfu.ces. Activation parameters, a quantification ofthe state ofplatelet activation, support 

experimental observations made concerning morphological change information on 

Hexatluoroetbane, FEP, and PMMA. 

A Scanning Electron Microscopy study involving all three test surfilces, fixed after 60 

or 90 minute plasma flow maintained experiments, support the hypothesis that the pancake 

platelet evolves :from a spreading platelet. Routinely observed, pancake platelets are circular, 

3-5 J.Lm in diameter, and have round raised protuberances at the periphery of the cell 

membrane. Images showing several stages of spread cell retraction on Fluoropolymers tested 

without added thrombin stimulant give greater detail ofperipheral fragmentation and further 

support a mechanism for polymer surface induced platelet microparticle formation. 
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1.0 INTRODUCTION 

Blood material interaction research has increased steadily over the past three decades. 

Initially researchers utilized commercially available materials, most of which were quickly 

discovered tO interact in undesirable ways with blood. Shortly thereafter, efforts to develop 

and synthesize new surfaces and materials with varying properties began. This work was 

carried out privately and publicly through the Artificial Heart or Artificial Kidney programs 

(begun by the Nlli) and proceeded to develop new artificial surfaces to be less reactive with 

blood. After a number ofyears new efforts reevaluated these approaches, as defined goals 

were only partially achieved. 

Progress has been slow in blood material contact research for many reasons including 

the screening approaches employed, the multidisciplinary nature of the work, the lack of 

understanding ofsurfuce characterization, the inability to accurately reproduce physiologically 

relevant test situations, and the differing priorities of need set by distinct users of blood 

material contact data. The vascular surgeons' interpretations ofwhat is acceptable differs 

compared to device developers or medical regulators. The surface chemist, haematologist, 

or material scientist are all concerned with specifically with mechanisms and design criteria, 

where as the attending physician deals with therapeutic concerns. It is obvious that different 

applications require various, often independent and unique, properties for successful end use. 
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There is no single blood material interaction problem. Devices exist and are 

developed with large variations in the type , extent, and duration ofblood material e9ntact, 

and therefore there is unlikely to be an acceptability test applicable for all applications. As 

well, it is recognized that no single biocompatible material contains properties that allow 

universal biomedical application. Therefore, end use ofthe biomaterial must be considered 

when defining its success in terms of biocompatibility. The consensus definition of 

biocompatibility, "the ability ofa material to perform with an appropriate host response in 

a specific application", highlights this key implication. For example, considering this 

definition, polyuretbanes have eJ\joyed biocompatJ.ble success for use in short term indwelling 

catheters, as have tissue-culture grade polystyrenes for the culture ofanimal cells in vivo. 

Both applications are very specific with respect to the material properties required 

(chemicaJ/physical) and intended use - polyurethanes are not ''biocompatible" for long term 

indwelling catheter use, nor is polystyrene ''biocompa.tible" when used for in vivo blood 

contacting applications. 

Blood contacting material induced effects include occlusion, thrombus and/or 

embolism formation, haemolysis, immune response induction, or elution oftoxic substances. 

The haemostatic, haemolytic, and imrmme responses involve a very complex series ofphysical 

and chemical processes involving humoral and cellular constituents ofthe blood. An overall 

assessment ofblood compatibility would necessarily involve tests and measurements aimed 

at all ofthese individual processes. A direct result ofsuch multifilceted concerns bas been the 

evolution ofseveral groups oftests concerned with materials assessment leading from in vitro 
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tests to clinical trials. 

The vvork of this thesis concerns blood material cont&..1: with a unique set of 

hexafluoroetbane fluoropolymers and control surfitces using a dynamic in vitro test protocol 

In vitro tests are most useful in the detection ofartificial surfaces that are highly reactive with 

various blood components and produce rapid activation of blood coagulation events or 

obviousJy alter blood cells. These simple screening tests allow use ofhuman blood and quick 

assessment of many surfaces. Our test protocol involves a flow cell device in which is 

positioned the polymeric surfitce ofinterest. A controlled shear flow ofblood or plasma can 

be directed over the transparent test surfaces whose transparency allows for real time 

microscopic evaluation ofadhered cells. 

Assessment of platelet interactions on hexafluoroethane, fluorinated ethylene 

propylene, and polymethyl metbacJ.ylate polymeric surfaces using the flow cell in conjunction 

with video, low level light and scanning electron microscopy has been conducted. On these 

polymeric su:rfBces we have quantified platelet adhesion, characterised platelet morphologies, 

and assessed platelet activation. Unique physiologically relevant features ofour experimental 

protocol include platelet deposition from human whole blood anticoagulated with low 

molecular weight heparin and cell maintenance in plasma. For some tests, cells were studied 

in our system up to 90 minutes post deposition. 



2.0 LITERATURE REVIEW 

2.1 PLATELET FORMATION AND STRUCI'URE 

Bone marrow contains pluripotential hemopoietic stem cells (PHSC), from which all 

cells in the circuJating blood are derived. PHSC cells under the influence ofgrowth inducer 

protein, such as interleuldn-3, and di:fterentiation inducer protein will form into specific types 

of committed stem cells (Guyton, 1997). The colony forming unit, or" megakaryocytes", 

form adult platelet blood cells. Megakaryocytes can be thought ofas large bone marrow 

cells. Platelets are derived from megakaryocytes when they differentiate and mature in 

specific ways and shed their cytoplasm as platelet sized fragments (Pennington, 1980). 

Different sized megakaryocyte fragments are deposited either in the bloodstream or bone 

marrow. The bone marrow is regarded as a key site for platelet production, and trapped 

pulmonary megakaryocytes may also contnbute significantly (Martin, 1991). Platelet 

properties such as size, cell volume, receptor status, etc., are suspected to be related to the 

ploidy class ofthe megakaryocyte from which they originated (Pennington, 1974). 

Platelet subpopulation heterogeneity may intluence response and outcomes ofplatelets 

under certain situations. There is considerable heterogeneity in the volume, density and the 

biochemical and functional competence of the circulating platelet pool (Crawford, 1994). 
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Although cell suspensions containing only platelets are readily obtained from blood, these 

preparations are not necessarily biochemically or functionally homogeneous. Low gravity 

sedimentation to deposit red blood cells and white blood cells typically contains only 60-70% 

of the platelets present in the whole blood sample. It is suspected that those platelets 

removed with the red and white blood cells could have different physical, analytical and 

functional properties (Crawford, 1984). Heterogeneity profile differences of circulating 

platelets may be important where selective loss ofplatelets occur such as immune or drug 

induced thrombocytopenia, vessel wall ~ or contact with polymeric biomaterials in 

protheses, shunts, oxygenators and other blood material contact applications. 

The normal average concentration ofplatelets in the bloodstream is 225,000 per micro 

litre. Platelets circulate as discoid cells 2 to 4 micrometers in diameter with a lifespan in the 

circuJation ofapproximately 8-11 days (Stuart, 1975). Once the cell's life processes run out 

it is usually removed from circulation by macrophages in the spleen. Under pathological 

conditions, especially those where vessel wall encounters occur, platelet survival curves 

suggest that some removal mechanism, other than ageing, extracts platelets from circulation 

(Murphy, 1972). 

The platelet is a very active cell with a cytoplasm containing many organelles and 

proteins. Mitochondria and enzyme systems are capable of forming ADP and ATP. The 

go]gi apparatus and endoplasmic reticulum ( really the dense tubular system (DTS) which is 

the equivalent ofthe smooth endopJasmic reticuhnn (SER) in other cells) synthesize enzymes, 

such as prostag]andins, and can store large amounts ofcalcium ions. The DTS lies in close 



6 

contact with channels of the open canalicular syste~ forming a membrane complex 

(Blockmans, 1995). Housed within the cytoplasm are glycogen particles, lysosomes and 

peroxisomes, and platelet-specific storage granules, the a granule and dense granules. Alpha

granules hold proteins including platelet factor 4, platelet derived growth :factor, fibrinogen, 

fibronectin, vW"t thrombospondin, P-thromboglobulin, and plasminogen activator inhibitor 

(Blockmans, 1995). Dense bodies contain mainly serotonin, ADP, and calcium. All these 

are contained within the platelet surfitce membrane - a phospholipid bilayer membrane not 

unlike that of other cells containing cholesterol, glycolipids, proteins, glycoproteins and 

sphingomyelin (Fauvel, 1986). 

Morphological events are accompanied by synthesis and liberation of several 

metabolites such as thromboxanes and prostaglandins. These events occur by 

phosphorylation ofimportant regulatory proteins and by export from the platelet ofgranule 

stored constituents. The export ofgranule contents involves fusions between the secretory 

granule boundary membranes and the cytoplasmic fBce ofthe sur:tace membrane. Protein and 

amine storage granule constituents are hberated without loss ofcytosolic components. 

Protein storage granules contain a wide range ofproteins which have activity after 

being freed as procoagulants (fibrinogen, von Willebrand factor (vWf), fibronectin), 

antiheparins (PF4, P-thromboglobulin), or growth promoting :factors and mitogens (PDGF, 

thrombospondin, low affinity PF4). The procoagulant proteins have important roles in the 

haemostatic response for both cell-cell and cell-matrix platelet interactions. The amine 

storage granule contains large multimolecular complexes consisting primarily of5-HT, ATP, 
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ADP and a divalent cation (Ca2+ or Mgl+). GTP and pyrophosphate are resident at much 

lower concentrati~ns than the former complexes. In human platelets ADP is the predominant 

nucleotide and Ca2+ is the most common divalent cation. 

Within the cell membrane are platelet glycoproteins which form the basis of the 

platelet receptor system for cell activation. The glycoprotein heads extend into the 

extracellular area to form the glycocalyx or exterior coat ofthe platelet. Each glycoprotein 

has an intra cytoplasmic portion providing transmembrane signaling (Body, 1996). After 

signalling, the platelet performs shape change, pseudopod formation, and contraction using 

a :fibriUar contractile system. The pJatelet cytoskeleton is composed of 15-20% actin filaments. 

Cytoplasmic actin and myosin molecules associate and cause the platelet to contract and 

centralize its granules, in response to activating elements. The platelet also contains a 

membrane cytoskeleton, composed of short actin filaments cross linked by actin binding 

proteins and connected to the pJasma membrane, primarily through GPia!IIa and GPib, which 

stabilizes the lipid bilayer and regulates the shape of the plasma membrane (Blockmans, 

1995) 

2.2 PLATELET FuNcnON 

Platelets are key players in both physiological and pathological cardiovascular 

processes. Major known platelet functions in physiological and pathological processes are 

shown in Table 2.1.1. 
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Table 2.2.1 A summary of major platelet functions in physiological and pathological 
processes (adapted from Crawford, 1994). 

Haemostasis Adherence to vessel wall injury sites, formation of aggregates amplified by 
release ofpro-aggregatory substances, prevent initial blood loss, mitiation of 
coagulation through release ofpro-coagulants and exposure of surface 
phospholipid for thrombin generation, consolidation by binding and 
polymerization of fibrinogen. Retraction of fibrin-cell mass by forces 
generated through platelet actomyosin contraction. 

Endothelial support Maintenance and/or restoration ofvessel wall integrity by encouraging re
endothelialization processes at injury sites. Secretion ofgrowth factors. 

Detoxification Uptake/transport of serotonin (5 HT) from synthesis sites to areas ofneed or 
metabolic breakdown. 

Phagocytosis Can perform phagocytosis and pinocytosis, however relevance to normal 
circulation unknown. 

Cytocidal Participate in cytocidal responses via low affinity IgE receptor (CD23). 

Transplant rejection 

Thrombosis & 
Embolism 

Stenosis 

Inflammatory states 
and wound healing 

Gout 

Cancer metastases 

Aggregatory responses to immune complexes causing vascular occlusion and 
damage leading to rejection oftransplant. Antiplatelet drugs promote survival. 

Over-activity of normal haemostatic processes after vascular injury or may 
occur in absence of damage by abnormal platelet-endothelial cell interactions. 
Local occlusion ofvessel and/or breaking off the thrombus to form emboli 
elsewhere (lungs, brain). 

Excessive recruitment of platelets to injury site (eg. post angioplasty) leading 
to local release of smooth muscle cell chemotactic or proliferative factors ( 
PDGF). 

Release factors to increase vascular permeability directly (PGE2, HETE, etc) 
and indirectly by generating mast cell degranulation/release histamine. 

Release tissue destroying proteases by monosodium water crystals. 

Interactions with tumour cells facilitating arrest and extravasation, adherence 
may protect from immune surveillance. Platelet llfOwth factors/angiogenesis 

agents released at 1 o and 2° tumour sttes. 

By far the most important roles for the blood platelet are those concerned with 

haemostasis or the prevention of blood loss. This end is achieved through the identification 
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ofa vascular leak, subsequent formation ofthe platelet plug, and ifrequired, formation ofthe 

blood clot. Round circulating platelets, when they come into contact with a damaged vessel 

exposing surfaces other than endothelial cells (subendothelium, media or adventitia), will 

rapidly change from their quiescent characteristics (Coller, 1992). In response, platelets 

enlarge in size and flatten out increasing their surface area, irradiating arm like projections 

(pseudopodia), become sticky and adhere to the vessel wall, and liberate active factors from 

their granules. Active factors such as ADP and throm.boxane ~ serve to activate other 

platelets, attracting more platelets to form the plug. Ifvascular damage is small, a platelet 

plug will effectively control blood loss. Greater damage to the vasculature will require a 

blood clot to control the bleeding. The mechanism ofblood coagulation involves two major 

pathways where numerous plasma proteins, procoagulants and anticoagulants, act in concert 

to ultimately convert fibrinogen to fibrin (Guyton, 1997). 

2.3 PLATELET RESPONSE IN HAEMOSTASISITHROMBOSIS 

Haemostatic platelet function can be classified into categories of adhesion, 

aggregation, and coagulant activity. These three characteristics are the result ofa complex 

series ofinteracting forces in which rheologic factors control the kinetics ofthe interactions 

between the blood cells and the blood vessel wall or artificial device surface, and biochemical 

and cell biological factors determine the outcome of those reactions (Coller, 1992). The 

triggering ofa platelet reaction, descn'bed as platelet activation, can be derived from many 
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sources both chemical and physical 

Platelets circulate as discoids cell and are capable ofvery mpid responses to numerous 

agonists such as thrombin, collagen, and serotonin (Cmwford, 1994). Most agonists influence 

discoid platelets by binding to cell surf8.ce receptors, initiating metabolic responses with 

transduction of the surface signal to the platelet intercellular equipment. Morphological 

changes occurring with activation include loss ofthe discoid shape to become spheres, the 

centripetal movement ofgranules within a ring ofmicro tubules and the formation ofsurface 

processes (filopodia). Filopodia thicken to form full pseudopods which filcilitate intemction 

of platelets with other platelets, fibrin, polymeric material surfilces, and vessel wall 

constituents. 

2.3.1 Platelet Activation 

Platelet activation is highly regulated and involves both response inducing components 

(agonists), and inhibiting filctors. Receptors for specific agents are signalled on the platelet 

membrane surtace, transduce this signal across the membrane and cause intracellular 

messenger molecules to affect specific biochemical machinery (Haslam, 1987). Characteristic 

physiological changes that occur upon platelet activation include the following: 

• Shape change. 

• Change in GPllblllla to high-affinity binding state. 

• Genemtion ofamchidonic acid metabolites (thromboxane ~). 

http:surf8.ce
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• Increased platelet cytosolic calcium levels. 

• Phosphorylation ofselect platelet proteins. 

• Platelet aggregation. 

• Induction ofplatelet coagulant activity. 

• Freeing ofa-granule products (PF4, thrombospondin, (3-thromboglobulin). 

• Liberation ofdense granule products (ADP, ATP, serotonin). 

• Release oflysosomal contents (acid hydrolases). 

• Surface expression ofproteins contained in a-granules. 

• Surface expression ofproteins contained in a-granule membranes (GMP 140). 

There are numerous chemical and mechanical platelet activators. Chemical activators 

include thrombin, collagen, ADP, etc., while mechanical agonists consist of shear, light, or 

polymeric surfaces. Agonists have been classified according to their effect on platelet 

response, however, the large array of test conditions, concentrations, and potential 

combinations ofacting agonists render this classification useful for only possible generalized 

effects (Coller, 1992). 

Stimulation ftom an agonist binding to a cell membrane bound receptor on the platelet 

is relayed to the cytoplasmic domain ofthe receptor, usually to GTP-bound cell membrane 

regulatory proteins. This alters the activity of a series of enzymes that generate second 

messengers, all of which are primarily mediated through intracellular calcium levels. 

Generally, Phospholipase C cleaves Phosphatidylinositol 4,5-biphosphate into DAG and 
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inositoll,4,5-triphosphate (ITP). ITP mobilizes calcium from intracellular platelet stores 

causing a rise in intracellular calcium levels. DAG activates protein kinase C (PKC) by 

phosphorylation of its 47 kDa unit. PKC causes expression of the platelet fibrinogen 

receptor, release ofplatelet granules, and phosphorylation ofsome proteins (Body, 1996; 

Coller, 1992). 

2.3.2 Platelet Surface Membrane Glycoproteins 

The platelet plasma membrane contains a minimum of seven different surface 

receptors (platelet glycoproteins) that have high affinity for several adhesive glycoproteins, 

subendothelium constituents, and other procoagulant :fu.ctors (Body, 1996). Inactivated 

platelets have most ofthese receptors available in a conformation that readily interacts with 

the glycoproteins. It is this interaction between the platelet surface receptors and their 

associated glycoprotein which produces platelet adhesion. Platelet receptors, surface 

concentration, and associated ligand are listed in Table 2.3.2. 

All receptors listed in Table 2.3.2 except GPib and GPIV are members ofthe integrin 

fiunily. lntegrin fiunily receptors are composed ofan ex and psubunit, noncovalently bound, 

and both1ransmembrane. The receptors are able to interact with the proteins outside the cell 

via their extracelluJar domains and cytosk:eletal proteins inside the cell with their cytoplasmic 

domains. There are at least 11 different ex subunits, all containing· conserved domains with 

the ability to bind divalent cations , such as Ca2+and Mg2+ • The psubunits are characterised 
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as having several cysteine-rich repeats with three major families characterised based on the 

pchain involved. 

Table 2.3.2 Platelet surfaces receptors and associated glycoprotein ligands. Question 
marks indicate uncertain or unknown values (Adapted from Coller, 1992; Blockmans, 1995). 

Receptor 

GPia!IIa 

GPicllla 

GPic*llla 

ajilla 

GPIIblllla 

GPib/IX 

GPV 

GPIV 

GPVI 

GPIIblllla 

Ligand 

Collagen 

Laminin 

Fibronectin 

Vitronectin, fibrinogen, vWf, 
thrombospondin 

Fibrinogen, fibronectin, vWf, vitronectin, 
thrombospondin 

vWf, thrombin 

thrombin 

thrombospondin, collagen 

collagen 

Fibrinogen, fibronectin, vWf, vitronectin, 
thrombospondin 

# ofreceptors on 
platelet surface 

~1000 

~1000 

~1000 

~100 

45000 

25000 

? 

25000 

? 

45000 

The first three listed receptors in Table 2.3.2 are members ofthe P1 or GPIIa group 

and are characterised as mediators ofcell matrix molecules. The P2 group includes receptors 

mainly found on leucocytes. The P3 or GPIIIa family includes GPIIblllla and ajllla 

receptors. Platelet activation is required for GPIIblllla receptor expression. Most ligands 
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that interact with integrin receptors contain the Arg-Gly-Asp tripeptide sequence thought to 

play a role in the cell recognition sequence (Coller, 1992). GPV is the only major 

glycoprotein hydrolysed by thrombin (Crawford, 1994). 

Many of these adhesive glycoproteins are present in the plasma in significant 

concentrations. Under basal conditions the interactions between plasma proteins, such as 

fibrinogen, vWf and fibronectin, and the platelet receptors have a reduced affinity. The 

differences in platelet receptor affinity for adhesive glycoproteins immobilized on the 

subendothelimn or in fluid phase pJasma may be expJained by the following: subendothelium 

glycoproteins are believed to be in much greater localised concentrations compared to those 

in plasma allowing greater frequency ofinteractions with the platelet receptor (Coller, 1989); 

many different glycoproteins present allow for a combination ofreactions to possibly occur; 

and the conformation ofimmobilized glycoprotein may be altered (necessarily or through the 

act ofimmobilization), exposing more platelet reactive regions ( Horbett, 1994). 

The activation state of platelets also has significant influence on the functional 

specificity ofsome receptors (Ruggeri, 1993). On activated platelets, the GPllbfllla receptor 

is an indiscriminate binding site capable ofinteracting with fibrinogen, vW~ fibronectin, and 

vitronectin (Savage, 1992). On nonactivated platelets, GPllb!llla apparently interacts with 

only immobilized fibrinogen. GPib can interact with surface bound vWf even in the absence 

of shear stress, unlike its interaction with soluble vWf. Therefore, GPib and GPllbfllla 

represent two pathways by which unstimulated platelets can attach to a thrombogenic surface 

that presents fibrinogen and/or vWf exposed to flowing blood. 
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2.3.3 Platelet Adhesion and Aggregation 

When a blood vessel is physically damaged, platelets are attracted and adhere to the 

newly exposed surtace. WJ.thin several minutes circulating platelets will have bound to the 

original layer of adhered platelets forming a haemostatic plug of aggregating platelets 

(Bennett, 1990). Damage to a vessel can also be pathologic in. the form of fissured and 

ruptured plaques (Davies, 1990). After initial adhesion and aggregation at the site ofin.jury, 

fibrin strands begin to lay down a meshwork, continuing for hours and replacin.g platelets after 

they lose their in.tegrity. 

Adhesion can be thought ofas the ability ofa platelet to attach to a natural or foreign 

surfi1ce (Leonard, 1987). Exposure ofthe platelet to portions ofthe vasculature not normally 

encountered or to foreign materia1s such as a polymeric prosthesis usually signals the initiation 

ofcontrol mechanisms. It is the interactions between the platelet surtace receptor and their 

glycoprotein. which is responsible for platelet adhesion. Table 2.3.2 lists the variety of 

receptors that can potentiate adhesion. The initial adhesion in.volves interaction with 

immobilized, in.soluble adhesive proteins. Platelet receptors exlu.Dit distin.ct affinities and 

specificity for different ligands depending on whether the Jatter are immobilized or in. solution. 

Once initial bin.din.g contacts are realised, the platelet transforms in. several ways to 

support adhesion. Platelet shape change from a discoid shape to a flatter spread form 

extendin.g pseudopodia necessarily in.creases its surtace area and is thought to make more 

receptors avaiJable for further in.teractions or bin.din.g. GPIIb/IIIa expression in.creases upon 

http:distin.ct
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thrombin stimulation, is placed into a state of high affinity binding, and to some extent 

regulates the cell spreading process (Blockmans, 1995; Coller, 1992). 

Aggregation involves the binding ofplasma glycoproteins to the platelet surtace and 

bridging ofthis attached protein to nearby platelets through a poorly understood bridging 

mechan;sm, Most plasma glycoproteins can bind to GPllblllla under amenable conditions, 

however fibrinogen and vWfare regarded as the two most important. It is GPIIbllliA which 

is implicated as the receptor primarily responsible for platelet aggregation. Only when the 

platelet is activated does this receptor take on a high affinity conformation capable of 

aggregatory processes, otherwise it remains in its primary low affinity state. 

Weak aggregating agents usually cause reversible, or primary, aggregation, and 

stronger stimuli cause irreversible (secondary) aggregation. Secondary aggregation is 

associated with prostaglandin synthesis and the release reaction. The aggregation reaction 

is responsible for Thromboxane ~ synthesis. Substances released from the dense granules, 

most notably ADP, help to enhance secondary aggregation induced by other agonists. 

Irreversible aggregation is likely due to stabilization offibrinogen bridges by thrombospondin, 

released from the ex granules and has its membrane receptor on GPN (Blockmans, 1995). 

Platelet aggregation is stress dependent in vivo, with high shear adhesion and 

aggregation largely reliant on vWf forming bridges between adjacent platelets. Von 

Willebrand factor interacts with GPib which opens transmembrane calcium channels and 

allows a rise in calcium level and conformational changes in GPIIblllla which then can bind 

vWf. In lower shear stress situations, other platelet activators such as fibrinogen and 
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fibronectin play a more important role for interplatelet bridges. 

2.4 RHEOLOGY 

Rheologic :filctors control the kinetics ofthe interactions between the blood cells and 

blood vessel wall or polymeric surface. Blood flow determines the number ofplatelets which 

pass a given point per unit time, the amount oftime a platelet has for adhesion to a site, and 

the ftequency and force with which a platelet will react to surfaces or other cells (Goldsmith, 

1986; Leonard, 1987). Rheologic :filctors will also determine the shear forces acting to loosen 

a forming platelet thrombus and cause embolization (Turitto, 1987), as both flow and 

geometry affect the shear rate. In the body, shear rates between various vascular beds greatly 

differ, with the largest shear rates in the micro circulation. Pulsatile flow in the body 

produces ever-changing shear rates, as will the introduction ofprotheses into the vasculature 

or the formation and growth ofplaques. 

Shear rate is largely responsible for the tendency of suspended particles to move 

toward the centre ofthe flowing stream (axial streaming) (Turitto, 1987, Goldsmith, 1986). 

In whole blood, the axial stream is occupied by red blood cells, forcing the platelets to take 

up peripheral positions. Also, red blood cells irregular motions and tendency to form 

rouleaux impart radial motion to the platelets. Red blood cells are also believed to enhance 

platelet :fimction by releasing ADP at sites of~ury or flow disruption, and by biochemically 

altering hrerated platelet products into more potent platelet activators (Santos, 1988). 
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Furthermore, shear rate affects the protein cofilctor requirements for platelet adhesion as 

contributions to platelet adhesion by the platelet glycoprotein receptors GPib and GPllblllla 

depend on shear rate. 

2.5 FLoW CELL SYSTEM FLUID MECHANICS 

The flow cell system employed is rectangular in shape with a flow channel 

approximately 3 mm wide by 6 em long by 1 mm high. This channel is created by lying a 1 

mm thick silastic gasket with a 6 em by 3 mm cut out onto the flow cell view port. The glass 

flow cell view port and transparent polymer test pieces allowed microscopic evaluation of 

cells adhered to the polymer. Polymers tested were either cut into rectangular pieces or cast 

onto rectangular glass coverslips to fit into the device. 

A simplified description ofthe forces acting in a rectangular flow channel necessarily 

involve fundamental assumptions. At the centre of the flow channe~ we assume that 

entrance and end effects are negligible, that fluid flow is steady state, non pulsatile and one 

dimensio~ that only viscous forces (the internal resistance of the fluid to flow) are 

considered, and that there is a no slip condition at the solid liquid interfilce (ie. at the channel 

walls). 

The simplest model for vascular flow is steady flow in a straight, rigid, circular tube, 

where flow rate (Q) is related to pressure (P) as follows, 
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1tD41lP 
(1)Q 128fJL 

where J.1 is viscosity, D is the tube diameter and L is the tube length. The velocity profile for 

these characteristics is given as, 

(2) 

where r is the radial position in the tube, and R is the radius. 

Applying the conditions outlined for this preceding situation to the rectangular flow 

cell, the velocity profile offlow in a rectangular channel is given by, 

(3) 

where 2B is the channel height, M> is the driving force for pressure, and x is the distance from 

the channel centre. Converting equation 3 to wall shear using the volumetric flow rate Q, we 

get the following, 

2 Q
y =- (4)w 3 WB2 
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The equations for fluid flow presented above are derived for ideal conditions involving 

newtonian fluids, those whose fluid viscosity is constant with respect to changes in shear rate. 

Blood is not a homogeneous fluid, as it contains several types of cells and various 

concentrations of proteins and has a complex viscosity behaviour with shear rate. In our 

experimental protocol, red blood cells are only present during the deposition phase. All 

maintenance steps (most ofwhich are a mUrimum of60 minutes long) use plasma. In this 

sense, equations 3 and 4 apply reasonably well to our experimental system since plasma 

behaves more like a newtonian fluid as compared to whole blood containing cells. 

The flow cell system was designed to prefeientially deposit platelets onto the polymer 

sur1ilce exposed within the flow cell flow channeL Platelet interaction with vascular surfaces 

bas been shown to be quite similar whether exposed on either the circular or annular geometry 

(Turitto, 1982). Intercellular collisions in flowing blood enhances the movement ofother 

blood components such as platelets, as does the deformability ofred blood cells and their axial 

accumulation. These observations and numerous studies/measurements indicate that platelet 

di1fusivity depends on shear rate and haematocrit (Turitto, 1982). Increased shear rate and/or 

increased haematocrit result in greater platelet diffusivity and adhesion to the vessel wall. 

Comparison ofshear rates generated in the flow cell flow channel from equation ( 4) 

with those created in the inlet tubing reveal a 200 fold increase in shear within the flow 

channeL Shear rate in circular tubing, determined from the velocity profile given as equation 

(2), is defined as follows, 
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32Q
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Shear rate is smaller within the flow cell tubing as compared to the shear experienced 

near the polymer surfuce within the flowceiL The shear rates experienced with whole blood 

in the entrance tubing has been determined to be approximately 7 s·•, while that in the flow 

cell flow channel is 1700 s·1• The intense level ofintercelluJar collisions in flowing blood helps 

to move p1atelets away from axial flow. This platelet diffiJsivity has been shown to depend 

strongly on both baematocrit and shear rate (Turitto, 1982). The rotation, collision and 

deformation ofred blood cells substantially increases the lateral movement ofplatelets and 

increases the rate of collision with boundaries (such as the polymer situated in the flow 

channel ofthe flow cell). 

2.6 LOW MOLECULAR WEIGHT HEPARIN 

The molecular weight ofLMW heparins range from 2500 to 10,000 Daltons. They 

contain molecular fragments with defined affinity for antithrombin m and possess variable 

antiprotease activity. The main difference in biologic properties between standard 

un:fractionated heparin and LMW heparins lies in the dissociation between activated factor 

X inhibition and thrombin (factor 2) inhibition. LMW heparins also have relatively little 

activity in tests ofoverall anticoagulant activity, such as the activated partial thromboplastin 
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time (APTT) test. 

Enoxaparin, the Low Molecular Weight Heparin used throughout this study, JS 

obtained by partial and controlled depolymerization of a benzylic ester of heparin and its 

range of molecular weight is between 4000 and 6000 Daltons. The terminal half-life of 

enoxaparin was found to be about 4 hours, with a range between 3 to 6 hours depending on 

the doses studied (Frydman, 1988). The kinetic variability ofenoxaparin is lower than heparin 

and did not exceed 20 to 25%, and the rate ofdepolymerization ofenoxaparin is significantly 

lower than that ofunfractionated heparin (Frydman, 1988). This information indicates that 

LMWH will give a more predictable effect and is less susceptible to degradation compared 

to normal heparins. LMW heparins showed an increased benefit/risk ratio in animal bleeding 

models and did not influence platelet function, as compared to unftactionated heparin 

(Frydman, 1988). Experiments designed to fractionate heparin according to molecule size 

have led to the discovery that antithrombin (anti-ITa) activity decreases and anti-Xa activity 

increases as the molecular weight decreases. Enoxaparin bas diminished haemorrhage

promoting properties and a high degree offuctor Xa inhibition. 

LMW heparins exlnoit a number of potential advantages over currently available 

heparins for clinical use. The most relevant towards biomaterial studies include specificity of 

action and prolonged half life of elimination. Wrth respect to the platelet, low molecular 

weight heparins are advantageous compared to standard heparins because they allow fuctor 

Xa and thrombin inlu.oition while not affecting platelet function. Therefore, low molecular 

weight heparins minimally activate platelets and allow normal levels of calcium and 
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magnesium to remain in the system. 

2.7 RADIO FREQUENCY GLOW DISCHARGED FLUOROPOLYMERS 

There are many synthetic polymeric materials used clinically as part ofcardiovascular 

implants, prosthetic devices, dialysis, and in many other applications. The poor blood 

compatibility ofthese materials often contributes to thrombosis and embo~ increasing the 

chance of complications for patients. These undesirable reactions highlight the need for 

biomaterials with enhanced blood compatibility. The cause ofthrombus complications when 

blood contacts artificial material is not completely understood, although the sequence of 

events routinely observed is adsorption of a protein layer followed by platelet adhesion, 

thrombin generation due to contact activation, and thrombus formation (Baier, 1969). Since 

it is the surface of the polymeric material that directly contacts blood and initiates these 

reactions, surface modification and enhancement has been actively pursued by biomaterial 

researchers for over twenty years. 

One ofthe more promising surface modifying techniques receiving attention in the 

past seven years is radio frequency glow discharge (RFGD). This treatment commonly adds 

fluorocarbon to the surface ofa polymer with varying carbon and fluorine concentrations. 

Some treatments include tetrafluoroethylene, pertluoropropane, and ethylene (Gombotz, 

1987). RFGD treatments have modified surfaces used in many applications including 

intraocular lenses, blood oxygenator membranes, catheters, vascular grafts, and biosensors. 
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Biomaterial scientists at the Centre for Bioengineering and Department of Chemical 

Engineering at the University of Washington, Seattle, have studied RFGD surface treated 

polymers in efforts to better understand and quantify their efficacy. Their work has focused 

on the nature ofprotein adsorption and platelet adhesion to various RFGD treated and non 

treated Slii'filces. The adsorption of proteins in blood to foreign materials filcilitates 

thrombus formation. After initial exposure ofa polymer to blood, a protein layer is rapidly 

adsorbed to the surface which then can mediate further cellular actions. Depending on the 

protein adsorbed thrombus formation·could be filcilitated; fibrinogen, :fibronectin, gamma

globulins, thrombospondin, and von Willebrand filctor, or the surface may be passivated; 

albumin and transferrin (Brash, 1969; Vroman, 1969; Bonhert, 1990). 

Research began in the mid eighties to improve the performance of small diameter 

Dacron vascular grafts made from poly( ethylene terephthalate) (PET) fibres using 

tetra:tluoroethylene (TFE) RFGD trea1ments. After deposition ofa fluorocarbon polymer on 

the luminal surfilce ofDacron grafts with RFGD treatment, improved blood compatibility was 

observed as these surfilces exlnbited increased patency when used as ex vivo shunts in 

baboons, and reduced rates ofthrombosis and embolism. Studies ofsteady state fibrinogen 

adsorption to this surfilce found adsorption to be similar to that of an untreated surface, 

however, the elutability of:fibrinogen with sodium dodecyl sulphate (SDS) was apparently 

reduced (Garfinkle, 1984, Hoffinan, 1986). This led to the hypothesis that the amount of 

fluorine on the surfilce may be responsible for the increased thromboresistance observed in 

the RFGD surfaces. 
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Bohnert et at tested this theory in 1990 with a series ofstudies incorporating surfaces 

with higher F/C ratios varying in CF, CF2, and CF3 content in contrast to control surfaces 

PET and polytetrafluoroethylene (PTFE), a non RFGD treated fluorocarbon surface 

(Bonhert, 1990). The RFGD surfaces were prepared on PET substrates and fully 

characterized using electron spectroscopy for chemical analysis (ESCA) and water contact 

angle analysis. A positive linear relationship between fluorine content and water contact angle 

was observed among the fluorocarbon surfaces except for the polymer with the least amount 

of fluorination (RFGD-1) and the largest contact angle (a greater angle indicates greater 

hydrophobicity). Scanning electron microscope (SEM) texture analysis indicated no 

differences between the surfuce textures tested and failed to resolve this peculiar observation. 

High resolution ESCA spectra revealed variation in the type offluorine substitution on the 

several different RFGD fluorocarbon surfaces. The near absence ofoxygen ( <3%) and no 

oxygen emicbment in deeper smvey scans ofthe RFGD treated samples indicated a complete 

fluorination surface coverage. 

Fibrinogen and albumin adsorption and SDS elution to these surfaces were measured 

using radio-labelled proteins in baboon plasma dilutions between 0.001 - 80%. Adsorption 

after 2 hours at 37°C revealed that RFGD-1 absorbed 10-20% more fibrinogen and 15-20% 

more albumin, at pJasma concentrations greater than 0.1%, than all other fluorinated surfaces. 

PET fibrinogen adsorption was higher than any ofthe fluorocarbon surfaces at 0.1 and 1.0% 

pJasma concentrations. The presence offluorine did not significantly influence initial protein 

adsorption nor did the chemical form offluorine. The immediate elutability offibrinogen and 
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the five day elutability of albumin for the RFGD surfaces was less than from the control 

surfilces. A Jarge difference observed in eiutability between RFGD and PTFE fluorocarbon 

surfilces suggested a unique characteristic ofthe RFGD surfaces that causes tighter binding 

offibrinogen and albumin. 

The persistent binding ofproteins to RFGD treated fluorocarbon surfilces compared 

to PTFE was further investigated. The presence ofsurface chemical groups on the RFGD 

surfilces that are different and/or more reactive than those on PTFE, as well as the nature of 

the surface structure, led to the hypothesis that any gas RFGD treatment may alter the 

material surfBce in such a way as to enhance protein retention. RFGD treated materials have 

a heterogeneous three dimensional surface structure compared to the regularly repeating 

structure ofmore classical polymers. PET was ethylene deposited and argon etched RFGD 

treated and then tested against PE, PET, and PTFE surfaces. Analysis of albumin 

adsorption/elution kinetics revealed that adsorption was higher for RFGD treated surfaces 

compared to the non RFGD treated controls and that the amounts of albumin adsorbed 

decreased with time for the RFGD treated surfaces. Contact angle analysis ofthese surfaces 

indicated that protein adsorption was not controlled by polarity ofthe surfaces. Elutability 

ofa RFGD fluorocarbon sm1Rce was significantly less than all other RFGD treated surfaces, 

while the other RFGD treated surfaces performed both better and worse than their controls. 

These results indicate that RFGD treatment alone does not account for the large decrease in 

protein elutability observed from RFGD fluorocarbon treated surfaces. Similarly they 

demonstrate that the tight binding ofprotein is not a function ofRFGD treatment alone. 
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Bohnerts' research established that RFGD fluorocarbon treated surfaces have 

decreased elutability or tighter binding offibrinogen and albumin compared to other polymer 

surfuces including the fluorinated PTFE surface. Furthermore, RFGD sur:fuces differ from 

other polymers with respect to sur:fuce structure and protein adsorption. Decreased elutability 

observed from RFGD sur:fuces was determined not to be a function ofthe RFGD treatment 

and displacement ofalbumin depends on the hydrophobicity ofthe surfitce. Tight binding 

could be due to the mixture of fluorocarbon and hydrocarbon groups and their polar 

interactions. The chemical basis for the observed tight protein binding became the object of 

further investigation since it may help explain the improved blood compatibility ofRFGD 

fluorinated vascular grafts. 

The inftuence ofsurfuce free energy ofpolymers on the resistance ofadsorbed albumin 

to SDS elution for RFGD treated and untreated surfaces was subsequently investigated in 

1992 (Kiaei, 1992). Surtaces were characterized by ESCA and contact angle analysis with 

several test liquids. ESCA spectra ofRFGD surfaces and their untreated polymers indicated 

very similar elemental compositions. 

The difference between advancing and receding contact angles is called contact angle 

hysteresis. This phenomenon is suspected to be due to: surfitce roughness resulting in several 

semi-equilibrium states, surfuce chemical heterogeneity, adsorption ofa thin fi1m ofwater on 

the test polymer surfuce which alters surfuce dynamics, and surface reorientation for relatively 

mobile solids (Skarga, 1994; Woods, 1990). Receding angle is representative of surfitce 

energetics of the wetted solid - an interesting property for biomaterials in contact with 
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aqueous physiological solutions such a whole bloo~ plasma, or buffers. 

The fluorocarbon RFGD treated polymers, TFMIPE (tetratluoromethane ), TFEIPET 

I and II, as wen as untreated FC-721 all have a lower sur1Bce free energy compared to PTFE, 

which is attributable to the presence ofCF3 groups. 

Radio-labeled albumin was used to quantifY the amount ofalbumin adsorbed within 

2 hours and subsequent elution overnight in 1% SDS solution. 

Contact angle and albumin adsorption results show that albumin retention decreases 

as the sur1Bce :free energy ofthe polymers increase. In an effort to explain these findings the 

researchers elude to other studies concerning the irreversibility of protein adsorption on 

synthetic polymers due to development of multiple contact points, (approximately 77 for 

albumin on silica sur.filces) (Horbett, 1987; Morrissey, 1974), and alteration ofconformation 

ofa protein upon adsorption (Lewis, 1988; Sandwick, 1987; Sandwick, 1988). Therefore, 

tight binding of albumin to fluorocarbon RFGD treated surfilces may be due to enhanced 

conformational changes (in effect strong hydrophobic interactions) of albumin and the 

development ofmultiple binding sites between albumin and the surfilce. These observations 

are in agreement with the surfilce energy of RFGD surfilces, in that the lowest energy 

sur1Bces, as measured in air, should exhibit the highest energy interfaces in aqueous solutions, 

with high driving forces for protein adsorption and unfolding. 

Current research attempted to better define the tactors which govern protein 

adsorption, particularly fibrinogen, to TFE RFGD treated polymer. It was hypothesized that 

the tight binding of fibrinogen to this surfilce may cause fibrinogen to take on an inactive 
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conformation which renders the surface more biocompatible (Kiae~ 1995). In addition to 

measuring amounts offibrinogen adsorbed and eluted with SDS, in vitro platelet adhesion and 

monoclonal antibody (mAb) binding assays were carried out to elicit the reactivity and 

conformation of fibrinogen adsorbed to a TFE treated surfu.ce, and test their hypothesis 

(Kiae~ 1995). 

A series ofethylene (E) and TFE RFGD treated PET surfu.ces were prepared with 

varying fluorine content ( 0 - 60 % F, 40 - 96 % C) and charact~ as in previous studies 

to determine total surfuce free energy. Ingeneral for these tests, radio-labeled fibrinogen was 

adsorbed to the surfu.ces at body tempemture for 2 hours, and eluted overnight in SDS 

surfactant solution. Platelet rich plasma was obtained from healthy baboons, treated 

(separated and rinsed), and radio-labeled with lllJn-tropolone. Surfaces were exposed to 

labeled platelets for 2 hoW'S at 37°C, rinsed, and then radioactivity was measured to 

determine the number of adherent platelets. Surfaces preadsorbed with fibrinogen were 

incubated with monoclonal antibody against fibrinogen for 1 hour at body temperature, rinsed, 

transferred, and enzymatically activated/deactivated. Optical density readings were taken to 

determine antibody concentrations. The antibodies used in this experiment will bind to three 

sites recognized by the glycoprotein ITBIITA (GPIIblla) complex on the platelet membrane. 

The sites are the RODS peptide located in the Aa. chain offibrinogen at amino acid numbers 

572-575 , the RGDF sequence at the Aa. 95-98, and the y-chain C-terminus sequence 

composed ofa decapeptide Leu-Gly-Gly-Ala-Lys-Gln-Ala-Gly-Asp-Val (Andrieux, 1989). 

Fibrinogen adsorption was related to surfu.ce free energy as before (retention 

http:surfu.ce
http:surfu.ce
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increases as surfuce energy decreases), and the percent retained increased as a function of 

treatment time. 

Platelet adhesion to the surface was normalized to the amount offibrinogen that was 

preadsorbed and the following trends were observed: normalised platelet adhesion decreased 

as the amount ofTFE in the E-TFEIPET polymers increased and the surfuce free energy 

decreased. The TFEIPTFE surfuces also had decreased platelet adhesion as the surfuce 

energy decreased. 

Antibody binding to the C-terminal region ofthe y chain on TFEIPTFE surfuces with 

the Ml, K4, and PI antibodies, showed little effect on the changes in surfilce chemistry. An 

increase in antibody binding was observed for all three antibodies on the lowest energy 

surfilce. Binding ofRl and R2 to RGD sequences on the Aa. chain were insignificant with 

baboon fibrinogen. This was found to be due to the minimal cross reactivity of these 

antibodies to the baboon fibrinogen. Rl and R2 both reacted with human fibrinogen, however 

the extent oftheir reactivity was nearly the same for all surfuces tested. 

The results ofthis study supported previous findings that SDS elutability is related to 

the states ofadsorbed protein (fibrinogen) on various surfuces, and that the binding strength 

correlated with the surfuce free energy of the surfilce. Normalised adhered platelet 

concentrations decreased as the surfuce :free energy decreased. Other results indicated that 

fibrinogen bound to low energy TFE treated surfuces was in an inactive state towards platelet 

adhesion. The data showed that platelet adhesion did not correlate with the amount of 

adsorbed fibrinogen, but did correlate with SDS elutability in that the number of adhered 
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platelets increased as the fibrinogen elutability ofa surface increased. Platelet adhesion was 

lowest on TFE treated surfaces, which had the least elution of fibrinogen, and highest on 

untreated PTFE orE/PET, which had the highest elutability. 

Monoclonal antibody binding on the three platelet binding domains of fibrinogen 

adsorbed to treated and untreated surfilces suggested that decreases in platelet adhesion to 

fibrinogen adsorbed to TFE treated surfaces are not due to changes in the availability ofany 

ofthe known platelet binding domains offibrinogen. This led the research group to speculate 

that the tight binding offibrinogen to surfaces may affect fibrinogens' ability to interact with 

platelet receptors directly. In other words, fibrinogen must be loosely bound in order to 

interact with the platelet membrane adhesion receptors to any great extent. Other studies 

have suggested that platelet interactions with. fibrinogen stimulate the movement ofreceptors, 

a phenomena that has been observed using colloidal gold particles adsorbed with fibrinogen 

(Loftus, 1984; Goodman, 1990). Thus, platelet interaction may require removal of the 

fibrinogen from the substrate. Our research group bas recently shown that changes in platelet 

morphology and their ability to remove substrate bound fibrinogen are affected by the 

residence time ofthe adsorbed fibrinogen(Sheppard, 1994). Details oftesting the hypothesis 

that fibrinogen must be loosely bound to allow maximal interaction with platelet receptors are 

not yet available. 
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2.8 OBJECTIVES OF PRESENT RESEARCH 

For several years now, researchers have been studying protein adsorption to Radio 

Frequency Glow Discharged (RFGD) tluoropolymers (Tetrafluoroethylene (TFE) and now 

Hexatluoroethane (~F6)). Some scientists have also attempted to characterize platelet 

adhesion on these test surfuces. Performed with plasma protein solutions, this protein and 

platelet adhesion work has elicited interesting findings relative to ultimate thrombus 

formation. Decreased protein elutability, displaced protein related to surfuce hydrophobicity, 

and adhered platelet concentrations decreasing with lower surfuce :free energy are a few 

examples. 

Fromthese findings, we are suspecting that tighter bound protein may be presenting 

in some unique conformation which may not promote platelet adhesion or subsequent 

activation. This could pJay a role in reducing thrombus formation upon tluoropolymer surfuce 

contact with blood. We expect these Hexatluorethane surfaces to behave like previously 

tested RFGD deposited tluoropolymers and have reduced platelet surfuce concentrations (and 

likely reduced levels of platelet activation) compared to standard tluoropolymers and non 

fluorinated polymer surfuces. 

The work in this thesis attempts to give greater understanding ofplatelet interactions 

with Hexafluoroethane polymer surf3ces exposed to whole blood and whole plasma systems. 

In light ofthe past research and the many hypotheses, we have quantified platelet adhesion, 

characterized platelet morphology, and assessed platelet activation on RFGD 
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Hexatluoroethane surfuces. Platelet adhesion and activation levels on Hexatluoroethane 

surfaces were ranked and rated against FEP and PMMA tested under identical conditions. 

This work has been carried in a manner unlike previous researchers' protocols, using much 

more physiologically relevant experimental conditions. 

Platelet interactions were assessed using a novel, dynamic, and physiologically 

relevant experimental system. All in-vitro tests were performed on polymer surfaces mounted 

in a light transparent flow cell by pumping whole blood through the apparatus to deposit 

platelets over the polymer surface. Whole blood was rinsed from the flow cell with plasma 

immediately after platelet deposition to permit observation ofadherent cells. Dynamic, real 

time platelet/sur.tace interactions were observed under low flowing plasma conditions using 

light microscopy and recorded using a computer image acquisition system. Physiologic 

conditions were maintained using a low plasma flow rate which ensured available nutrients 

for platelets (plasma maintenance), as tests were performed for up to 90 minutes. Each test 

required freshly donated human whole blood anticoagulated with low molecular weight 

heparin which was used for platelet deposition and centrifuged to generate platelet poor 

plasma used for cell maintenance. This thesis elicits Hexa:tlouroethane reactivity to whole 

blood, and platelet interactions most specifically, giving data more like that which would be 

obtained under in-vivo test conditions. 



3.0 MATERIAL AND METHODS 

3.1 SURFACE CONSTRUCI'ION AND PREPARATION 

3.1.1 Hexaftuoroethane (C:zFJ 

Hexatluoroethane (c;F6) surfaces were synthesized by researchers and technicians 

from the Department of Chemical Engineering, University of Washington, Seattle 

Washington. Glass slides (Fisherbrand microscope cover glass size 24 X 60 mm and 

thickness 1, Fisher Scientific Co.) were supplied for fluorocarbon coating by Radio Frequency 

Glow Discharge (RFGD) depositing. 

The fluorocarbon coatings were deposited from the c;F6 monomer onto glass cover 

slips pJaced downstream from the discharge region. The glass slides were situated vertically 

ina grooved holder to facilitate coating ofboth sides. Glass slides were coated either at 4" 

or 10" downstream from the discharge. Two different batches of ~F6 deposited on glass 

cover slips were supplied, and each coated glass coverslip was individually packaged in a 

small zip lock type bag. The samples were grouped according to batch and deposition 

position (ie. batch-45-4", batch-45-10", batch-46-4", and batch-46-10"), resulting in four 

packages ofcoated glass cover slips containing 7 (batch-46) or 8 (batch- 45) samples each. 

34 
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Table 3.1.1 Hexafluoroethane deposited glass coverslip surfaces supplied by researchers 
at the UniversityofWashington, Seattle. 

Batch Number 
Position from 

Discharge 
Number ofCoated 

Cover slips 
Supplied 

Label 

45 4" 8 9-45-4A..H 

45 10" 8 9-45-10A..H 

46 4" 7 9-46-4A..G 

46 10" 7 9-46-lOA..G 

Researchers at the University ofWashington performed XPS analysis on silicon wafer 

test pieces to quantify carbon to fluorine ratios ofthe deposited hexa:ftuoroethane monomer 

(given in Section 4.1.5). 

Thickness ofthe polymer coatings were estimated by scientists at the University of 

Washington to be 50 angstroms for the 10" :fi1ms and slightly thicker for the 4" :fihns. Atomic 

Force Microscopy was performed on several surfuces for thickness determination and general 

sudBce characterization(see Section4.1.4). Contact angle analysis was used to characterize 

the polymer surfuces and determine ifthere was a polymer fi1m deposited on the coverslip or 

not. 

Hexa:ftuoroethane surfuces were used in their post production state as cleaning 

procedures could damage or destroy the thin polymer films cast onto glass cover slips. 
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3.1.2 Teflon Fluorinated Ethylene Propylene (FEP) 

Teflon FEP type A polymer was supplied by Dupont High Performance Films 

(Customer Service Centre, Dupont Road, P.O. Box 89, Circleville, OH 43113). Several8.5 

by 11 inch sheets of0.127 mm thick FEP were shipped and subsequently cut into sizes for 

use in the flow cell equipment. 

FEP test surfuces were cleaned using a protocol adapted from Dr. Horbett and Dr. 

Castner, Department of Chemical- Engineering, University of Washington, Seattle 

Washington. Test surfilces cut to coverslip dimensions were ultrasonically cleaned as per the 

following: 

• methylene chloride rinse for 15 minutes, followed by 

• two 15 minute acetone rinses, followed by 

• two 15 minute rinses in methanol 

Prior to incorporation into the flow cell assembly all test surfaces were ultrasonically 

cleaned in Millepore Milli-Q Ultrapure distilled water (quality checked from the millipore 

dispenser readout) for a minimum of 15 minutes. 
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3.1.3 Polym~thyl methacrylate (PMMA) 

Polymethyl methacryJate (also known as Plexiglas) sheet polymer was supplied by 

Cyro Qmada Inc., Etobicoke, Ontario. Thin films 8.5 by 11 inches in size and approximately 

0.25 mm thick were cut into test pieces to fit into the flow ceiL Polymethyl methacryJate test 

surfaces were cleaned using sonication in distilled water. 

Polymetbyl methacrylate is a transparent (>900A.light transmission), hard stiff material 

with excellent UV stability, low water absorption and high abrasion resistance. It is brittle, 

exhibits stress cracking in most organic solvents, and resists attack by aqueous salt solutions, 

alkalis and mineral acids. Biomedical applications account for approximately 10% ofall uses 

and include optic devices (g]asses and contact lenses), pre-coated intra medullary implants and 

bone cement. 

3.2 SURFACE CHARACTERIZATION 

3.2.1 Contact Angle Analysis 

Contact angle analysis of test surfaces were performed as a simple nondestructive 

means to characterize and compare general properties of the polymer surface. This test 

identifies the hydrophobic or hydrophilic nature of the polymer surface allowing a quick 
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comparison ofpolymer surface energetics. Both cast thin film polymers on glass cover slips 

{cy6) and solid thin film polymers (FEP) we1e measured for distilled water contact angles. 

Samples were cleaned according to standard procedures and then measured. 

Advancing and receding contact angles were measured with a goniometer (Model 

Make) using the sessile drop method. Advancing contact angles are determined from the 

tangent associated with the drop/polymer surfilce contact line after the contact line advances 

across the polymer surface and an equilibrium position is achieved. The drop was 

equilibrated for 20-30 seconds before the tangent to the water drop/polymer surface contact 

line was measured. The equilibrium position is a function ofthe particular polymer surface 

energetics and test liquid (distilled water in all cases). 

The receding contact angle was determined after withdrawing a portion ofthe drop 

ofwater on the polymer surface so that the contact line retreats across to a new equilibrium 

position. The ~ing contact angle is measured like the advancing contact angle, however, 

it is typically lower than the advancing angle. A new contact line is developed on the 

previously wet surface, the drop equilibrated and then measured. 

Distilled water was used for all contact angle work since it is representative of a 

physiologic aqueous medium and for comparative purposes as a common test liquid for 

several surfaces. A minimum often drops were measured for each surface down the length 

ofthe sample polymer. Both advancing and receding angles were determined on the left side 

ofeach drop. Figure 3.2.1 illustrates the sessile drop method employed for advancing and 

receding contact angle determination on polymer surfaces. 



39 
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Figure 3.2.1 Sessile drop method contact angle determination using a drop of distilled 
water. A) Advancing contact angle measurement with contact line shown and B) Receding 
contact angle measurement whereby a portion of the original drop is withdrawn and the 
contact line seeks a new equilibrium position. 
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3.2.2 X-Ray Photoelectron Spectroscopy (XPS) 

XPS analysis gives quantitative chemical information concerning the composition of 

the sur.f.8ce region ofthe polymer. An X-ray beam induces photoelectron emission :from the 

polymer sample. The emitted photoelectron energy descn"bes the chemical elements oforigin 

and their bonding energy, while the intensity ofthe emission is related to the concentration 

ofthe chemical species. XPS analysis allows chemical determination ofthe top 100 Aofthe 

material of interest. The take off angle controls the depth in the sample :from which 

photoelectrons may reach the detector (Skarga, 1994). XPS analysis was carried out at the 

University ofWashington, Seattle, Centre for Biomaterials Research. 

3.3 FLoW CELL AssEMBLY AND OPERATION 

Solvent cleaned test surfaces and flow cell components (plexi-glass cell chamber, 

black rubber gaskets, and silastic channel gasket) were sonicated in distilled water for 

approximately 15 minutes. During sonication, medical grade tygon tubing (1116" ID, 

118"0D, 1/32" wall, Norton Performance Plastics Corporation, Akron OH) was cut to length 

(used to cany blood and plasma mto and out :from flow cell), metal flow cell back plates were 

appropriately labelled, and 10 ml syringes were prepared for leak testing assembled flow cells. 

When assembling flow cells, tweezers were used to handle the test surfaces, gloves 

were worn to reduce contamination, and components were used wet, directly out of the 
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sonicator. The order ofassembly for flow cell pieces was kept constant. Into the aluminum 

metal support clamp is placed a black neoprene rubber gasket. The polymer test surface is 

positioned on top ofthe black gasket and checked for cleanJjness and fit. Next a silastic 

gasket with a flow channel cut into it is pJaced on top ofthe polymer test surface. Finally, the 

plexi-glass flow cell chamber is placed over top ofthe silastic, fit into the metal backplate, 

and inlet and outlet ports on the flow cell chamber positioned near each end ofthe silastic 

flow channel When everything is positioned and a good seal is made, the flow cell and 

aluminum backplate (between which are sandwiched the black neoprene gasket, polymer 

surface and silastic gasket) are clamped together on all four comers with black double lip 

binder clips. 

Following assembly, appropriate tubing lengths are attached to the inlet and outlet 

ports ofthe flow cell One end is placed into a beaker oftyrode buffer while a 10 ml syringe 

is attached to the tubing on the other end of the flow cell Then tyrode buffer is drawn 

through the assembly to check for leaks - air bubbles in the flow channel or coming out ofthe 

flow chamber into the syringe. Leak testing requires trial and error re-assembly until leaks 

are no longer present. 

Flow cells are transported to the microscope stage platform with care to not introduce 

air into the tubing. Once placed onto the microscope stage, the flow cell entrance tubing is 

put in a centrifuge tube oftyrode buffer resting in a bead heater (Tecbne Dri-block DB-3), 

while the exit end oftubing is attached to a 20 ml glass syringe (Becton Dickinson, Multifit) 

resting in a syringe pump (Harvard Apparatus syringe infusion pump 22). Centrifuge tubes 
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containing plasma or anticoagulated whole blood aJso sit in the dri-block heater. All solutions 

perfused through the flow cell were kept at 37°C in the dri-block bead heater. Inlet tubing 

was transferred from one tube ofsolution to another using a baemostat clamp. Flow rates 

were adjusted by first clamping the tubing, then turning offthe syringe pump, resetting and 

starting it and then uncJamping the tubing. This sequence was performed between steps 1 and 

2 and steps 2 and 3. Disruption to the :flow experiment was minimized by presetting the pump 

andquicldyperformingtransfer and resetting operations. Table 3.3.1lists the standard flow 

cell operating conditions used for all testing. 

Table 3.3.1 Standard flow cell operating protocol 

Step 
Time 

(minutes) 
Perfusion Flow 
Rate (mVmin) 

Shear Rate 
(s-I) Description 

1 1 5 3049 Tyrode rinse, final leak check 

2 2.5 0.410 250 Whole blood deposition 

3 2 0.820 500 Red Blood Cell rinse with 
Plasma 

4 3-90 0.164 100 Adhered Cell maintenance with 
low flowing plasma 

All tests were performed on polymer su.rfuces mounted in a light transparent flow cell 

by pumping whole blood through the apparatus to deposit platelets over the polymer surfuce 

(Step 2). Deposition at 2.5 minutes allowed for the presence ofsimilar transport phenomena 

conditions on all test polymers - cells were being deposited during a period where the surfuce 
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would not be saturated with platelets although enough cells could deposit to make reasonable 

determinations and quantifications. Whole blood was rinsed from the flow cell with plasma 

immediately after platelet deposition to permit observation of adherent cells (Step 3). 

Dynamic, real time platelet/surfuce interactions were observed under low flowing plasma 

conditions using light microscopy and recorded using a computer image acquisition system 

(Step 4). Physiologic conditions were maintained using a low plasma flow rate and ensmed 

available nutrients for platelets as tests were performed for up to 90 minutes. 

All imaging was performed on fields situated 3 em :from the flow channel entrance and 

exit, and 1.5 mm :from the flow channel walls (i.e. the centre line ofthe flow channel). Flow 

development in the flow cell flow channel is much shorter than halfthe length ofthe channel 

(3 em). Therefore all imaging was performed in an area where fluid flow is steady state, non 

pulsatile, one dimensional, and where entrance, exit, and wan effects are negligible. As 

mentioned previously, the shear rate in the flow channel is much larger (small Reynolds 

number) than anywhere else (tubing, etc.), so that platelets preferentially deposit in this 

region. 

3.4 BLOOD PREPARATION 

Blood and blood plasma used in an experiments was drawn from healthy human 

donors just prior to testing using a 19 gauge winged needle infusion set (Venisystems 

Buttertly-19) and a 60 ml syringe (Becton Dickinson) according to standard venipuncture 
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protocol Blood was anticoagu)ated with 0.2 U/mllow molecular weight heparin (LMWH) 

(Enoxaparin - 100 mg/~ Rhone-Poulenc Rorer Canada Inc, Montreal). LMWH 

anticoagulant was added to 50 ml clear polypropylene plug seal cap centrifuge tubes 

(Corning, New York). Depending on the test, between 60 and 180 ml ofwhole blood was 

withdrawn. Donor blood was gently added to the centrifuge tube, the tube was capped and 

gently shaken to allow complete mixing ofthe anticoagulant. 

Whole anticoagu)ated blood was centrifuged (IEC Centra 4R) at 4400 RPM for 20 

minutes and the plasma was pipetted out not disturbing the huffy coat, white cells, and red 

cells. Due to centrifugation, anticoagulant concentration in the plasma was concentrated to 

approximately 0.4 U/ml. Whole blood and plasma were kept at 37°C in a water bath or block 

heater throughout the experiment. 

3.5 MICROSCOPY 

3.5.1 Video Microscopy System 

A Leitz Laborlux S microscope {Wild Leitz, West Germany) for the examination of 

transparent objects fitted with a C-mount (No. 40052, FSOnnn, Wild Leitz) was used to view 

platelets at the polymer/fluid interface within fabricated flow cells. To provide additional 

platelet image magnification, an ocular (eyepiece) was mounted within the C-mount; either 

a peripJan 10X/18 (Leitz WetzJarGermany}, or a periplan GF 16X (Leitz Wetzlar Germany). 
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Hoffinan Modulation Contrast system optics objective lenses (HMC 100 1.25NA OIL 

160/0.17) for low light level viewing were used. 

A low light level charged coupled device (CCD) camera (Javelin Ultrachip Hi Res 

CCD, Los Angeles) was used to image platelets on polymer surfBces fitted in flow cells. 

Video line out :from the camera was connected to a video signal processor (MTI DSP 200) 

with which gray scale, bJack leve~ enhancement, and ftame averaging were manipulated. The 

signal was then routed to a video timer (For-A Co, model VTG-33) used to add time and date 

(temporal resolution, 1ms) to the video signal for identification purposes. After the timer, this 

video signal was sent into a video cassette recorder (Panasonic, AG 6300) that was used to 

make permanent video tape records ofexperiments. The video signal was projected onto a 

bJack and white monitor (Panasonic, VW 5410) for real time viewing, and also brought into 

a personal computer. 

A personal computer (Odyssey PlOO, Intel Triton chipset, 24MB RAM) fit with an 

ATI Mach 64 Graphics Expression VGA video card (ATI Technologies Inc.) with 2MB 

DRAM and a Matrox Meteor PCI Frame Grabber card {Mattox Imaging Products Group, 

Montreal) enabled real time video data transfers. Images transferred to the computer and 

viewed on the monitor (Daytek, DT-1530) were captured with Spectator Application Version 

1.0 (Matrox Electronic Ltd) software which uses the PCI bus to directly transfer to the 

display buffer using the display card. 

Images were captured both on VHS video tape using the video cassette recorder or 

in digitized computer files using Matrox Spectator ftame grabbing software. VHS video tape 

http:160/0.17
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was replayed at slow speed to quantify platelet adhesion and morphology. Captured 

computer files were viewed and enhanced using Paint Shop Pro (Version Shareware 3.0, Jasc 

Inc.), Confocal Assistant (3.10, Todd Clarke Berlje), and Microsoft Wmdows Media Player 

Version 3.11. 

3.5.2 Scanning Electron Microscopy (SEM) 

Scannjng Electron Microscopy was performed on surfaces from all experiments 

highlighting results from light microscopy image analysis and allowing greater detail due to 

.increased magnification. A Phillips 501-B SEM was used, mounted with a Polaroid camera 

to take Polaroid images. Polaroids were later scanned for analysis and use in image software 

programs. The SEM was operated between 7 and 15 kV with a spot size between 200 and 

500nm.. Care had to be taken when operating with FEP to not "burn" holes. 

An SEM slide fixation and post fixation protocol was derived ftom Molecular Probes 

Inc.'s Adherent Platelet Morphology: Procedure for Staining Formaldehyde Fixed Cells, and 

advice from Electron Microscopy technicians. Main features are summarized as follows: 

immediately after flow cell testing, tubing was clamped and the flow cell disassembled, being 

careful not to disrupt the polymer smfBce contaUring platelets. The polymer surfiwe and flow 

channel were marked indicating cell side up and then dip rinsed in tyrode buffer three times. 

Following rinsing, the surfiwe was fixed in 0.2 % Glutaraldehyde in tyrode buffer for a half 

hour or longer. Typically the surface was fixed overnight. 
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Following fixation the sample was cut down to a working size for SEM post fixation 

and stub mounting. The surface was taken out ofglutaraldehyde and the flow channel area 

carefully cut out leaving a sample less than one square centimetre in area, rectangu]ar in 

shape, with the top right hand comer notched to indicate platelet side up on the surface. The 

new sized sample was then rinsed twice for five minutes in 0.2 M Sodium Cacodylate buffer. 

Next the sample was postfixed for one hour in 0.1 M Osmium Tetraoxide in Sodium 

Cacodylate buffer. After post fixation the sample was ethanol gradient dried. The ethanol 

sequence used was as follows: 2 X rinse for 5 minutes in 50 % ethanol, 2 X 5 minutes in 70 

%ethanol, 2 X 10 minutes in 95% ethanol, and 3 X 10 minutes in 100% ethanol Samples 

were transferred to the Electron Microscopy suite in 100 % ethanol for critical point drying, 

mounting on a aluminum stub, grounding with silver paint, and gold sputter coating. 

3.5.3 Atomic Force Microscopy (AFM) 

Contact mode atomic force microscopy was performed on one sample each ofFEP, 

4" C:;'6 and 10" C:;'6 polymers at ambient conditions. A Nanoscope IT (Digital Instruments, 

Santa Barbara, CA) Scanning Probe Microscope and square pyramidal micro filbricated 

silicon nitride (Si3N l tips (Digital Instruments) attached to 200 J.tm cantilevers were 

employed. The tip was approximately 3 J.lm in size and the cantilever had spring constants 

of0.06 N/m for the narrow legs and 0.12 N/m for the wide legs. 

The AFM has a very sharp tip only a few atoms wide at the end which is attached to 
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a micro-cantilever arm 200 p,m long. This tip is brought into contact with the sample surface 

and then the sample is scanned under the stationary cantilever, usually in a raster pattern. As 

the tip is scanned, the deflection ofthe cantilever is monitored and this signal is used in a 

feedback loop to monitor tip-sample cmrent. The tip is placed a few atomic diameters above 

a conducting sample on which a bias voltage has been placed with respect to the tip. At 

distances less than 10 A, a deflection current signal will flow from sample to tip. An 

electronic feedback loop is used to keep this current constant by adjusting the tip-sample 

separation. Data is acquired by measuring the cantilever deflection signal as the tip is scanned 

(constant current), or by adjusting the height ofthe sample (constant height) using feedback. 

3.6 PLATELET ADHESION TESTS 

Platelet adhesion and morphologic response and progression while adhered to 

polymeric surfaces was characterized under low plasma flow conditions. Red blood cells 

were rinsed from the flow cell with plasma immediately after platelet deposition to permit 

observation ofadherent cells. Dynamic, real time platelet/surface interactions were observed 

under low flowing plasma conditions using light microscopy and recorded using a computer 

image acquisition system. Physiologic conditions were maintained using a low plasma flow 

rate which ensured available nutrients for platelets as tests were performed for up to 90 

minutes. Genemlly, pJatelet contact activation is followed by adhesion, spreading, aggregation 

and granule secretion. Iffully activated on a surface, platelets usually progress through a 
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range ofmorphologies from round to fully spread cells. All these states ofadherent cells were 

observed with flowing plasma conditions. 

For all adhesion and morphology characterization tests, 5 frames per maintenance 

time or elapsed experimental time period per flow cell were captured and counted for 

adherent platelets. Each frame was systematically taken within the central area ofthe flow 

cell flow channel, 30 mm from the inlet port and 1.5 mm from the flow channel wall. Total 

adhered platelets and morphological classifications were performed for each frame, the 

average response per frame determined and then worked into an average value per surface 

area. Results are reported as average number ofadhered platelets or average number ofa 

certain shape ofplatelet per square millimetre. The working siu ofone video frame captured 

either on video tape or with Matrox Spectator was determined to be 0.0012113 ~ ± 

0.000029 ~ (mean± standard deviation). 

3.6.1 Total Platelet Counts and Morphological Characterization 

Adhered platelets at predetermined elapsed experimental or adhered cell maintenance 

time periods were counted and morphologically classified manually using video tape 

recordings. The morphological classification scheme used to characterise platelet shapes was 

developed from systems used by Feuerstein and Albrecht (Sheppard, 1994; Goodman, 1989), 

and is given in Table 3.6.1. These morphological classifications were applied for all adhesion 

tests, manually measwing platelets on the video monitor to assure accurate classification, and 
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incorporating replicate counts. 

Platelet activation parameters were arbitrarily defined to further quantify platelet 

activation and spreading on the various test polymer surfilces. The activation parameter was 

defined as the ratio of highly activated adhered platelets to less activated platelets, more 

specifically, the proportion of Spreading and Fully Spread cells divided by Dendritic and 

Spreading Dendritic platelets. Because few surfaces were found to contain substantial 

densities ofround, dendritic, or pancake platelets, these classifications were omitted from the 

platelet activation parameter analysis. 

Table 3.6.1 Categories ofplatelet morphologies uSed for classification (developed from 
Feuerstein and Albretch (Sheppard, 1994; Goodman, 1989)). 

Symbol Platelet Type Description 

R Round round raised, no pseudopodia 

D Dendritic raised disc with pseudopodia radiating 2 - 4 um 

SD Spreading dendritic body flattening, pseudopodia thickening 

s Spreading thick short pseudopods, cell body increasing in diameter 

FS Fully spread flat round platelet, 7- 10 um diameter, no pseudopodia 

p Pancake circular, 3 - 5 um diameter, round raised protuberances at 
periphery ofcell membrane 
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3.6.2 Light Activation Tests 

The effect oflight from normal opemting conditions on the activation ofplatelets was 

quantified for both FEP and PMMA polymers. The first set oftests involved a continuous 

exposure oflight on the flow cell and adhering platelets. Light at an intensity of 12V (full 

power) was directed to the target flow cell, immediately following the RBC rinse stage, for 

five minutes. The other flow cell receiving no light was simply left on the microscope stage. 

Images were captured at S , 10, 20, 35, and SO minutes maintenance duration in 

pJasma . Five randomly gathered frames for each time period and for each flow cell (light I 

no light) were saved for analysis. Image frames were taken in the centre ofthe 3 mm flow 

channel approximately halfway between the entrance and exit ofthe flow cell. The number 

of adherent platelets of either discoid, dendritic, spread, or pancake morphology were 

quantified, thereby simpfi1Ying the scheme presented in Table 3.6.1. 

A second set of photoactivation tests incorporated the more thorough shape 

cJassification and longer plasma maintenance. Two sets ofFEP surfaces were characterized 

in parallel The first was exposed to normal working light levels while capturing images at 

S, 15, 30, 45, and 60 minutes for counting and shape classification. The second set of 

surfaces was only exposed to normal working light at 60 minutes maintenance time. These 

surfaces sat maintained under flow until60 minutes elapsed and then were only exposed to 

regular working light levels to capture images. 
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3.6.3 Platelet Deposition and Adhesion Tests 

A series ofp1atelet deposition tests were performed using Teflon FEP fluoropolymer. 

P1atelets were deposited onto the surface according to standard protocol outlined in Section 

3.3., Table 3.3.l(ie. whole blood deposition, followed by red blood cell rinse from the flow 

cell using pJasma, and then low flow plasma during observation ofcells for up to 90 minutes). 

However, during the "p1atelet deposition tests" pJatelet deposition from whole blood ranged 

from 2.5 minutes to 40 minutes, which was then followed by the standard rinse and flowing 

plasma maintenance steps. Deposition flow rate and shear rate remained at 0.410 mJ/min and 

250 s·1
, respectively, for all deposition tests. 

cy6 and FEP test surfaces both underwent pJatelet adhesion tests. These tests were 

performed on polymer surfaces mounted in a light transparent flow cell by pumping whole 

blood through the apparatus to deposit pJatelets over the polymer surface. Red blood cells 

were rinsed from the flow cell with plasma immediately after pJatelet deposition to permit 

observation of adherent cells. Total surface pJatelet densities were determined through 

observation ofthe surface under low flowing plasma conditions using light microscopy and 

recorded using a computer image acquisition system. Physiologic conditions were 

maintained using a low plasma flow rate and ensured available nutrients for platelets as tests 

wereperformedforupto 90 minutes. Images were captured on videotape at 5, 15, 30, 45, 

and 60 minutes elapsed time while the cells were physiologically maintained under flowing 

plasma conditions. The number of adherent pJatelets of either round, discoid, dendritic, 



53 

spreading dendritic, fully spread, or pancake morphology were quantified as per Table 3 .6.1. 

3.7 PLAsMA INCUBATION TESTS 

3.7.1 Surface Plasma Incubation Tests 

FEP and PMMA polymers leak tested in tyrode buffer were incubated in whole 

human plasma tmder low flow for up to·12 hours. The tyrode buffer was displaced by whole 

human plasma at the beginning ofthe plasma incubation. This allowed for near physiological 

type time dependant protein adhesion onto the test polymers. Immediately following plasma 

incubation, platelet adhesion experiments were carried out on these surfaces as per previously 

outlined protocol in Section 3.3., Table 3.3.1(ie. whole blood deposition, followed by red 

blood cell rinse from the flow cell using plasma, and then low flow plasma during observation 

ofcells for up to 90 minutes). 

Whole human plasma (Plasma Donor Pooled December 1996 and Red Cross June 

1995, acid citrate dextrose anticoagu)ated and stored at -70°C) was thawed for approximately 

1 hour in a 37°C water bath. Flow cells containing FEP or PMMA were assembled and leak 

tested as per standard methods. Plasma remained in a centrifuge tube at 37°C in a water bath 

while the flow cells sat on the bench top at ambient room temperature. A multiple syringe 

pump (Harvard Apparatus Co., model 957) fitted with six 30 ml plastic sterile single use 

disposable syringes (Becton Dickinson) drew plasma through flow cells at approximately 15 
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s·• or 0.02678 m1/min (a low shear was arbitrarily chosen to ensure static conditions or 

pooling would not occur on the polymer, and to reduce plasma usage). Polymers were 

incubated under these flow conditions for 1, 2, 3, 4, 6, and 12 hour periods. 

Following the specified incubation time, flow cells were clamped and transferred to 

the microscope stage for platelet adhesion experiments. Platelet deposition, rinse and 

maintenance steps were carried out according to Table 3.3.1. 

3.7.2 Surface Protein Elutability 

Prior to adsorbed protein quantification tests, surface adsorbed protein elutability was 

investigated. Assessment ofprotein elutability was made using radio-labelled fibrinogen in 

plasma incubated with FEP for 3 hours (an average plasma incubation time used). Five 

sample pieces ofFEP polymer were cut to approximately 0.5 square centimetres to fit in 

individual wells ofa sterile cell culture dish (Copstar 48 well cell culture cluster). A stock 

solution of131 mg ofl2SJ radio-labelled fibrinogen in 3 ml ( 43 mg/ml) was used to spike 1% 

whole plasma. The incubating solution was composed of approximately 1.55 mg of 

fibrinogen in 6 ml of 1% plasma. 

One polymer sample was placed in a cell culture well and 1 ml ofthe 1% plasma with 

radiolabelled fibrinogen was pipetted into the well. Five samples were incubated for three 

hours at room temperature. After incubation, each sample was dip rinsed three times in 

separate wells containing Iso-Tris buffer. Then each sample was transferred to an individual 
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counter tube (Beckman Bio val counter vials). Sodium Dodecyl Sulphate (a detergent 

solution used to elute.the protein from the po]ymer surface), 200 ul of2% w/v in distilled 

water, was added to each sample containing vial using a micropipeter. Then the samples 

were counted automatically with a Beckmann gamma-550 Iodine 125 radioactive counter. 

After initial counting the samples were incubated in SDS overnight at 4 °C. The 

following morning samples were separated out from SDS and both individual samples and 

their corresponding SDS solutions were analysed for radioactivity. 

3.7.3 Surface Protein Characterization- Gold Stained gels and Western Blots 

After confirming that fibrinogen could be eluted from FEP surfaces incubated in 

plasma, Western blot gels were run to quantify and compare the amount of absorbed 

fibrinogen, albumin, fibronectin, and total protein. 

Gold stained and western blot gels were prepared as 12% separating and 4% stacking 

gels adapting procedures outlined in the BioRad manual. One millimetre thick plastic spacers 

were used with 1 mm thick plastic combs containing 4 sample wells. 

Typically, a one hour, three hour, and six hour incubation plus repeats were performed 

and processed for gels. Following plasma incubation of test surfuces, flow cells were 

dismantled and dip rinsed in Iso-Tris (Appendix B). Using a scalpel, the flow channel was 

cut out from the polymer and divided into 10-12 samples approximately 3 mm wide and 5 

mm long. These sub samples from a particular polymer were incubated together in 200 uL 
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of2% SDS overnight at 4°C. The next morning, SDS eluate was pipetted off the surfuces 

for each sample and run in the gels. 

For all western blots performed only three proteins were probed: :fibrinogen, albumin, 

and fibronectin. Specific details ofthe protocol used to prepare and run the electrophoresis 

gels is summarized in Appendix A All procedures were adapted from the Bio-Rad Mini 

Protean II Dual Cell Instruction manual, and Bio-rad Mini Trans-Blot Electrophoretic 

Transfer Cell Instruction manual (catalog no. 170-3930, 170-3935) (Bio-Rad laboratories, 

1414 harbour Way South, Richmond CA, 94801). 

3.8 DATA ANALYSIS 

Much of the data derived from experiments is represented as mean or average 

responses accompanied with standard deviations. Statistical comparisons and significance 

tests were easily performed using analysis ofvariance and multiple comparison tests. 

Analysis of variance procedures (ANOVA) was applied to determine statistical 

significance of and between various responses. This procedure partitions the variation 

observable in a response variable into both variation due to assignable causes and to 

uncontrolled or random variation. Assignable variation refers to suspected sources of 

variation such as controlled variates (experimental factors) or covariates (measured factors) 

while conducting an experiment. Random variation includes all other sources not controlled 

or measured in the experiment. One way ANOVA was performed on responses and 
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represented using an ANOVA table. 

. Quantities in ANOVA tables are functions ofparameter estimates. The parameter 

being estimated belongs to statistical models that are used to characterize the reJationship 

between the response variable, the assignable causes, and random error. 

Tukey's muhiple comparison test is stated in terms ofan analysis ofvariance, and can 

be applied in more general terms as well (Mason, 1989). Using a collection ofstatistically 

independent averages and an independent estimate ofthe common population variance, this 

method provides simultaneous confidence intervals on all pairs ofmean differences. 

Data analysis and statistical procedures were performed using Minitab Inc.'s Minitab 

statistical software package, release 10.5 extra, and Quattro Pro version 6.0 (Novell 

PerfectOffice ). 



4.0 RESULTS 

Research has continued on various :tluoropolymer RFGD deposited polymeric 

materia1s ever since the investigations into the blood compatibility and performance ofDacron 

grafts with TFE RFGD treatments in the nineteen eighties. This study focuses on platelet 

interaction on Hexatluoroethane RFGD deposited on glass coverslips using a novel in-vitro 

experimental system. Platelet adhesion, activation and morphology assessments were made 

on Hexa:fluoroethane :tluoropolymers, FEP :tluoropolym.er, and a non fluorinated polymeric 

material, PMMA. Real time image acquisition and assessment using a microcomputer frame 

grabber system with a conventional light microscope allowed for assessments of platelet 

surface concentrations, and the activation stages of the adhered platelet population with 

platelet shape characterisation and classification. 

The data and results presented in the following sections characterize platelet 

interactions on RFGD deposited Hexa:fluoroethane surfuces in a physiologic system 

incorporating deposition ofplatelets from whole blood and maintenance ofplatelets in a low 

flow plasma for time periods up to 90 minutes. Section 4.1 gives a brief overview of the 

physical and chemical surface characteristics. Although not the emphasis ofthis thesis, this 

information serves to give the reader (and researcher) potential insight into polymer sur:fi:lce 

behaviour when in contact with blood. Section 4.2 gives data revealing the effects ofthe light 
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microscope and image acquisition system's potential activation or influence on adhered 

platelets. Tests incorporating short light exposures and long light exposures were assessed 

for their possible platelet activating ability. Section 4.3 presents finding for surface platelet 

densities on all test polymers. Results are given graphically and in tables showing time course 

platelet adhesion values. Adhesion results are also given for PMMA and FEP sur:filces 

previously incubated in plasma. Section 4.4 presents results :from morphological assessment 

and classification. Platelet shapes were determined from images made ofadhered platelets 

on polymer surfaces up to 90 minutes after platelet deposition while maintained in low 

flowing pJasma. Finally, section 4.5 accounts and shows images ofa unique morphological 

transition of the platelet discovered just recently in our laboratory. An SEM study was 

performed using all test polymers to show details ofthe change :from a spreading platelet to 

a pancake platelet. This information reveals the potential for surface induced microparticle 

formation and release ofmore procoagulant microparticles compared to activated adhered 

platelets. 

4.1 SURFACE CHARACTERIZATION 

Three surfaces used throughout the course of this study were glass coated 

Hexafluoroethane (<;F6), Fluorinated Ethylene Propylene (FEP), and Polymethyl 

methacrylate (PMMA). General surface properties were determined for the fluoropolymers 

using several qualitative and quantitative methods. Contact angles, a simple non invasive 
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measurement of surfuce energetics, helped compare the hydrophobicity of the test 

fluoropolymers. X-Ray Photoelectron Spectroscopy (XPS) revealed the chemical 

composition of the surfuce regions for deposited hexafluoroethane on glass coverslips. 

Atomic Force Microscopy (AFM) gave a high magnification surface image for evaluation of 

roughness and thickness, and Scanning Electron Microscopy (SEM) was employed to also 

qualitatively observe surfuce topography. 

4.1.1 FEP Properties 

Teflon FEP is a fluorinated ethylene propylene :fi1m that has excellent chemical 

resistance and inertness, anti-stick, low friction, and dielectric properties. Several thermal and 

mechanical characteristics ofFEP are summarized in Tables 4.1.1 and 4.1.2. 

Table 4.1.1 Thermal properties ofTeflon FEP 200 gauge fi1m (Dupont). 

Thermal Property ASTMMethod Property Value 

Melt Point D-3418 (DTA) 260-280 °C 

Specific Heat - 1172 J/k:gK 

Coefficient thermal conductivity - 0.195 W/mK 

Coefficient oflinear expansion D-696-79 9.4E-5 mm/mm°C 

Oxygen index D-2863-77 95% 

Dimensional stability MD/TD 30 min@ 150°C 0.7% expansion I 2.2% 
shrinkage 
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Table 4.1.2 Mechanical properties ofTeflon FEP 200 gauge film (Dupont). 

Mechanical Property ASTMMethod Property Value 

Tensile strength (at break) D-882-81 21MPa 

Elongation at break D-882-81 300% 

Elastic modulus D-882-81 480MPa 

Yield point D-882-81 12MPa 

Bursting strength D-774-67 (Mullen) 76kPa 

Density D-1505-68 2150kg/m3 

Teflon FEP fluorocarbon film is chemically inert and solvent resistant to most 

chemicals except molten alkali metals, fluorine at elevated temperatures, and certain complex 

halogenated compounds (eg. chlorine trifluoride at high temperatures and pressures). Many 

plastics absorb small amounts ofmaterials when in contact with them. Submicroscopic voids 

between polymer molecules fill with absorbed material without chemical reaction 

characterised by weight increase or discolouration. These films have low absorption 

compared with other plastics. Teflon FEP absorbs almost no common acids or bases. Weight 

increases from solvent absorption are generally less than 1% for long exposure times. 

Aqueous solutions are generally absorbed only in small amounts. At ambient temperature and 

pressure, moisture absorption is typically less than 0.01% for Teflon FEP. 
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Like many fluorinated polymers, hexafluoroethane has a high resistance to chemicals 

and heat, as well as low levels of friction and adhesion. The cast films were found to not 

delaminate under standard protein adhesion experiments or blood flow experiments, and are 

transparent enough for light passage and light microscopic evaluation of the surface fluid 

interface. The most relevant features of hexafluoroethane, as related to polymeric 

biomaterials and this work, are those ofprotein adhesion as determined by Horbett et al,, and 

outlined in Section 2.7. 

4.1.3 Contact Angle Analysis 

Contact angle analysis was performed on test surfaces prior to use in blood contact 

experiments. Advancing and receding distilled water contact angles were determined on 

several surfuces using the sessile drop method, as summarized in Table 4.1.3. 
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Table 4.1.3 Mean advancing and recaiing contact angles, in degrees, with 95% confidence 
intervals in brackets (PMMA determined by McClung, unpublished 1992). 

SampleiD Sample Size (n) Advancing Angle Receding Angle 

Hexafluoroethane 

9A-45-10 47 81 (79- 83) 43 (41- 46) 

9A-46-10 82 69 (66 -71) 44 (43- 46) 

9A-45-4 33 95 (94- 97) 66 (63- 68) 

9A-46-4 56 76 (73- 80) 43 (41- 46) 

FEP 23 98 (97- 98) 97 (96- 97) 

PMMA 12 63 (59-67) -

4.1.4 Atomic Force Microscopy 

Surface topography and roughness characteristics of the fluoropolymers were 

investigated using the atomic force microscope on representative dry samples. Polymer 

samples cut to size were analysed in a dry mode, scanning with a 200 micron triangular 

cantilever with a spring constant value of0.21 k (N/m) (wide legs). 

A top view image ofthe polymer surface was used to determine the surface roughness 

profile and roughness parameters. A randomly chosen cross sectional line (surface line) was 

profiled with length and depth scales in nanometres for each surface. Representative 

roughness parameters derived from these scans are summarized in Table 4.1.4. Mean 
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roughness (Ra) is the mean value ofthe surface relative to the centre plane, and max height 

(Rmax) is the difference mheight between the highest and lowest poirts on the surface 

relative to the mean plane (the average ofall the z values). The 10 point mean (Rz) is the 

average difference in height between the five highest peaks and five lowest valleys relative to 

the mean plane. These roughness values suggest that the cy6 sur:taces are nearly twice as 

smooth and are more uniformly flat as compared to the FEP surfitces. Mean roughness 

values for scanned c;F6 surfaces are approximately 60% smaller than the mean roughness 

value determined on FEP. 

Table 4.1.4 Surface roughness parameters for representative Fluoropolymer samples. 

Polymer Tested Mean Roughness 
Ra(nm) 

Max Height 
Rmax(nm) 

10 Point Mean 
Rz(nm) 

46-4E C#6 3.54 44.65 20.17 

45-10G<;F6 2.09 32.10 19.14 

FEP 8.74 70.71 39.07 

Rotated side view images positioned at 30° inclination for each polymer are shown 

mFigures 4.1.1 - 4.1.3. These surface images are all ofthe same dimensions and scale for 

comparative purposes. They qualitatively highlight the rougher surface structure of FEP 

compared to the c;F6 surfitces. Deep surface indentation Imes and a bumpy uneven surface 

are visible on FEP, whereas c;F6 images reveal far more smooth areas. Comparison ofthese 

images suggests that FEP contains greater surface area compared to C#6 coated coverslips. 
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Figure 4.1.1 A side view 30° inclined image of the polymer surface of46-4E C2F6 using AFM. 
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Figure 4.1.2 A side view 30° inclined image ofthe polymer surface of45-10G C2 using AFM F6 
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Figure 4.1.3 A side view 30° inclined image ofthe pol)'Iller surface ofFEP usingAFM. 
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4.1.5 X-Ray Photoelectron Spectroscopy (XPS) 

Two batches ofglass coverslip slides (RF-9A-45 and RF-9A-46) were coated at 4" and 10" 

downstream from the discharge and at the same time silicon wafer test pieces were also coated. All 

coating parameters for the Si wafers were the same as those for the glass cover slips and it was 

assumed that the coatings on these test pieces would be representative ofthe coatings deposited onto 

the glass cover slips. Coated Si wafer test pieces were then analysed using XPS by researchers at the 

University ofWashington, Seattle. The results ofXPS analysis for c;F6 RFGD Si test pieces are 

summarized in Table 4.1.5 and Figure 4.1.7. For surfaces coated 10" downstream from the 

discharge, there appears to be more than a 50% reduction in the amount CF3 detected on the surface 

compared to CF2• The ratio of fluorine to carbon remams relatively constant for both discharge 

positions. These results indicate that we were supplied with two distinct batches ofHexatluoroethane 

coated cover slips- those labelled 4" and the others labelled 10" throughout this work. 

Table 4.1.5 XPS results for c;F6 RFGD Si test wafers (performed by scientists at the University 
ofWashington, Seattle). 

Distance Downstream CFlCF2 ratio F/Cratio 

4" 0.64 1.7 

10" 0.26 1.5 
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Figure 4.1.4 XPS sur.tace analysis results for 4" and 10" c;F'6 test polymers. 
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4.2 LIGHT ACfWATION ASSESSMENT 

Tests were performed to quantijy the effect oflight on the activation ofplatelets under 

normal operating conditions ofthe experimental system. The first test examines the effect of 

single long term light exposure on both FEP and PMMA This would mimic using the 

microscope image system to capture an uninterrupted movie sequence. The second set of 

tests explored the effect ofseveral repeated short term light exposures throughout a sixty 

minute period oflow plasma flow maintenance on FEP only. This type oflight exposure is 

representative of long tests where images are captured during specific time intervals 

throughout the plasma maintenance time frame. 

4.2.1 Long Duration Light Exposure 

Light at an intensity of12 V (full power) was directed onto the target flow cell for five 

minutes, immediately following the RBC rinse stage. The flow cell not receiving light was 

left on the microscope stage and only received ambient room light exposure. Figure 4.2.1 

shows total platelet adhesion data for the two polymers tested, FEP and PMMA, and the two 

conditions investigated, 5 minutes exposure to high intensity light, and no exposure to high 

intensity light. Numbers on the bars are standard deviations. Total platelets adhered to FEP 
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Figure 4.2.1 Time series adherent total platelet characterisation for FEP and PMMA 
polymers receiving Sminutes high intensity light exposure (FEP and PMMA), and FEP and 
PMMA receiving no light exposure (NFEP and NPMMA). Numbers above the bars are 
standard deviations, FEP n=4, NFEP n=S, PMMA and NPMMA n=3. 

S1.J1"iBces were statistically similar for the two different light situations over the duration ofthe 

experiment. Total platelet adhesion on PMMA receiving light exposure is also statistically 

similar to PMMA not receiving a dose of light. Statistical Tuk:ey's comparison results for 

morphological classes are given in Table 4.2.1 labelled as total adhered morphology. 

Morphological classifications ofadherent platelets on FEP and PMMA under both 

light and no light conditions were also made. A simple classification scheme of round, 

dendritic, spread, and pancake platelet shapes were used to assess the effect ofa S minute 

dose ofhigh intensity light on platelet activation. Figures 4.2.2 and 4.2.3 summarize adherent 

platelet morphologies on FEP under conditions oflight exposure and no light exposure. Both 

plots follow a general trend of increasing platelet activation over time, as 
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Figure 4.2.2 Time series adherent platelet morphologies on FEP polymer receiving no 
light exposure (labelled NFEP). Numbers above the bars are standard deviations, n=S. 
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Figure 4.2.3 Time series adherent platelet morphologies on FEP polymer exposed to 5 
minutes of high intensity light (labelled FEP). Numbers above the bars are standard 
deviations, n=4. 
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evidenced from advanced platelet shape morphologies at later times during plasma 

maintenance. Table 4.2.1 lists Tukey's statistical comparison results for platelet 

morphologies between FEP (light) and NFEP (no light). Testing the mean adhered platelet 

values for specific morphologies on FEP and NFEP using Tukey's multiple comparison test 

with one way ANOVA suggests that there is not enough evidence to conclude that the mean 

adhered pJatelet values on FEP and NFEP are different. 

Table 4.2.1 Tukey's comparison between FEP and NFEP for platelet morphology and total 
pJatelet adhesion Tested at family error rate =0.05, individual error rate =0.05. 

Morphology Pooled Std. Deviation 
(Platelets/~ 

Significant Difference between FEP and 
NFEP adhered pJatelets from Tukey's interval 

discoid 648 NO 

dendritic 1611 NO 

spread 1122 NO 

pancake 754 NO 

total adhered 1819 NO 

Between the two different light situations tested (5 minutes light/no light), morphological 

quantification at identical times is statistically similar for all cases. 

Figures 4.2.4 and 4.2.5 exhibit adherent pJatelet morphologies on PMMA under 

conditions of light exposure and no light exposure. Both plots follow a general trend of 

increasing pJatelet activation with respect to plasma maintenance time. Table 4.2.2. contains 

Tukey's comparisons of total adhered pJatelets and pJatelet shapes for PMMA receiving 

exposure to 5 minutes light (PMMA) compared with PMMA that did not (NPMMA). 



74 

Figure 4.2.4 Time series adherent pJatelet morphologies on PMMA receiving no light 
exposure. Numbers above the bars are standard deviations, n=3. 
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Figure 4.2.5 Time series adherent platelet morphologies on PMMA exposed to 5 minutes 
high intensity light. Numbers above the bars are standard deviation, n=3. 
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As observed in FEP test situations, there is no statistical difference between quantified 

morphologies on PMMA receiving and not receiving long duration light exposure according 

to Tukey's multiple comparison tests. 

Table 4.2.2 Tukey's comparison between PMMA and NPMMA for platelet morphology 
and total platelet adhesion. Tested at family error rate= 0.05, individual error rate= 0.05. 

Morphology Pooled Std. Deviation 
(Piatelets/nnnl) 

Significant Difference between 
PMMA and NPMMA adhered 

p1atelets based on Tukey' s interval 

discoid 1363 NO 

dendritic 1916 NO 

spread 1841 NO 

pancake 1248 NO 

total adhered 2055 NO 

Overall, these results suggest for both FEP and PMMA that light exposure (5 minute 

continuous or "long duration light exposure" ) does not significantly augment p1atelet 

activation compared to surJaces with platelets not exposed to long duration light. Both FEP 

and PMMA Tukey's comparison interval data (comparisons between adhered p1atelet 

morphologies on FEP receiving light (FEP) and FEP not receiving light (NFEP), and 

comparisons made between PMMA receiving light (PMMA) and PMMA not receiving light 

(NPMMA)) suggest that there is not enough evidence to conclude any differences. 
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4.2.2 Repeated Exposures ofShort Duration Light 

FEP sur:fuces were exposed to normal light levels from image capturing at 5, 15, 30, 

45, and 60 minutes after platelet deposition during maintenance in flowing plasma using 

standard light levels and short exposure times. Concurrently, other FEP surfaces were not 

exposed to any light until the sixtieth minute when standard light levels were used to image 

platelets. Comparisons ofthe two sets ofFEP surfaces were made based on total adhered 

platelets and morphological classification after sixty minutes plasma maintenance. 

A platelet adhesion plot summarizing FEP receiving light throughout low flow plasma 

maintenance at 15 minute int~ (FEP), and FEP not receiving light until the sixtieth 

minute oflow flow pJasma maintenance, (NFEP), is given as Figure 4.2.6. A more extensive 

platelet shape classification was used to quantify platelet morphology, adhesion and activation 

(Table 3.6.1, Section 3.6.1 ). All quantified adhered platelet morphologies are statistically 

similar between FEP and NFEP after sixty minutes oflow flow plasma maintenance. These 

statistical Tuk:ey's comparison test results are summarized in Table 4.2.3. 

These results suggest that repeated short duration light exposures on FEP sur:filces 

containing adhered platelets do not significantly change the state ofactivation ofplatelets 

compared to FEP sur:filces not receiving repeated light exposures. 
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Figure 4.2.6 Adherent platelet morphologies at 60 minutes for FEP exposed to normal 
working light exposures every 15 minutes (FEP), and FEP only exposed to light after 60 
minutes plasma maintenance time (NFEP). Numbers above the bars are standard deviations, 
n=5. 

Table 4.2.3 Tukey's comparison for platelet morphology and total adhesion between FEP 
not receiving light until60 minutes (NFEP) and FEP receiving light at regular intervals until 
60 minutes (FEP). Tested at Family error rate= 0.05, individual error rate= 0.0499. 

Morphology Pooled Std. Deviation 
(Platelets/mm2

) 

Significant Difference between FEP 
and NFEP adhered platelets based 

on Tukey' s interval 

dendritic 624 NO 

spreading dendritic 1266 NO 

spreading 1163 NO 

fully spread 1252 NO 

pancake 165 NO 

total adhered 2039 NO 
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4.3 PLATELET ADHESION 

Platelet adhesion was assessed under several conditions with Fluorinated Ethylene 

Propylene (FEP), Hexa:tluoroethane (cyJ, and Polymethy1methacrylate (PMMA) polymers. 

Deposition tests were performed on FEP to determine the effect of increasing platelet 

deposition time on the magnitude ofadhered platelets. Then adhesion tests were performed 

under typical experimental conditions: 2.5 minutes deposition from whole blood at 250 s·1 

shear rate followed by maintenance of the surfuce and adherent cells with low flowing 

plasma. These experiments generated platelet surfuce density data for the various test 

surfitces. Finally, adhesion tests performed with maintenance in a thrombin-stimulated 

environment (tyrode buffer containing a low concentration of thrombin), reveal platelet 

surfilce densities after addition ofa stimulant. 

4.3.1 Platelet Deposition 

A platelet deposition study was performed using FEP polymer to assess the effect of 

deposition time ontotal platelet adhesion. Each platelet deposition was performed using low 

molecular weight heparinized (LMWH) whole blood and a shear rate of250 s·1• Figure 4.3.1 

summarizes platelet deposition on FEP for increasing deposition periods. Increasing the 

deposition time effectively increases the number of adhered platelets until a maximum is 

reached where the total number of adhered platelets plateaus at approximately 40,000 
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Figure 4.3.1 Mean total adhered platelets on FEP polymer with increasing deposition time. 
A constant shear rate of250 s·• (0.410 m.Vmin) in the flow cell flow channel was used for 
all depositions. 

platelets/m. Deposition on PEP follows the expected trend of increasing numbers of 

adhered platelets with longer deposition times. The deposition data was fit using nonlinear 

polynomial regression, in which a second order equation best fit the raw data according to 

y = Po + (1}1 • x ) - (~ • xl). The equation for this best fit regression curve is 

y = 382 + ( 3140.2 *x)- ( 52.4 • xl), with p<O.Ol. 

4.3.2 Platelet Adhesion with Plasma Maintenance 

Standard test protocol for platelet adhesion tests involved a deposition period of2.5 

minutes from whole blood, followed with a rinse and maintenance ofthe surface and adherent 
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cells in plasma. Total platelet adhesion values are presented in Figure 4.3.2 for PEP and 

PMMA polymers maintained in plasma. Figure 4.3.3 shows total platelet adhesion values on 

hexatluoroethane coated g1ass coverslip surfuces for both 1 0" and 4" batches. Each individual 

adhesion test was run with one sur18ce incubating for 60 minutes. Data from tests where low 

flow ofpJasma (maintenance) was interrupted, tlowcell or lines broke, pumps fBiled, etc., was 

not included for analysis. Total platelet counts were performed at 5, 15, 30, 45, and 60 

minutes plasma maintenance time. Therefore, each time period in Figures 4.3.2 and 4.3.3 

represents an average total platelet adhesion value for "n" sur:fu.ces tested. 

Under these test conditions, the magnitude ofadhered platelets is greatest on PMMA 

s~ followed by PEP, while both cy6 surfi1ces have the fewest adhered platelets. 

Overall mean platelet adhesion values and platelet surtace densities at 5 minutes plasma 

maintenance time are given in Table 4.3.1. These descriptive statistical results and Tukey's 

pairwise comparisons were determined using one way ANOVA, with p<O.Ol. 

Overall mean concentration platelet adhesion values were determined by averaging 

all time periods (5 - 60 minutes) platelet adhesion values from all tests performed for a 

particu1ar surfBce. 1hese values represent a ''best fit line" or overall average platelet adhesion 

count for the tests performed for each polymer surtace. 
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Table 4.3.1 Platelet surface concentrations, represented as mean platelets per Jllltr, at 5 
minutes plasma maintenance time and overall mean adhered platelet values, as determined 
with one way ANOVA (pooled standard deviation= 1940, p<0.01). Standard deviation of 
each mean is given in brackets. 

Polymer Concentration at 5 minutes 
plasma maintenance 
(platelets perM) 

Overall Mean Concentration 
(platelets perm) 

4" <;F6 6274 (2977) 4623 (2149) 

10" <;F6 4128 (2341) 4150 (1588) 

FEP 6637 (1027) 6895 (1908) 

PMMA 8310 (3099) 8165 (2117) 

Tukey's multiple comparison tests suggest that there is sufficient evidence to conclude 

that the overall mean adhered pJatelet values for FEP and PMMA are both different from each 

<;f6 batch, however, there is not enough evidence to conclude that the means between the 

two c;F6 batches are statistically diffe1ent (significance level ex= 0.05). Furthermore, Tukey's 

pairwise comparison confidence intervals for the mean platelet surface concentrations at 5 

minutes plasma maintenance all include zero and therefore can not be declared different. 
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Figure 4.3.2 Mean adherent platelets on control polymer surfi1ces FEP and PMMA during 
maintenance with plasma. Numbers above the data points are standard deviations, FEP n=5, 
PMMAn=3. 
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Figure 4.3.3 Mean adherent platelets on Hexa:fluoroetbane SUI'.faces determined throughout 
low flow maintenance in plasma. Numbers above the data points are standard deviations, 
n=3 for both 1 0" and 4" surfaces. 
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4.3.3 Platelet Adhesion with Tyrode and Thrombin Maintenance 

Platelet adhesion was assessed on FEP and PMMA in a thrombin stimulated 

environment. Platelets were deposited according to standard deposition protocol and then 

were maintained for up to 30 minutes in a low flow ofTyrode buffer containing 0.025 U/ml 

thrombin. Total adhered platelets counted in a platelet stimulating environment are 

summarized in Figure 4.3.4. The appearance ofthese adhesion curves are similar to those 

generated with plasma low flow maintenance (Figure 4.3.2). 

Overall mean adhered platelet statistical results are summarized in Table 4.3.2 for 

FEP and PMMA sur1Bces maintained in a thrombin stimulated environment. Total adherent 

platelets determined throughout low flow maintenance in a thrombin stimulated environment 

are statistically similar to total adhered platelets maintained in plasma , p<0.04. 

Table 4.3.2 Platelet surface concentrations, represented as mean platelets per n:nnl, at 5 
minutes incubation time and overall mean adhered platelet values for polymers maintained in 
tyrode/thrombin, as determined with one-way AN OVA (pooled standard deviation= 2121, 
p<0.04). Standard deviation ofeach mean is given in brackets. 

Polymer N Concentration at 5 
minutes incubation 
(platelets per n:nnl) 

Overall Mean Concentration 
(platelets perm) 

FEP 6 6879 (1561) 7512 (1476) 

PMMA 6 9796 (3090) 10099 (2986) 
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Tukey' s multiple comparison tests suggest that there is not enough evidence to 

conclude that at 5 minutes, the surtace concentration or overall mean adhered platelet 

densities on FEP maintained in tyrode thrombin compared to overall mean adhered platelets 

on FEP maintained in plasma, are statistically different PMMA under both maintenance 

conditions for both 5 minute and overall platelet sur13ce concentrations, also gives statistically 

similar platelet densities. All tests were performed with a significance level of a = 0.05. 
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Figure 4.3.4 Mean adherent platelets on FEP and PMMA polymers determined while 
sur13ces were maintained in Tyrode buffer containing 0.025 U/ml Thrombin. Numbers below 
the data points are standard deviations, n=3. 
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4.3.4 Platelet Adhesion and Surface Plasma Incubation 

Total platelet adhesion on FEP and PMMA surfilces incubated for 1 - 12 hours in 

whole plasma prior to deposition ofplatelets from LMWH anticoagulated whole blood was 

investigated. Polymer surfitces positioned in flow cells leak tested and incubated in tyrode 

buffer for approximately 15 minutes. Then to adsorb protein onto test surfaces, acid citrate 

dextrose (ACD) anticoaguJated human whole pooled plasma was perfused through flow cells 

containing FEP or PMMA for a specific time period at a shear rate of15 s-1 (0.02678 mJ/min). 

Deposition ofplatelets and maintenance in plasma were performed according to a standard 

protocol (see Section 3.6.1), immediately after polymer incubation in plasma. Total adherent 

platelets were determined at time intervals throughout low flow plasma maintenance. 

In Figures 4.3.5 and 4.3.6 is shown total adhered platelets on P:MMA and FEP 

surfaces, respectively, incubated under low shear in human plasma for up to 12 hours. 

Platelet adhesion on P:MMA incubated in plasma is reduced by almost 60% for all plasma 

incubation times, compared to adherent platelets on PMMA without plasma incubation. 

Platelet adhesion on FEP previously incubated in plasma is less affected with respect to 

plasma incubation length. Incubation ofFEP in plasma for 6 or 12 hours reduced subsequent 

adherent platelets significantly compared to all other incubation times (0-3 hours) as shown 

in Table 4.3.3. 
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Figure 4.3.5 Mean adherent platelets on PMMA incubated in whole plasma for 1-12 hours 
prior to deposition ofplatelets from whole blood. Surfuces with adsorbed protein were tested 
for platelet adhesion following standard protocol. Numbers above the bars are standard 
deviations, n=3 . 
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Figure 4.3.6 Mean adherent platelets on FEP incubated in whole plasma for 1-12 hours 
prior to deposition ofplatelets from whole blood. Surfaces with adsorbed protein were tested 
for platelet adhesion following standard protocol. Numbers above the bars are standard 
deviations, n=3. 
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Table 4.3.3 Statistical descriptive data for plasma incubated FEP surfilCes overall mean 
platelet adhesion, as determined using one way ANOV A (pooled standard deviation= 2516 
platelets I nnnl, p<O.Ol). 

Surface Plasma 
Incubation Length 

(hours) 

N Mean 
(platelets I nnnl) 

Standard Deviation 
(platelets I nnnl) 

0 15 8376 1379 

1 13 7556 1386 

2 14 7308 1349 

3 15 8178 2869 

6 14 5507 2558 

12 15 2862 4077 

As S1.lt'fitce plasma incubation time increases, mean platelet values decrease, although 

after three hours, standard deviation doubles which is representative ofinconsistent data. 

Tukey' s pairwise comparisons suggest that overall mean adhered platelets on FEP surfilCes 

previousJy incubated in whole plasma for 12 hours is different than all other incubation times 

except 6 hours, and 6 hours is different from 0 hours incubation. These tests indicate that 

overall mean adhered platelets are not statistically different on surfilCes incubated in plasma 

for 0, 1, 2, and 3 hours, and also that 6 hours incubation data is not statistically different 

compared to 1, 2, and 3 hours. Tukey's comparison intervals for plasma incubated FEP 

surfaces is given in Table 4.3.4 
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. Table 4.3.4 Tukey's intervaJs for plasma incubated FEP surJilces (column level mean - row 
level mean where incubation times not declared different ifthe interval space contains N, and 
declared different if space contains Y). Family error rate = 0.05, individual error rate = 
0.00454. N = not different, Y = different.* 

Inc. Time (Hours) 
(++t) 

0 1 2 3 6 

1 N 

2 N N 

3 N N N 

6 y N N N 

12 y y y y N 
* For example, comparison between 1 hour incubation (horizontal axis) and 2 hours 
incubation (vertical axis) by tracing down from the 1 on the horizontal axis until it intersects 
with a similar trace horizontally from the 2 on the vertical axis, yields anN - the incubation 
times are not different. 

Table 4.3.5 Statistical descriptive data for plasma incubated PMMA overall mean platelet 
adhesion, as determined using one way ANOVA (pooled standard deviation= 1205 platelets 
I Iniit, p<0.01). 

Plasma Incubation 
Length (hours) 

N Mean 
(platelets I m) 

Standard Deviation 
(platelets I nnn2) 

0 15 9708 2108 

1 5 3798 710 
' 

2 5 7166 1848 

3 10 3533 619 

6 15 143 554 

12 15 0 0 

. 




89 

Data recorded for 1 and 2 hour incubation tests on PMMA (Table 4.3.5) only 

encompasses one third ofthe sample size for all other data collected. Since this data is not 

truly representative it has not been included in the statistical comparison analysis. Again, a 

trend ofdecreasing mean adhesion values as incubation time increases is apparent. Tuk:ey's 

pairwise comparisons suggest that overall mean adhered platelets on P:MMA surfaces 

previously incubated in whole plasma for both 6 and 12 hours is different than all other 

incubation times, and 0 hours is different from all other incubation times. Furthermore, 

overall mean adhered platelets are different on surfaces incubated in plasma for 3 hours 

compared to all other incubation times. Tuk:ey's comparison intervals for plasma incubated 

PMMA surfaces is given in Table 4.3.6. 

Table 4.3.6 Tuk:ey's intervals for pJasma incubated PMMA surfaces (column level mean 
row level mean where incubation times not decJared different ifthe interval space contains N, 
and declared different ifspace contains Y). Family error rate = 0.05, individual error rate = 
0.00457. N =not different, Y =different. 

Inc. Time (Hours) 
(++t) 

0 3 6 

3 y 

6 y y 

12 y y N 
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4.3.4.1 Western Blot Characterisation ofAdsorbed Protein 

Quantification and comparison ofadsorbed fibrinogen, fibronectin, albumin, and total 

protein on FEP and PMMA surfuces following incubation in whole human plasma for up to 

6 hours was performed using gold staining and immunoblotting (western blot) techniques. 

SDS protein elution was initially determined using FEP polymer samples incubated 

three hours in 1% plasma with 1125 radio labelled fibrinogen. Recovery of fibrinogen as 

determined by radioactivity counts on the plasma solution and surface, plasma alone and 

surfiice alone, revealed a recovery ofgreater than 86 %. 

After PMMA and FEP plasma incubations, the surtace adsorbed protein was eluted 

and then characterised using electrophoresis via western blot gels. Two representative 

western blot gels are shown in Figure 4.3.7(average results from all blots are listed in Tables 

4.3.7 and 4.3.8), along with molecular weight marker positions (Kilo Daltons). Proteins 

eluted from the polymer surfBces were blotted, after SDS-Page on 12 % separating gels, with 

goat and rabbit antihwnan antibodies. Alkaline phosphatase conjugated anti-goat lgG (whole 

molecule) and anti-rabbit IgG (h+1 ), served as the second antibodies. Qualitative observation 

of both gels suggests similarities between PMMA and FEP in terms of adsorbed protein. 

Blots from both polymers revealed three fibrinogen bands between 40 and 65 kDa (expected 

specifically at 67, 56, and 47 kDa), no bands for fibronectin as it was expected to run two 

bands near 220 kDa, and albumin bands around 66 kDa 

Lane marker intensity comparisons were made using Bio-Rad densitometry Western 
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Blot analysis software. Table 4.3.7 shows average band intensity results for fibrinogen bands 

detected from FEP and PMMA incubated in whole human plasma. Albumin intensities are 

shown in Table 4.3.8. Fibronectin was occasionally observed on gels above the molecular 

weight cut oft; as expected, but was not quantified with the software for lack ofcalibration. 

Table 4.3. 7 Fibrinogen mean band sizes and percent integrated intensity (% IT) from 
western blots analysed with Bio-Rad densitometry software. Standard deviations are given 
in brackets, n= sample size. 

FEP PMMA 

Time N Band Size %IT N Band Size %IT 

1 4 67 (2) 42 (5) 2 67 (1) 42 (24) 

64 (1) 28 (3) 55 (3) 57 (23) 

55 (1) 30 (2) 

3 2 65 (1) 57 (3) 2 65 (2) 62 (31) 

63 (1) 21 (1) 56 (1) 38 (30) 

54 (1) 22 (3) 

6 2 62 (4) 53 (29) 4 69 (2) 29 (14) 

55 (3) 26 (1) 65 (3) 27 (8) 

49 (2) 21 (28) 56 (1) 34 (12) 

The average band size and percent integrated intensities for both FEP and PMMA at 

identical polymer incubation times appear similar. PMMA results deviate slightly from 

expected band sizes, however, for both 1 and 3 hour times, the two bands recorded (instead 

ofthree) are within the range expected and it appears that protein was not completely reduced 
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to three subunits. These minor variations and inconsistencies could be due to the potential 

variable specificity ofthe antibody or because ofinterference ofdegradation products since 

a large amount ofprotein was eluted and run on the geL Consistency between the three 

incubation tests for a specific polymer are reasonable as most fibrinogen bands are close to 

expected values for a 12 % reduced western blot geL 

Table 4.3.8 Albmnin mean band sizes and percent integrated intensity from western blots 
analysed with Bio-Rad densitometry software. Standard deviations are given in brackets, n 
is sample size. 

PEP PMMA 

Time N Band Size %IT N Band Size %IT 

1 4 67 (1) 90 (6) 2 68 (1) 48 (7) 

66 (1) 45 (4) 

3 2 66 (1) 96 (1) I 66 88 

6 2 66 (1) 87 (6) 2 69 (2) 29 (14) 

65 (3) 27 (8) 

56 (1) 34 (12) 

Albumin is expected to be reduced to a strong band at molecular weight 66. PMMA 

results for albumin bands in Table 4.3.6 deviate greater from expected results as compared 

to the PEP albumin values. Sample sizes for PMMA are also lower, as the three hour 

incubation time only recorded one sample during analysis. Variability in albumin band sizes 

and intensities are also affected by the antibody variability and large concentration ofprotein. 
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Overall the PMMA and FEP albumin results still appear similar. The one hour 

incubation results suggest that the albumin band was degraded into two bands or was read 

as two distinct bands instead ofone, likewise for the six hour incubation PMMA results. 

Figure 4.3. 7 Western Blot for Fibrinogen, Albumin and Fibronectin, from plasma incubated 
on FEP for up to 6 hours under low shear. Samples were subjected to SDS-PAGE on a 12% 
gradient gel under reducing conditions. 50 !JL ofeluate sample was loaded into each lane. 
The numbers situated on tp of the gel indicate lanes - a legend is given below for lane 
identification. The right hand side numbers indicate standard molecular weight markers. 

Figure 4.3. 7Lane IdentifiCation for plasma samples incubated on FEP under low shear: 

Lanes 1, 2, 3: Fibrinogen, Fibronectin, and Albumin respectively, 1 hr plasma incubation. 

Lane 4: Gold stain for total protein, 1 hr plasma incubation. 

Lanes 5, 6, 7: Fibrinogen, Fibronectin, and Albumin respectively, 1 hr plasma inc., replicate. 

Lane 8: Gold stain for total protein, 1 hr plasma incubation, replicate. 

Lanes 9, 10, 11: Fibrinogen, Fibronectin, and Albumin respectively, 3 hr plasma incubation. 

Lane 12: Gold stain for total protein, 3 hr plasma incubation. 

Lane 13, 14, 15: Fibrinogen, Fibronectin, and Albumin respectively, 6 hr plasma incubation 

Lane 16: Gold stain for total protein, 6 hr plasma incubation 
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Figure 4.3.8 Western Blot for Fibrinogen, Albumin and Fibronectin, from plasma incubated 
on PMMA for up to 6 hours under low shear. Samples were subjected to SDS-PAGE on a 
12 % gradient gel under reducing conditions. 50 J.!L ofeluate sample was loaded into each 
lane. The numbers on top of the gel indicate lanes - a legend is given below for lane 
identification. The right hand side numbers indicate standard molecular weight markers. 

Figure 4.3.8 Lane Identification for plasma samples incubated on PMMA under 
low shear: 

Lanes 1, 2, 3: Fibrinogen, Fibronectin, and Albumin respectively, 6 hr plasma incubation. 

Lane 4: Gold stain for total protein, 6 hr plasma incubation. 

Lanes 5, 6, 7: Fibrinogen, Fibronectin, and Albumin respectively, 6 hr plasma inc., replicate. 

Lane 8: Gold stain for total protein, 6 hr plasma incubation, replicate. 

Lanes 9, 10, 11: Fibrinogen, Fibronectin, and Albumin respectively, 3 hr plasma incubation. 

Lane 12: Gold stain for total protein, 3 hr plasma incubation. 

Lane 13, 14, 15: Fibrinogen, Fibronectin, and Albumin respectively, 1 hr plasma incubation 

Lane 16: Gold stain for total protein, 1 hr plasma incubation 
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4.4 PLATELET MORPHOLOGY 

An investigation was performed to assess platelet activation and spreading on the 

different polymer surtaces. Morphological classification ofadhered platelets on FEP, 4" cy6, 

and 10" cy6 while maintained under low shear in plasma for up to 90 minutes allowed 

comparison ofthe three :fluoropolymers under the same conditions. 

A second set of investigations compared morphology for FEP and PMMA while 

maintained in tyrodes buffer containing a low concentration of thrombin. Addition of a 

pJatelet agonist allowed characterization ofplatelet morphology under stimuJating conditions 

and allowed for comparison with results from surface activation with no added agonists 

present for FEP only. 

4.4.1 Platelet Morphology with Plasma Maintenance 

Platelet shape changes during plasma maintenance are shown in Figures 4.4.1 - 4.4.3 

for FEP, 10" <;F6 , and 4" <;F6 surfitces, respectively. Overall morphological trends on FEP, 

observable in Figure 4.4.1, suggest slow activation with decreasing levels ofdendritic cells 

and increasing densities ofspread cells as maintenance time increases. Later stage platelet 

forms are not present in large proportions until later maintenance times such as 45 and 60 

minutes. A 17 % decrease in dendritic cells, a 10 % increase in spreading cells, and an 

almost 10 % increase in fully spread platelets occurs on FEP by thirty minutes maintenance 
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time. Spreading dendritic platelet concentrations remain between 35% and 40% of the 

morphological types counted throughout the maintenance period. By 60 minutes maintenance 

time, 85% ofcells counted are spreading dendritic, spreading, or fully spread platelets. 

Mean percentages ofadherent platelets on 10" ~F6 , shown in Figure 4.4.2, follow 

similar trends outlined for FEP. Dendritic and spreading dendritic shapes decrease in number 

as maintenance time increases - a 200A. overall decrease for dendritic platelets, while spreading 

dendritic forms account for 37% - 47% ofall adhered platelets throughout the maintenance 

period. Advanced morphological types are more prominent at later maintenance times. At 

60 minutes maintenance the proportion ofadhered platelets is 20% fully spread cells, 28% 

spreading platelets, while spreading dendritic accounts for 35%. Pancake cells were 

observed on 1 0" C#6 by 30 minutes maintenance time, however their density was only 2 % 

of total cells. 

Tme course morphological trends on 4" ~F6 are shown in Figure 4.4.3. The largest 

percentage ofadherent cell forms within 30 minutes maintenance in p1asma are dendritic. At 

45 minutes, the majority of cell shapes are more advanced forms of spreading dendritic, 

followed by spreading cells at 60 minutes maintenance. The general trend of increasing 

activation with increased maintenance time, as observed for 1 0" cy6 and FEP, also occurs 

for 4" c;F6• Pancake cell forms are evident by 30 minutes, although their density is less than 

3%. Fully spread forms accounted for less than 12 % oftotal adhered cells at both 45 and 

60 minutes. 
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Figure 4.4.1 Mean percentages ofadherent platelets on FEP polymer while maintained in 
plasma, classified according to morphology type. n=5. 
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Figure 4.4.2 Mean percentages ofadherent platelets on 10" cy6 polymer coated cover 
slips, maintained in plasma, classi:fied according to morphology type. n=3. 
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Figure 4.4.3 Mean percentages of adherent platelets on 4" cy6 throughout plasma 
maintenance, classified according to morphology type. n=3. 

Morphology comparisons for 4", 10", and FEP at 5 , 30, and 60 minutes maintenance 

times are shown in Figures 4.4.4 - 4.4.6. At 5 minutes, in Figure 4.4.4, it can be seen that all 

three surfaces contain predominantly dendritic and spreading dendritic cell types. Greater 

than 80% of adhered platelets on FEP, 10" cy6 and 4" GzF6 surfilces were classified as 

dendritic or spreading dendritic. A low proportion ofhighly activated cells were observed 

at 5 minutes maintenance. 

Observation ofmorphologically cJassified adhered platelets at 30 minutes maintenance 

time shown in Figure 4.4.5, indicates a shift to more advanced cell shapes. Approximately 

20% of adhered platelets are spreading and 5- 100/o are fully spread, while dendritic and 

spreading dendritic forms are reduced by nearly 10%, as compared to 5 minutes. 
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Greater proportions oflate stage platelet morphologies are visible on all three surfaces 

after 60 minutes maintenance in plasma as shown in Figure 4.4.6. Fully spread cells account 

for 30% oftotal adhered platelets on FEP, 20% on 10" C2F6 , and 10% on 4" C2F6 • The 

magnitude of spreading cells is reversed, with 4" C2F6 having 45 %of adhered cells as 

"spreading", 10" C2F6 having 27% spreading, and 20 % spreading cells for FEP. FEP 

accounts for fewer adhered pancake cells compared to 4" C2F6 at 60 minutes, and has no 

pancake cells at 30 minutes, when both C2 surfaces have approximately 2.5%. F6 

The rate of progress and morphological trends are the same on all three surfaces. 

Figures 4.4.4 through 4.4.6 suggest that all three surfaces exhibit comparable morphologies 

and surface densities throughout the sixty minute maintenance period in plasma. Tukey's 

statistical comparison analysis on platelet morphology data presented in these Figures 

indicates no differences between FEP, 4" and 10" surfaces. 
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Figure 4.4.4 Comparison ofmean percentages ofadherent platelets on FEP, 1 0" C2F6, and 
4" C2F6 surfaces, at 5 minutes maintenance in plasma. 
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Figure 4.4.5 Comparisonofmeanpercentages ofadherent platelets on FEP, 10" C2F6, and 
4" C2F6 surfaces, at 30 minutes maintenance in plasma. 
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Figure 4.4.6 Comparison ofmean percentages ofadherent platelets on FEP, 1 0" C2F6, and 
4" C2F6, at 60 minutes maintenance in plasma. 
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4.4.2 Platelet Morphology with Long Term Plasma Maintenance 

Platelets deposited onto Hexafluoroethane and FEP surfaces and maintained in plasma 

under low shear for 90 minutes (according to standard protocol) were characterised for 

morphological states. Comparative results between FEP, 4" C2F6, and 10" C2F6 at 60 and 90 

minutes maintenance time are shown in Figure 4.4. 7. 

Total platelet surface concentrations on FEP for long term maintenance were within 

the total adhered platelet range of previous shorter term tests, as were total adhered platelets 

on C2F6 polymers. Data for 4" C2F6 surfaces is derived from one test run only and hence is 
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Figure 4.4.7 Mean adherent platelets on FEP, 4" C2F6, and 10" ~F6 classified according 
to morphological type at 60 minutes and 90 minutes maintenance in plasma (60 minutes: n=2 
FEP n=3 4" C F n=6 10" C F · 90 minutes· n=2 FEP n=l 4" C F n=3 10" C F)' 2 6' 2 6' . ' 2 6• 2 6 . 
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not statistically comparable with the other data results. All60 minute morphology data is 

comparable to short term results (Section 4.3), with slightly more advanced shapes appearing . 

on the cy6 surfitces. 

The results for FEP and 10" cy6 surfitces at 90 minutes maintenance exhibit large 

variation. As expected, the largest proportion of cells for all three surfitces are in more 

activated states. Between 60 and 90 minutes, FEP morphology does not markedly advance 

in state, while both <;F6 platelet morphology distributions increase moderately to more 

activated cells (in effect, a greater number ofspread cells). 

Long term maintenance up to 90 minutes in plasma does not elicit any abnormal or 

extraordinary results. Data suggest that as maintenance time increases, so does the 

proportion ofmore advanced platelet shapes like spread, fully spread, and pancake cells (i.e. 

more adhered platelets become fully activated). One could extrapolate these results from 60 

and 90 minutes maintenance periods and infer that over a long enough maintenance (perhaps 

3 or 4 hours), all adhered cells would reach advanced states. 
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4.4.3 Platelet Morphology with Tyrodeffhrombin Maintenance 

Morphology cJassification ofadherent platelets on FEP and PMMA while maintained 

for 30 minutes in tyrode buffer containing 0.025 U/ml thrombin are shown in Figures 4.4.7 

and 4.4.8, respectively. On both surfaces, spreading cells account for greater than 30 % of 

the total adhered population at 5 minutes maintenance time. Later stage morphologies like 

fully spread and pancake account for approximately 10 % of all adhered platelets by 20 

minutes maintenance. 

After addition ofa stimulant, the predominant cell types observed on FEP and PMMA 

are spreading dendritic and spreading cells. Throughout the maintenance period these two 

forms account for 70% or more ofall adhered platelets. Spreading cells account for 50 % of 

adhered platelets on FEP and 40 % on PMMA at 20 minutes maintenance time. 

As expected, platelets adhered to PMMA or FEP in the presence ofan agonist such 

as thrombin, show increased activation as compared to situations where platelets are 

maintained in pJasma. The mgority ofcells appear instantly activated, as very few round and 

dendritic cells are observed. Morphological progress, as observed in Figures 4.4.8 and 4.4.9 

for FEP and PMMA respectively, commences with spreading dendritic and spreading platelet 

forms. The onset offully spread and pancake cells is nearly twice as fast as compared to the 

morphology data for plasma maintained platelets (Section 4.4.1). 



104 

CD 60 
~ 

• 
~ 

F- 50 d
rJ 
·a, 40 
0 sd0 

.s::. 30 ~ e
0 s
:E 20 

• 
mmc: - fs10~ 

CD 
Q. 0 p5 10 20 30 

Time (minutes) 

Figure 4.4.8 Mean percentages ofadherent platelets on FEP polymer while maintained 
in Tyrode buffer containing 0.025 U/ml Thrombin. Adherent platelets are classified 
according to morphology type. n=3. 
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Figure 4.4.9 Mean percentages ofadherent platelets on PMMA polymer while maintained 
in Tyrode buffer containing 0.025 U/ml Thrombin. Adherent platelets are classified 
according to morphological type. n=3. 
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4.4.4 Platelet Activation Parameters 

Platelet activation parameters were employed to further quantifY platelet activation 

and spreading. The activation parameter has been arbitrarily defined as the ratio ofhighly 

activated adhered platelets to less activated platelets, more specifically, the proportion of 

spreading and fully spread cells divided by dendritic and spreading dendritic platelets. 

Activation parameters greater than one indicate that a larger proportion ofhighly activated 

platelets were characterised on the polymer surface at a particular time. A very small 

activation parameter suggests that the platelet surfilce coverage consists mainly of inactivated 

cells such as dendritic and spreading dendritic. An activation parameter value ofone indicates 

that there were equal proportions of early and late stage platelet shapes counted on the 

polymer surface. 

Activation parameters quantity the state ofplatelet activation for a particular polymer 

at a particular time. Determination ofthese parameter values enables comparison ofplatelet 

activation between different polymers at various maintenance times. Mean activation 

parameters determined for sur1Bces under pJasma mamtenance are summarized in Table 4.4.1. 

As expected, activation parameters for each surface gradually increase with increasing 

maintenance time. Observation ofthese values for PMMA indicates that a large proportion 

of highly activated platelets are seen within 15 minutes. At the same time, all three 

tluoropolymers exhibit activation parameters 500/o smaller than those for PMMA. Variability 
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is large for most activation parameters presented and Tukey' s comparisons for each 

maintenance time suggest that results for each surface can not be declared different. The 

large variation in P:MMA data (large standard deviations with the data) results in Tukey' s 

comparison analysis indicating that they can not be declared statistically different :from the 

tluoropolymers', although on average P:MMA actiwtion parameters are much larger. 

Table 4.4.1 Activation parameters determined for adhered platelets on polymer test 
surfaces during plasma maintenance. Standard deviations are in brackets. 

Time 4"cy6 10" cy6 FEP PMMA 

5 0.07 (0.006) 0.05 (0.06) 0.09 (0.11) 0.13 (0.16) 

15 0.49 (0.23) 0.29 (0.12) 0.13 (0.22) 0.92 (0.79) 

30 0.56 (0.20) 0.45 (0.06) 0.56 (0.49) 1.11 (0.82) 

45 0.59 (0.26) 1.38 (1.46) 0.67 (0.53) 1.25 (0.56) 

60 1.25 (0.35) 1.78 (1.58) 1.11 (0.86) 3.32 (2.85) 

Data presented in Table 4.4.1 generally supports graphical observations made in 

Figures 4.4.1 through 4.4.6 where P:MMA appears more activating compared with both 4" 

and 10" Hexafluoroethane surfaces and FEP. 

Activation parameters were also determined for test situations involving both long 

termmaintenance in plasma and maintenance in a tyrode/thrombin solution. These values are 

summarized in Tables 4.4.2 and 4.4.3, respectively. 
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Table 4.4.2 Activation parameters determined for adhered platelets on polymer test 
surfaces during long term plasma maintenance. Standard deviations are in brackets. 

Time 4"cy6 10" c;F6 FEP 

60 0.6 (0.22) 3.15 (6.15) 0.5 (0.11) 

90 1.06 (0.0) 2.05 (2.30) 0.86 (0.71) 

Activation parameters from the long term maintenance tests for 4" cy6 and FEP are 

smaller than for comparable maintenance time results from the straight plasma maintenance 

tests (Table 4.4.1) but follow the expected trend as greater proportions ofactivated cells are 

observed at longer maintenance times. Values for 10" c;F6 in Table 4.4.2 are highly variable, 

appear to not increase with increasing maintenance time, and are considerably larger than 

parameters given in Table 4.4.1 for 1 0" cy6• However, it is difficult to predict a trend from 

only 2 data points. 

Table 4.4.3 Activation parameters determined for adhered platelets on polymer test 
surf8ces dming tyrode/thrombin solution maintenance. Standard deviations are in brackets. 

Time FEP PMMA 

5 0.48 (0.20) 0.43 (0.26) 

10 0.43 (0.27) 0.57 (0.03) 

20 1.57 (0.77) 1.09 (0.21) 

30 1.95 (1.30) 1.87 (1.48) 

Not surprisingly, the addition of thrombin to the maintenance medium greatly 
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increased the rate ofpJatelet activation. Activation parameters listed in Table 4.4.3 show a 

rapid generation ofhighly activated platelets on both PMMA and FEP within 20 minutes. 

The magnitude ofactivation parameters for 30 minutes maintenance with thrombin available 

are four times greater than the activation parameters for 30 minutes maintenance with plasma 

(Table 4.4.1 ). 
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4.5 ADVANCED MORPHOLOGICAL TRANSmON 

Fmther investigation into the nature ofadvanced platelet shapes and shape transitions 

was performed using SEM ofadhered platelets on FEP, PMMA, and c;F6 polymers. These 

tests complement previous observations from our research lab (Ganju, 1997) and are an 

extension ofthis work in a sense that similar observations have been made using a different 

imaging technique of platelets on unique polymer surfaces. The findings presented in this 

section, which include observations on tluoropolymer surtaces, support these earlier 

observations made on mainly sulphonated polyurethane surfuces. 

4.5.1 Spread CeU Retraction 

While studying later morphological stage platelets, and focusing primarily on the 

pancake cell, some intriguing phenomena were identified. It was observed under light and 

confocal microscopy that at longer plasma maintenance times (greater than 60 minutes) 

spread cells would fragment and elapse into a pancake cell state (Ganju, 1997). A method 

offixating and surfBce/cell preparation was derived for the Scanning Electron Microscope to 

identifY this "spread cell retraction" on samples generated from longer term platelet adhesion 

and morphological studies with 4" c;F6, 10" c;F6, FEP, and PMMA polymer surfaces. This 

protocol is outlined in Section 3.5.2. 

The use ofSEM afforded much greater detailed images and the ability to scan large 
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areas offixated surfuces for relevant platelet structures. Resuhs from a multitude ofsamples 

reveal images not unlike those presented by Ganju - fragmentation or blebbing ofa spread 

cell. These SEM observations are coupled with light microscopic evaluation ofsurface bound 

platelets just prior to surfilce fixation. In this way it was verified with light microscopy what 

was to be imaged with SEM, and therefore fields of spreading and pancake cells were 

preferentially treated for SEM evaluation. Ifanomalies occurred and were evident through 

light microscope evaluation at any time during the investigation, the test would be abandoned 

- tlowcell ilismantled and surface not used in any analysis (as indicated elsewhere). 

One such field containing many pancake and spread cells is shown in Figure 4.5.1. 

In this SEM image we see an overview ofseveral adhered platelet types (dendritic to fully 

spread and pancake). Ofnotable interest in this picture are the 5 or 6 areas with a ring like 

deposition ofparticles around a central mass (indicated as P). These particles are considered 

platelet fragments or microparticles adhered to the polymer surface. These platelet segments 

likely represent the later stage ofthe spread cell to pancake cell transition. 

Figure 4.5.2 gives a higher magnification image ofcells beginning to show signs of 

peripheral fragmentation. This can also be observed in Figure 4.5.3. In this image, three 

neighbouring spread cells have a fragmented cell periphery with the majority of the cell 

fragments remaining attached to the main cell body. All three cell bodies are flattened and 

appear in a spread state. 

Another variation ofthese observation is given in Figure 4.5.4, where a lone cell is 

fragmenting about its periphery. What is interesting with this particular image is that many 
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fragments appear not to be attached to the main cell body. Furthermore, the main cell body 

is to a degree, shrinking and raising in height. This latter phenomenon is also evident in 

Figure 4.5.2 with the bottom left fragmenting cell. Figure 4.5.5 shows a clump of three 

spread cells and a dendritic cell, and to the right ofthis congregation, a cell that resembles 

a pancake cell. This cell likely underwent fragmentation with its cell body shrinking in size 

from a spread form and raising into the pancake shape. Peripheral fragments are difficult to 

visualize on this image and may have been swept from the polymer surface into buJk flow. 

This idea ofa pancake cell body residing within a circle offtagments derived from its 

previous spread cell state can also be seen in Figure 4.5.1. Several rings offragments appear 

to encircle a mass or cell body ofsome type. The letter "P"indicates two such pancake cells. 

The final representative image, Figure 4.5.6, shows a higher magnified view of a loop of 

fragments adhered to the polymer surface. It is plausible that the derived pancake cell from 

this progression was pulled offthe polymer surface and carried away in the buJk flow. 

It should also be clear form the images that these observations regarding late stage 

platelet shape transition are not surfil.ce specific. Images were presented from all surfaces 

tested- FEP, PMMA, 4" ~F6, and 10" GzF6 • These phenomena were observed on many 

different samples from which images and data have not been presented. All ofthese images 

represent surfil.ces having been mainmined for 60 to 90 minutes in plasma following platelet 

deposition from whole blood as per a standard platelet adhesion protocol (Section 3.3, Table 

3.3.I) employed throughout this work. 

http:surfil.ce
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Figure 4.5.1 Platelets on 4" C:zf6, maintained in PPP for 90 minutes: 
SEM of fully spread (FS), spreading (S), and pancake platelets (P) 
which show fragments surrounding and nearby them. Bar = 5 jlffi. 

Figure 4.5.2 Platelets on 4" C:zf6, maintained in PPP for 90 minutes: 
SEM of retracting spread platelets. Fragments on the lower cell are 
still attached to the main body. The upper cell is nearer pancake state, 
having left a ring of:fragments on the polymer surface. Bar= 10 jlffi. 
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Figure 4.5.3 Platelets on FEP, maintained in PPP for 60 minutes: 
SEM showing spread cells fragmenting at their periphery. Fragments 
are mainly attached to the cell bodies which still appear flattened and 
spread. Bar = 10 Jlm. 

Figure 4.5.4 Platelets on 4" C2F6, maintained in PPP for 60 minutes: 
SEM ofone fragmenting spread platelet. Fragments appear attached 
and separate from the main cell body. Bar = I 0 Jlm. 
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Figure 4.5.5 Platelets on 10" C2F6, maintained in PPP for 60 
minutes: SEM showing fully spread cells (FS) and a dendritic cell (D) 
next to a pancake cell (P). The pancake is round and raised and 
shows evidence ofprevious fragmentation of its periphery. Bar = 10 
J.lffi. 

Figure 4.5.6 Platelets on PMMA, maintained in PPP for 90 minutes: 
SEM ofa ring offragments left on polymer surface. Cell body (likely 
pancake cell) presumed swept away in bulk flow. Bar = 1 J.liD. 



5.0 DISCUSSION 

In this thesis, investigation of p1atelet adhesion, platelets activation, and platelet 

morphology was performed on Hexafluoroethane coated glass coverslips, Fluorinated 

Ethylene Propylene, and Polymethyl Methacrylate thin film polymers. This work was 

completed using a novel, dynamic, and physiologically relevant experimental system 

incorporating whole blood platelet deposition and low flowing plasma using a light 

microscope, flow cell, and computer assisted image acquisition. In-vitro tests were performed 

on polymer sudBces mounted in a light transparent flow cell by pumping whole blood through 

the apparatus to deposit platelets over the polymer surface. Red blood cells were rinsed from 

the flow cell with plasma immediately following 2.5 minutes ofplatelet deposition from whole 

blood to permit observation ofadherent cells. Real time platelet/surfit.ce interactions were 

observed through low flowing plasma using light microscopy and recorded using a computer 

frame grabber. Physiologic conditions were maintained for the adhered cells using plasma 

which passed through the flow cell under low flow and ensured available nutrients. 

Comparison of FEP, and 4" and 10" cy6 surfit.ce features and molecular 

composition may he]p to explain variations in platelet interaction and cell behaviour at the 

sur:fBce/fluid interface. Surface characterisation results give a general indication ofphysical 

and chemical properties of the polymer swfaces tested. Both surface and interfacial 
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phenmr_.~na are broadly investigated with simple techniques. Chemistry at the interface is 

specific to functional groups at the outermost surface layer and spans only atomic bond 

lengths (Vogler, 1996) - easily detected and quantified spectroscopically. Material 

composition within the upper 1 nm ofa surface gives rise to hydrophobic forces that can 

influence water approximately 10 nm into the fluid phase (Wiggins, 1990). This 1 nm of 

material is not as easily resolvable into individual or group components, yet it is well 

recognized the profound effect water structure has on cells and proteins coming within close 

proximity ofthe interfacial region {Wiggins, 1990). 

To investigate the effect ofincident light, necessarily incorporated in the experimental 

protocol to view and image platelet interactions, two tests were performed The video 

microscopy system used to quantify platelet morphologies and determine platelet surface 

densities required repeated short duration light exposures of the surface throughout the 

plasma maintenance phase. Tests were also performed to determine effects oflonger term 

light exposure that would be required to fi1m an uninterrupted sequence ofevents or make 

a moVIe. 

Finally, :tluoropolymer surfaces were assessed in terms of platelet adhesion and 

activation. Morphological cJassification was determined for adherent platelet populations and 

a measure ofplatelet activation was also made. This information reveals the ability ofthe 

polymer surfaces to induce platelet activation, which can lead to coagulation reactions and 

thrombus formation. The appearance ofsignificant platelet activation would suggest potential 

failure ofa polymer surface ifused for in-vivo applications. 
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Further contn"bution to the development ofmicroparticles during the spread cell to 

pancake cell transition was provided with an SEM study ofactivated platelets on PMMA and 

the fluoropolymers. Numerous high magnification images provide evidence ofmicroparticle 

production and some insight into their formation. 

5.1 PHYSICAL AND CHEMICAL SURFACE PROPERTIES 

Contact angle analysis of all fluoropolymer test surfaces produced advancing and 

receding water contact angles ofa hydrophobic nature (Table 4.1.3). Water contact angles 

measured on FEP were similar to those reported eJsewhere in the literature (Makoliso, 1993), 

and were significantly larger (more hydrophobic) than contact angles measured on surfaces 

from either <;F6 batch. Based on water contact angle analysis, Teflon FEP is more 

hydrophobic than the Hexafluoroehtane surfBces. Advancing contact angles also indicate that 

PMMA is significantly more hydrophilic than FEP or cy6 fluoropolymers. 

Hydrophobic forces, otherwise known as van der Waals or dispersion forces, stem 

:from the top 1 nm ofa polymer surfitce and travel into the fluid phase (Vogler, 1996). These 

physical forces arise :from the coupling of momentary dipoles associated with rapid 

fluctuations in the electron density within the molecular orbitals of matter located in the 

interphase region (Hunter, 1989). Adhesion ofcells or proteins and subsequent interplay with 

water, proteins, and ions is highly complex and as such simple water contact angle analysis 

yields at best uncertain and vague correlation. 
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The contact angle data for 4" ~F6 and 10" cy6 surfaces showed both batches were 

simihrly hydrophobic with some minor inconsistencies in data results. Surfaces coated 10 

inches from discharge (labelled 9A-45-10 and 9A-46-10) had identical receding average 

contact angles but different advancing contact angles. Advancing contact angles for 9A-45

10 and 9A-46-10 did not lie within 95% confidence intervals for each other. The 4" batches 

for both 9A-45-4 advancing and receding water contact angles were outside confidence limits 

for the other 4" batch (9A-46-4). 

Considering both 4" and 10" water contact angle data together, it can be seen that 

three ofthe four sets have identical receding contact angle values between 41 o and 46°. All 

Hexatluoroethane surfuces behaved identically as prewet surfaces as shown by receding 

contact angles. The advancing contact angles are more scattered with no two batches data 

lying within each others 95% confidence intervals. During contact angle testing, some 

surfuces appeared to not be coated with hexafluoroethane polymer (ie. they behaved simply 

like glass cover slips). These surfaces were not included in any analysis or further study. 

However, it is possible that inconsistent surface deposition could be attnbutable for the 

variation observed in the Hexafluoroethane surfaces water contact angle results. Many thin 

film polymer depositing methods can result in inconsistent coverage, varying polymer coat 

thickness, pitting, etc., which could influence physical surface structure analysis. 

FEP, Hexafluoroethane, and PMMA have very different surface properties 

especially PMMA and FEP as one is extremely hydrophobic and the other mildly hydrophilic. 

This can affect protein adsorption and subsequent platelet adhesion. Results for total 
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adhered platelets and the rate ofplatelet activation on both surfuces attest to these fRets. 

Surface chemistry refers to the chemical composition ofthe surfuce layer against a 

vacuum. This information is not necessarily practical since blood contacting polymeric 

biomaterial applications are typically involved with a hydrated state. Spectroscopy tests are 

usuaJ1y performed in a "dey state" and for greatest practicality should only probe and quanti1Y 

the top molecuJar layers. 

X-Ray Photoelectron Spectroscopy performed on silicon wafer test pieces coated 

beside the glass cover slips during RFGD depositing, showed a difference in surfuce chemical 

structure between the 4"and 10" batches. The CF/CF2 ratio for 4" batches was twice as 

Jarge as 10" sudBces; CF/CF2 = 0.64 for 4" surfaces, and CF/CF2 = 0.26 for 10" surfitces. 

The F/C ratio was 0.2 Jargerfor4" surfilces (F/C= 1.7 for4" compared to 1.5 for 10"). XPS 

results suggest that surfaces coated 4" downstream from the discharge point have twice as 

many CF3 structural groups for every CF2 group and a slightly Jarger concentration ofsurfuce 

fluorine for every carbon, compared to cover slips coated 1 0" from the discharge. The 

amount ofhexatluoroethane in the feed mixture was never changed between the batches, only 

the distance :from the discharge where the glass cover slips were positioned. For this reason 

the fluorine content ofthe deposited :fi1ms does not change significantly between batches. 

Essentially this spectroscopic analysis confirms that we were supplied with two distinct 

batches ofc;F6 surfRces -labelled 4" and 10" c;F6 throughout this work. 

Atomic Force microscopic images of the surfuce structure for the fluoropolymers 

reveals a simiJar topography between the 4" and 10" c;F6 surfuces. Surface roughness is 
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considerably greater for PEP although it is essentially Teflon, a nonstic~ slippery surfilce. 

This is expected due to the nature ofPEP fi1m manufucturing and production. PEP samples 

were taken directly from the thin fi1m process line where contact with rollers and other 

process equipment would physica.Uy alter its microscopic surface topography. Scratches and 

surtace imperfections, sometimes noticeable to the naked eye, increase the surface area and 

roughness ofFEP considerably compared to the smoother <;F 6 surfaces. 

Surface area and roughness may influence cell adhesion and protein absorption. 

Greater polymer surface area affords more chance that proteins adsorb and cell contact and 

attachment events occur, although surfilce properties most important in affecting the biologic 

activity of adhesion proteins are not entirely clear (Horbett, 1994). Rougher surface 

topography can influence cell contact and spreading with more protected surface areas, 

generation of more amenable micro-flow patterns such as vortexes or static areas, and 

increased likelihood ofcell hits or contacts. The large differences in surface roughness and 

therefore surface area between PEP and the Hexatluoroethane surfaces may attnbute to the 

varying degrees ofpJatelet adhesion and pJatelet surface concentrations observed on these 

surfaces. 

5.2 LIGHT AcnvATION OF PLATELETS 

Long term and repeated short term light exposure test results showed that the 

experimental protocol did not affect pJatelet activation compared to situations where there 

http:physica.Uy
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was no light exposure. Qualitative morphologic investigation suggests that for both FEP and 

PMMA surfaces receiving long light exposures, there were no increases in advanced cell 

shapes at early plasma maintenance times. Also, platelet morphology and surfilce densities 

were statistically comparable (based on Tukey's comparisons) for surfuces exposed to 

repeated short term light exposures. These short term light exposures were most relevant for 

the platelet adhesion tests conducted since long term light exposures (like the ones tested 

here) were never employed in this work. 

Findings from these light activation tests are similar to those from earlier work with 

epi:tluorescent video microscopy (McClung, 1992). They showed that light exposures up to 

30 minutes in length resulted in an acceptable platelet adhesion difference of 13.1 %. Their 

tests proposed that continuous contact with varying light exposures was not influencing the 

activation or rate ofshape change compared to cells not exposed to light. These findings 

support the results ofthis present light study using PMMA and the tluoropolymers with a 

video light microscopy system. 

5.3 PLATELET ADHESION 

Platelet deposition 

Numerous studies cite both shear rate and deposition time to be influential on adhered 

platelet concentrations on surfuce-bound vWf and fibrinogen, platelet receptors GPib and 
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GPIIb/Illa (Sakariassen, 1986), and with venous thrombosis, and with atherosclerosis 

formation (Mustard, 1990). Increases in shear rate and pJatelet contact with artificial surfaces 

typically result in increases in adhesion levels to a maximum surface concentration depending 

on the magnitude of blood flow, or obstruction ofblood flow, flow separations, and vortex 

formations (Leonard, 1987). 

A pJatelet deposition study incorporating constant shear rate and increasing deposition 

time (i.e. volume of blood and therefore platelets, contacting the surface) was performed 

using Teflon FEP to determine maximum surface concentrations under our specific 

experimental protocoL It was found that platelet surface densities on FEP increased with 

deposition time, as expected, and plateau near a maximum of40,000 platelets/IDilT by 20 

minutes. Other polymers such as PMMA (Murphy unpublished results, 1997) and 

sulphonated polyurethanes (Ganju, 1997) tested with varying deposition times and deposition 

shear rates, using a similar experimental system, emulate the trend observed during the FEP 

deposition study. It is expected that the c;F6 coated cover slips (and other polymers run in 

this experimental system) would behave in a similar fashion under these conditions. 

These results suggest that dynamic long term blood exposure on FEP or other 

hydrophobic fluorinated polymer surfaces, such as cy6, will ultimately result in a maximum 

surfil.ce coverage of platelets. Tests performed throughout this thesis consistently 

incorporated a 2.5 minute whole blood pJatelet deposition which allowed for efficient adhered 

platelet counts and imaging. Much larger or much smaller platelet surfitces concentrations 

would have resulted in difficulties associated with distinguishing neighbouring platelets for 

http:surfil.ce
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morphological assessment, crowding~ and potential platelet-platelet interactions. This 

deposition test revealed that although the sur1Bce is strongly hydrophobic and essentially non

stick ''Teflon'' like, increases in blood contact time uhimately resuh in a completely covered 

polymer surface with adhered platelets like most other surface types tested. 

Platelet adhesion with Plasma Maintenance 

The magnitude ofoverall mean adhered platelet concentrations is greatest on PMMA 

(8165 ± 2117 plateletsiiJDlt), followed by FEP (6895 ± 1908 plateletslnnn.l}, 4" <;F'6 (4623 

± 2149 plateletsllJDlt), and 10" <;F6 (4150 ± 1588 platel~mm ). Overall mean 

concentrations are statistically different between PMMA, FEP, and the Hexatluoroethane 

surfuces. Platelet densities on the Hexatluoroethane surfuces were determined to be 

statistically alike, and therefore, in terms ofoverall platelet adhesion values, no differences 

between the 4" and 1 0" cy6 batches were elicited. Platelet surface densities at individual 

time periods exlnbited more variation than the overall best fit density values (overall mean 

adhered platelets), as evidenced in Figures 4.3.2 and 4.3.3. 

PMMA appears to be a more platelet adhesive surfuce compared to the 

tluoropolymers, with adhesion levels approaching 10,000 platelets per square millimetre. 

Other studies involving a similar protocol have reported adhesion on PMMA to be within this 

magnitude (Ganju 1997, Murphy unpublished results). Adhesion levels of approximately 

35,000 platelets per lJDlt were reported for PMMA (Sheppard, 1993), however, the 
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experimental system involved platelet suspensions, different shear rates and deposition times. 

Using these particular suspension systems, the platelet surface concentration was shown to 

be much larger compared to those obtained using whole blood platelet deposition (Sheppard, 

1993). This could be expJained by many :fitctors present in a whole blood system such as the 

availability of all surface adhesive plasma proteins in whole blood, the associated protein 

competition for polymer surface sites, and the interaction ofall other influential blood fu.ctors 

(Horbett, 1994). This study similarly found greater surface densities on PMMA compared 

to other test surfaces they used, suggesting that PMMA is a more platelet adhesive surface 

(Sheppard, 1993). After this study the same group reported platelet adhesion values between 

7500 and 8600 per • on PMMA pre-incubated in mixtures of albumin and fibrinogen 

(Sheppard, 1994). Considering the variables associated with the deposition protocol in these 

studies, the results indicate that our present PMMA platelet adhesion levels are reasonable 

and in the ''ballpark'' compared to those determined in other studies. 

There are no reports available in the literature on platelet adhesion concentrations on 

either Teflon FEP or Hexafluoroethane sur:fitces. However, researchers at the University of 

Washington have published platelet adhesion results for other fluorinated polymers developed 

under similar conditions compared to the Hexafluoroethane surfaces used in this thesis. 

Tetratluoroethylene (TFE) surfaces were produced exactly the same as the Hexafluoroethane 

sur:fitces were, using Radio Frequency Glow Discharge (RFGD) depositing. 

Platelet adhesion on Hexafluoroethane RFGD deposited glass is twice as great 

compared to values reported in several studies by Horbett and co-researchers on TFE and 
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Tetrachloroethylene (TCE) deposited RFGD surtaces (Kiaei, 1992, 1995). Adhesion levels 

on TFE and TCE were reported to be as high as 2040 platelets/mm2 (Kiaei, 1995). Their 

experimental system involved fibrinogen-coated cover slips incubated for 2 hours in radio 

Jabelled platelet suspension. The test protocol employed in this thesis is more physiologically 

relevant and better represents potential polymer biomaterial end use conditions than do the 

other fluoropolymer tests. Platelet adhesion concentrations derived :from a whole blood 

system is more meaningful and "realistic" compared to test results incorporating suspensions 

and solutions. Although Kiaeis's platelet concentrations appear 50 % lower than those shown 

in this wor~ one would logically expect results closer to those determined for 

Hexatluoroethane iftesting was performed in vivo or under more physiologically relevant in

vitro test conditions for similar RFGD manufactured fluoropolymer surfuces. 

Kiaei reported that normalised platelet adhesion decreased as the total surfuce :free 

energy ofthe polymer surfuces decreased (Kiaei, 1995). Surface :free energy ofa polymer 

S1.U'f8ce generally decreases as the polymer SUl'filce water contact angle increases such that the 

lowest energy surfaces, as measured in air, should exhibit the highest energy interfuces in 

aqueous solutions (Kiaei, 1992). Although significant differences between the 

Hexatluoroethane batches can not be drawn, overall comparison between fluoropolymers FEP 

and Hexafluoroethane reveals an opposite trend. 

In our studies, platelet adhesion increased as the water contact angle increased (or as 

suggested as the SUl'filce :free energy decreases). The most hydrophobic surfuce, FEP, tested 

in our system had the greatest platelet surfuce concentration compared with other 
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tluoropolymers. Furthermore, the least hydrophobic surfuce, P~ was the most platelet 

adhesive surfilce ofall polymer types (fluorinated and non fluorinated) tested. These results 

suggest that filctors other than polymer surfuce hydrophobicity, play key roles and greatly 

affect platelet adhesion within our experimental system. As alluded to earlier, previous 

fluoropolym.er work was performed with much less physiological or "in-vivo like" systems 

without the many influences associated with whole blood systems. 

Platelet adhesion with tyrode/thrombin maintenance 

Platelet adhesion on FEP and PMMA surtaces maintained in tyrode buffer containing 

0.025 U/ml thrombin (ie. addition ofa stimulant) were statistically similar to those derived 

using plasma maintenance. Platelets remained adhered on the polymer surfuces under 

conditions with addition ofa stimulant, and no unusual detachments or rolling ofcells was 

observed. These conditions apparently only affected the adhered. cells rates ofactivation as 

observed with morphological classifications. 

Under conditions with a added stimulant, both FEP and PMMA exhibited greater 

than 30% advanced stage platelet shapes as early as at 5 minutes. Increased activation 

occurred in simiJar :fushion for both surfilces compared regular test protocol with whole blood 

deposition and maintenance in plasma. Polymer surfuce influences affecting platelet 

interactions on each specific surfuce under these stimulating conditions were likely 

overwhelmed and ineffective compared with the ability ofthrombin to activate platelets. 

http:fluoropolym.er
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Platelet adhesion and surface plasma incubation 

Proteins are intrinsically surface active due to their amphoteric nature, polymeric 

structures, and presence of poJar, charged and nonpoJar amino acid side chains. These 

cbaracteristics allow for multiple modes ofbinding , and when complemented with a protein's 

relative Jarge size and ability for multiple contacts tends to keep the molecule at the interfuce. 

Adsorption to su:rfilces with specific characteristics, eg. a hydrophobic surface, could involve 

conformational changes to optimize bonding interactions between the protein's hydrophobic 

and hydrophilic sites with the surface and water phases, respectively (Horbett, 1982). 

Exposure of a surface to a mixture of proteins such as the case with this research 

involving whole blood and whole plasmas, usually results in a protein surface concentration 

quite different than that in the bulk phase. Adsorption studies involving whole plasma are 

more physiologically relevant in vitro tests with respect to polymer surface reaction in the 

blood stream as compared to those that use single or multiple protein solutions with buffers. 

Studies have shown that protein adsorption from plasma is considerably reduced as compared 

to adsorption from binary or single component solutions (Adams, 1981). Past work on 

various polymers has shown that surfaces exposed to plasma for 10 seconds or less bind 

fibrinogen antibodies, while longer exposure results in loss ofantifibrinogen binding (Vroman, 

1969). The adsorbed layer ofprotein was not dominated by any particular protein and all 

major plasma proteins were present. Unequal availability ofproteins in the adsorbed layer 
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found in these studies suggested to researchers one explanation as to why some surfaces are 

able to elicit more intense cellular reactions than others. 

Seveml other aspects ofplasma protein adsorption have been used to explain cellular 

responses. Differences in the site density or molecules per unit area ofa particular protein 

was thought to influence potential cellular responses. Albumin adsorption varied from about 

0.2 ug!cr:rl on Teflon FEP to 3.0 uglcrri on Biomer, while fibrinogen adsorption was lower 

with 0.03 ug/cnr on FEP and 0.06 uglcrif on Biomer ~ 1977). Other studies using 

methacryJates (PHEMA and PEMA) showed similar trends with fibrinogen adsorption lower 

than albumin (Horbett, 1981). 

Teflon FEP and PMMA surfaces incubated in whole plasma prior to platelet 

deposition produced intriguing results with respect to the various plasma incubation times 

employed. Platelet adhesion on PMMA incubated in whole plasma was reduced nearly 60% 

for all incubation times (1 hour - 12 hours), compared to platelet surface concentrations on 

PMMA without prior plasma incubation. FEP incubated in plasma for 6 or 12 hours prior to 

platelet deposition resulted in significantly reduced platelet concentrations as compared to 

smaller incubation times and no incubation. Western blot protein characterisation served to 

reveal that fibrinogen, albumin, and fibronectin were resident on the surfaces during these 

tests. This characterisation makes no concrete distinction as to the quality or quantity of 

protein available, however, band intensities do afford comparison between samples tested. 

Comparison ofpercent integrated intensities from mean band sizes on the western 

blots were made for fibrinogen and albumin eluted from PMMA and FEP. Fibrinogen 
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average band size and percent integrated intensities for both PMMA and FEP at identical 

polymer incubation times were statistically similar. Albumin band sizes were similar between 

PMMA and FEP, however, the percent integrated intensity for PMMA was consistently 50% 

lower than that for FEP. This suggests that the albmnin band sizes were less dense than those 

:from FEP, as a smaller quantity of albumin was likely present on the PMMA blots as 

compared to the FEP blots. The percent integrated intensity values suggest that as much as 

500.4 more albumin was found on FEP as compared to PMMA. Since the FEP and PMMA 

fibrinogen band intensities were similar, these albumin results suggest that PMMA has a 

greater affinity for some other adhesive protein, which may explain PMMA' s greater platelet 

surtace concentrations and platelet reactivity compared with FEP polymer platelet surtace 

densities. 

Researchers agree that fibrinogen is the major factor mediating the adhesion of 

platelets to artificial surtaces. The adsorption offibrinogen from plasma is higher at shorter 

adsorption times than later (Horbett, 1984). Other proteins such as von Willebrand factor, 

fibronectin, vitronectin, and albumin also influence cell adhesion. Competitive effect studies 

show that vitronectin typically has greater adsorption than fibronectin (Cooper, 1991). Also 

of note is that surtace passivation concerning cell adhesion can occur with the binding of 

albumin (Horbett, 1982). It is commonly suggested that the ability ofadsorbed proteins to 

influence cell adhesion depends on the substrate to which the protein is adsorbed. 

Conformational or orientational changes in the adsorbed proteins that modulate the 

availability and/or potency ofthe cell binding domains ofadhesion proteins could augment 
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the biological reactivity ofthe protein (Andrade, 1985). 

The rapid rearrangement of the adsorbed layer of proteins early in the adsorption 

process also is believed to influence platelet adhesion. Many kinetic studies have been 

performed and most suggested a rapid rearrangement ofthe adsorbed layer, depending on the 

nature ofthe substrate, and point to the existence ofa unique organisation on each type of 

material (Horbett, 1982). It is probable that some sort of protein rearrangement, 

reorientation, or degradation occurred on the PMMA surfi:lces which showed very little 

platelet adhesion after surfuce plasma incubation. Western blot results suggest that the 

protein collection on the surfuce of PMMA is responsive to platelets. Certainly, platelet 

adhesion and activation results further support this notion. 

5.4 PLATELET MORPHOLOGY 

Initial platelet adhesion usually involves interaction with immobilized adhesive 

proteins. Secondary to adhesion, platelets will progress through a variety ofmorphological 

changes accompanied with metabolic responses. The state ofplatelet activation has been 

recognized as a significant indicator ofpotential thrombus formation. Activated platelets, 

especially those spreading in shape, have increased surfuce area. Surfuce activated platelets 

have been shown to increase expression of receptors (White, 1990). It is suspected that 

surfuce receptors expressed on a spread/activated platelet may be more available as there is 

less steric hindrance as compared to other platelet forms. Activated platelets are commonly 
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found at the base ofthrombi- as it is believed that the transformation ofcontact adherent 

platelets to the fully spread form on polymer biomaterials is the first step toward the mural 

thrombus formation (Park, 1990). Thus, platelet activation and thrombus formation should 

be considered to assess accurately the thrombogenicity ofpolymeric biomaterials. 

Time course morphological trends and platelet shape classifications were made for 

adhered platelets on FEP, 4" cy6 and 10" cy6• Results for all surfBces tested indicate that 

under our experimental conditions, the proportion ofactivated cells increases with increasing 

plasma maintenance time. P:MMA showed greater numbers ofcells in spreading forms at 

earlier plasma maintenance time periods, eg. 15 minutes, as compared to FEP, 4" or 10" 

hexafluoroetbane. However, the rate of platelet activation did not significantly differ 

between FEP , 4" and 1 0" cy6• The progression, as a percent ofadherent platelets, from 

dendritic to fully spread or pancake cells was the same for FEP, 4" and 1 0" <;F6 (even though 

the number ofadhered platelets differed significantly). 

These results are interesting because fewer adhered platelets and fewer activated 

platelets on a surta.ces could reduce potential thrombus formation. The suspected unique 

conformation state ofproteins adhered to cy6 surta.ces does not appear to enhance platelet 

activation, as compared to non fluorinated surfi:J.ces, platelet activation is somewhat reduced. 

Platelets adhered and activated on FEP and hexatluoroethane would be expected to 

be employing glycoprotein receptor expressions, internal metabolisms, aggregations, etc., 

.later than adhered platelets on PMMA. Plots and activation parameter data from longer term 

maintenance up to 90 minutes in plasma suggest that adhered platelets continue to advance 
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in state on FEP. The fluoropolym.ers exhibit activation properties that would be fortuitous 

compared to PMMA for short term blood contact application (less than 90 minutes). 

5.5 ADVANCED MORPHOLOGICAL TRANsmON 

For several years now, our research lab has identified and documented a peculiar 

platelet form named and described as the pancake platelet. A better picture concerning the 

formation and structure of this cell has been elucidated, building on observations made of 

pancake cells on various surf8ces using the flow cell device (Gaebel, 1991, Sheppard, 1993). 

Ganju has shown that thrombin stimulated platelets on Polyurethanes and PMMA will 

progress to the spreadjng state and then evolve into a pancake cell (Ga.qju, 1997). This work 

suggests that pancakes cells are less than 5 J.11D in diameter, are circular in shape, are taller 

than spread cells, and that platelets shed 50 - I00 nm microparticles containing filamentous 

actin from their cortex during the shape transition from spread cell to pancake cell. 

Evidence ofsur.tace induced microparticle formation is seemingly as scarce as that of 

the formation and existence ofa pancake platelet cell. Some investigators currently believe 

the pancake cell to be ''non-viable" or a dead cell (Waples, 1996)- a claim strongly refuted 

by others (Ganju, 1997). Attempts were made during this course ofstudy to image the spread 

to pancake transition using higher magnification than the standard light microscope system 

afforded. Scanning Electron Micrographs ofeach polymer surface studied, fixed at various 

pJasma maintenance times, generally support the observations and claims put forth by Ganju. 
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All SEM images were prepared according to the standard SEM protocol developed 

for this work. A very low concentration ofprimary fixative was used to minimize shrinkage. 

Polymer surfaces fixed for imaging and presented in this work were derived according to 

standard flow cell platelet adhesion protocol - whole blood deposition followed by plasma 

maintenance for up to 90 minutes - and observed prior to fixation using the light microscope 

system to survey spread and pancake cells. SEM images reveal spread cell periphery 

fragmentation or blebbing, as described elsewhere (Ganju, 1997). Unlike images portrayed 

by Ganju, these SEM micrographs are of platelets adhered and maintained under non 

stimulating conditions. Seventy five percent of the polymers imaged were either FEP or 

Hexafluoretbane coated glass cover slips, (i.e. fluorinated surfilces), with the remaining being 

PMMA which bas been used in previous work. Our research group bas routinely observed 

this spread cell to pancake platelet retraction under differing maintenance conditions on 

several classes ofpolymers. 

The SEM images produced in this work support Ganju's findings. The increased 

c1arity, magnification, and number ofmicrographs produced in this study bas enabled further 

detailed observation ofthe spread cell retraction phenomena. Images detail different states 

of the spread cell retraction event - flat spread cells with fragments attached, spread cells 

appearing to rise along the vertical axis perpendicular to the polymer surtace, spread cells 

with a mixture ofattached and unattached peripheral fragments, a smaller more circular cell 

(pancake platelet) with fragments encircling it, and rings of:fragments adhered to the polymer 

surtace without a cell body within them. These numerous, repeated, surtace common 
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observations suggest a dynamic series of events or progression leading to the ultimate 

formation ofthe pancake cell from a spreading platelet. Other researchers have put forth the 

argument that pancake cells appear to vesicu1ate and function like living cells to perform this 

action (Gaqju, 1997). The evidence and observations from this study strongly supports these 

cJaims. Cells undergoing the spread to pancake transition have also routinely been observed 

with the light microscopy/:ftowcell system in real time (i.e. live or living cells undergoing this 

morphological change), as also presented elsewhere (Ganju, 1997). 

Platelet derived microparticles, like those observed forming during the spread cell to 

pancake cell transition, available in the blood stream can potentiate coagulant activity. 

Platelet microparticle formation has been shown to involve fibrinogen binding to GPIIb/IIIa 

receptors, and are known to be physical markers ofa calcium dependent, agonist induced 

platelet activation event (Gemmell, 1993). Also during platelet activation, procoagulant 

activity has been shown to become available (George, 1982, Blajchman, 1981). Platelet 

membrane microparticles, isolated from human blood following activation, have been shown 

to contain membrane fragments, vesicles and granules which react with a heterologous 

antibody to the platelet membrane glycoprotein IIb/IIIa (George, 1982). Researchers have 

also proposed that the procoagulant activity may also be associated with the expression of 

platelet fuctor 1 and platelet factor 3 ifthere is a release ofmembranous vesicles (Sandberg, 

1985, Polasek, 1987). Regardless ofspecific composition, there is great likelihood that the 

spread to pancake cell transition platelet derived microparticles are in some way 

pro coagulant. 
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SEM images suggest that many generated microparticles remain adhered to the 

polymer surface. The ''ring" appearances, with and without a cell body within them, shows 

that these microparticles are not immediately released into the bulk tlow. Recently, 

researchers examined surfaces using SEM after immunogold labelling of anti-GPllb/IIIa 

receptors and reported microparticles shed :from activated adherent platelets also adhered to 

biomateriaJs (Gemmell, 1995). Therefore, tlow cytometric analysis and assay ofplatelets in 

whole blood after material contact may only assess a :fraction ofthe microparticle population, 

ignoring those remaining adhered to the polymer surface (as observed in our SEM images). 

Results (not shown) from my work with flow cytometric analysis ofbulk tlow samples :from 

a test using FEP polymer, probed with GP Ib and gated to count platelets between 1.5 and 

4 J.LID, revealed less than 35% of events falling within the microparticle window. The 

microparticles observed forming and represented in the SEM images fall within the size range 

of0.1 to 0.8 J.I.ID, as reported by others (Gemme~ 1995). 

Although the rate ofplatelet activation appears delayed on tluoropolymer surfaces, 

and the magnitude ofadhered platelets is considerably less as compared to other polymeric 

biomaterials, the generation of procoagulant platelet derived microparticles could have 

deleterious effects. Our work has shown generation ofthese microparticles during the spread 

to pancake cell transition on both tluorinated and non tluorinated (PMMA) polymer surfaces. 

This suggests that although platelet activation is a necessary indication ofpolymer surface 

thrombogenicity, certainly the development ofplatelet microparticles could result in adverse 

reactivity of an implanted polymeric surface or device. These events appear to require 
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assessment and quantification to better understand the reactive implications of polymeric 

surfaces in whole blood. 



6.0 CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS 

1) Radio Frequency Glow Discharge Deposited Hexafluoroethane fi1ms on glass cover 

slips routinely endured 2.5 minutes ofblood contact during platelet deposition and up to one 

and one half hours ofplasma flow (maintenance ofthe cells while imaging them) without 

delaminating, swelling, or otherwise adversely reacting. 

2) Radio Frequency Glow Discharge Deposited Hexafluoroethane fi1ms on glass cover 

slips are more hydrophilic compared to Teflon FEP thin fi1ms and more hydrophobic than 

Polymethylmethacrylate thin fihns. The glow discharge deposited Hexafluoroethane cover 

slips have a considerably smoother surface compared to processed thin fi1ms such as FEP. 

3) Using a physiological experimental system incorporating whole blood platelet 

deposition and cell maintenance under low flowing plasma, the magnitude ofoverall mean 

adhered platelet concentrations is greatest on PMMA (8165 ± 2117 plateletslnnn.l}, followed 

by FEP (6895 ± 1908 platelets/mm~, 4" ~F6 (4623 ± 2149 platelets/mtit), and 10" ~& 

( 4150 ± 1588 plateletsllllllT). Overall mean concentrations are statistically different between 

PMMA, FEP, and the Hexafluoroethane surfaces. There is not a statistical difference 

between the 4" and 10" Hexafluoroethane batches. The Hexafluoroethane RFGD deposited 

137 




138 

surfaces showed the lowest amounts ofadhered platelets compared with PMMA and FEP. 

4) Platelet activation is reduced and delayed on FEP and Hexatl.uoroethane surtaces 

tested up to 90 minutes with low flowing plasma , compared to PMMA. More advanced 

platelet shapes appear later in tests on the fluoropolymers, while PMMA shows spreading 

cells and other activated platelet forms before the fluoropolymers. 

5) PJatelet fragmentation dming the shape transition from spreading to pancake has been 

observed on PMMA, FEP, and Hexaft.uoroetbane surlBces without addition ofa stimulant (no 

thrombin added, just standard maintenance with low flow pJatelet poor plasma). SEM images 

revealed possible transition stages from an mitial spread cell fragmentation to a pancake cell 

encircled with fragments adhered to the polymer surfilce. 

6.1 RECOMMENDATIONS 

1) Further testing should be performed to better evaluate and characterise the 

Hexafluoroethane surfaces performance during longer term plasma maintenance scenarios, 

both at times up to 90 minutes and times greater than 90 minutes. The long term (90 

minutes) platelet interaction studies were performed using a small set ofHexatl.uoroethane 

surlBces which resulted in minimal qualitative observations (images generated from the tests) 

and hindered a thorough statistical evaluation ofresults. The ability ofthese fluoropolymers 

to forestall full activation ofadhered pJatelets for longer periods oftime compared to PMMA 

needs further study. It is not known if the adhered platelets on the fluoropolymers will 
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eventually reach a similar state ofactivation (i.e. predominantly fully spread cells) observed 

on PMMA after 60- 90 minutes oflow flow pJasma maintenance. Some applications would 

demand that the polymer be exposed to blood or plasma for periods greater than 90 minutes. 

2) Incorporation of radio-labelled proteins with the plasma incubated surfi1ce and 

subsequent platelet adhesion studies could further reveal the nature ofthe adsorbed protein 

layer on both FEP and PMMA. This work would quantify the amounts ofadsorbed proteins 

resident on each polymer after certain periods ofsurfi1ce incubation in plasma. Additional 

detailed determinations of the surfi1ce protein make-up on fluoropolymers may reveal key 

differences compared to a more platelet activating surfi1ce like PMMA. 

3) Assessment ofthe expression ofplatelet recepto~ a marker of platelet activation 

since spreading platelets have been shown to express greater quantities ofreceptors (Coller, 

1992), would complement the image results and morphological platelet activation data. 

Studies including the antJ.oody binding or marking ofsurfi1ce receptors and electron imaging 

may reveal localised concentrations or possible hindrance ofexpression. This work would 

provide further insight into the behaviour of these fluoropolymer surfi1ces with adhered 

platelets. 

4) Characterisation under longer term blood contact (i.e. platelet deposition from whole 

blood) would elicit the fluorpolymers performance under more realistic in-vivo type 

conditions. No assessments were made with these surfilces containing maximum coverage 

ofplatelets, nor is it known how platelets (or the surfilces) will behave under conditions with 

greater concentrations ofplatelets available. Tests could be performed with deposition from 
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whole blood for longer than 2.5 minutes as blood contact application will surely require much 

longer periods ofblood exposure. 

5) A wider range ofHexatluoroethane surface compositions (XPS ratios ofCF/CF3) 

should be tested using our dynamic and physiological test procedures to determine ifcertain 

fluorine surface groups or combinations ofsurface groups mtluence platelet interactions. 

6) Concerning the observed transition ofspread pJatelets to pancake cells and consequent 

microparticle generation, several avenues for study require attention. Further SEM studies 

should be performed to evaluate the effect offixation/post fixation on the cells. This would 

could employ other glutaraldehyde concentrations or employ different fixatives. Probes 

directed at the platelet plasma membrane could reveal the composition and nature 

(procoagulant or not) ofthese observed microparticles. 

Time comse pJatelet adhesion studies, similar to those performed in this work, could 

incorporate flow cytometry analysis for the generation of platelet microparticles. Time 

comse bu1k flow samples could be analysed and polymer surfaces imaged (possibly sacrificial 

type experiments) to better define quantity and quality ofsurface generated micro particles. 
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Appendix A 

Western Blot Procedures 

The following generally descn"bes procedures involved in mnning gels. Gel plates, spacers 

and combs are cleaned in 95% ethanol The gel plates and spacers are assembled on the 

casting stand. Using a syringe, the 12 % separating gel (Appendix B) was added between 

the gel plates with approximately 2" space left to the top ofthe plates for the stacking gel 

A small amount ofwater was added to the top ofthe separating gel polymer solution using 

a syringe, and the separating gel allowed to polymerize for one hour before adding the 

stacking gel 

While the separating gel is polymerizing, Sample Buffer (SDS reducing buffer or 

Tracking dye - TD - Appendix B), and eluate samples are prepared. Samples (SDS eluate 

from the FEP plasma incubation tests) for Western Blots and gold stained gels were prepared 

by adding 20 uL ofSample Buffer. Prestained markers (blue), 7.5 uL, were used to ensure 

that the gel is mnning properly and molecular weight determination was done using 1 uL of 

markers (clear) with 10 uL ofSample Buffer. 

The 4% stacking gel (Appendix B) was prepared 50 minutes into the separating gel 

polymerization. After the separating gel polymerized, (checked by leaving the polymer 
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solution in the syringe used for addition between the glass plates}, water was drawn off the 

gel and the 4% stacking gel polymer solution added. Then 1 mm combs were slipped into 

position between the gel plates in the stacking geL The 4% gel polymerized for an hour. 

After the stacking gel polymerized, combs were carefully pulled out and the wells 

were rinsed with water. The prepared samples were placed in 95°C water for five minutes, 

and the electrophoresis equipment was set up. Gels were removed from the casting stand and 

placed into the clamp assembly. The clamp assembly was put into the buffer chamber and the 

upper buffer chamber was fill.ed with Electrophoresis Buffer (Appendix B) to 3 mm below the 

outer long glass plate. The lower buffer chamber was filled until I em ofthe gel was covered 

with Electrophoresis Buffer. Next samples were added onto the gels using a SO uL glass 

syringe. Between marker and sample loadings the syringe was rinsed ten times in water. All 

of the eluate sample was added onto the gel in its appropriate welL Wrth the markers and 

samples loaded onto the gels, electrophoresis was commenced. 

The power pack was operated at 200 volts for approximately 1 hour of 

electrophoresis. Just before the tracking dye reached the bottom ofthe separating gel a small 

quantity ofPyronin dye in Sample Buffer was added to each well ofthe geL Electrophoresis 

continued until the Pyronin dye just reached the top ofthe separating geL This stain allowed 

identification ofthe top ofthe gel and sample wells or Janes. 

Electrophoresis stopped once the tracking dye reached the bottom ofthe separating 

geL When removing the gels, the stacking gel portion was discarded and the separating gel 

was carefully placed in a glass dish ofTransfer Buffer and equiherated on a shaker for 15-20 
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minutes. While the gels equilibrated, electrophoretic transfer equipment was prepared. 

Polyvinyldiflouride (PVDF) transfer membrane was cut out to a template size and prewet with 

100% methanol (1-3 seconds) and water (1-2 minutes) in large weighing trays. 

The transfer cell was assembled with the following order: black side oftransfer cell, 

pad, paper, gel, membrane, paper, pad. These components were sandwiched together and 

assembled in a transfer cell soaking in a tray ofTransfer Buffer. The transfer cells were added 

to the transfer chamber which rested on a catch tray on a stir plate. The transfer chamber was 

filled with Transfer Buffer and the stir plate turned on. Electrophoretic transfer (Blotting) 

from the gel to the membrane took approximately one hour. The transfer unit was operated 

at 100 volts (200 mA) with Transfer Buffer covering the entire gel surfitce. After transfer is 

complete the transfer cells were disassembled and the membrane allowed to dry overnight 

at room temperature between two pieces ofblank. paper until blocking the next day. 

For gold stained gels, unbound membrane sites on the membrane were blocked 

through incubation in PBS containing 0.3 %Tween 20, at 37°C for 1 hour. The membrane 

was washed 3 times for 5 minutes each with PBS containing 0.3% Tween 20 at room 

temperature and then washed three times for one minute each with water. Next the 

membrane was stained for 1- 4 homs in protogold solution in a glass dish on a horizontal 

shaker. Protogold solution (Biocell Research Laboratories, UK}, supplied in a kit containing 

500 ml of stabilised gold sol, was used in one step right from the bottle. Its sensitivity is 

reported to be greater than 1 picogram per band. After staining, the membrane was rinsed 

extensively with water and allowed to air dry. 
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For Western Blots, after the membrane dried, the marker lane was cut with a scalpel 

and removed from the rest ofthe membrane. The marker lane was stained using amido black 

0.1% (w/v) in 10% (v/v) methanol and 7% (v/v) acetic acid and then destained using 45% 

methanol and 7% acetic acid followed by 90% methanol and 7% acetic acid. The lane was 

allowed to air dry between clean white paper. 

The remafuder ofthe membrane was cut into 3 mm. wide strips and labelled according 

to sample and protein antibody type to be applied. The first step involved blocking areas of 

the membrane without bound proteins to eliminate nonspecific binding ofantibodies. The 

strips were wet with 100% methanol, rinsed with distilled water, and placed into individual 

lanes in a culture tray. The strips were incubated in 5% w/v nonfat dry milk in TBS, pH= 

7.4, for 1 hour with gentle agitation on a horizontal shaker. Then the membranes strips were 

washed three times for 5 minutes in 0.1% (w/v) nonfat dry milk in TBS (Appendix B). 

Following blocking, the membrane strips were incubated with the primary antibody 

for 1 hour in 1 ml1% (w/v) nonfat dry milk, 0.05% (v/v) Tween 20 in TBS containing the 

first antibody to the protein ofinterest. 

For all western. blots performed only three proteins were probed: fibrinogen, albumin, 

and :fi.bronectin. 2 uL ofantibody was used per 1 ml ofnonfat dry milk (111000 dilution) and 

added to each culture lane containing a membrane strip. After the hour incubation on the 

horizontal shaker, the strips were washed clean of any nonreacted material using three 5 

minute rinses in 0.1% (w/v) nonfat dry milk in TBS. 

Incubation with the second antibody consisted ofeither anti-goat GAH, or anti-rabbit 



150 

RAH in a 111000 dilution for 1 hour. Non specific probe was washed away three times, 5 

minutes each rinse. 

Detection ofprotein required incubation ofthe strips in AJkaline Phosphatase buffer 

and 1 ml each ofalkaline phosphatase reagents A and B. This incubation was continued until 

colour is sufficiently developed. The colour reaction was stopped by rinsing with distilled 

water. After colour detection, the strips were dried, reassembled together, and scanned into 

a computer workstation for analysis with Bio-Rad gel and Western Blot analysis software. 

Lane marker intensities were determined and compared for western blots. 



Appendix B 

Buffers and Reagents 

Water used in the preparation of all reagents is Milli-Q Plus Ultrapme distilled water (18 

megohm-em resistivity). This water meets or exceeds all ASTM, CAP, ACS, and NCCLS 

standards for purity and has the following characteristics at 18 megohm-em resistivity: 

Total Organic Carbon < 10 ppb 


Particle Free > 0.22 J.tm 


Total Dissolved Solids <20ppb 


Silicates < 0.1 ppb 


Heavy Metals < 1 ppb 


Microorganisms < 1 cfulml 
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Tyrode Solution 

920 ml Milli-Q Ultrapure distilled water 

50 ml stock I 

IO ml stock2 

20ml stock3 

I g d-glucose 

Sit this solution in a heater bath then pH to 7.35 at 37°C. 

The following stock solutions are dissolved in 0.5 L Milli-Q Ultrapure Distilled water and 

stored at 4°C. 

Stock 1 

80g Sodium Chloride (NaCJ) 

2g Potassium Chloride (KCl) 

lOg Sodium Bicarbonate (NaHC03) 

0.575 g Sodium Phosphate Monohydrate (N~P04H20) 

Stock2 

10.165 g Magnesium Chloride 6-Hydrate (MgC~·~O) 

Stock3 

7.357 g Calcium Chloride Dihydrate (CaC~-2~0 ) 
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Electrophoresis Stock Solutions 

All formuJa and methods adapted from Bio-Rad Mini Protean IT D~ Cell Instruction 

manual, Bio-rad Mini Trans-Blot Electrophoretic Transfer Cell Instruction manual (catalogue 

no. 170-3930, 170-3935) (Bio-Rad laboratories, 1414 harbour Way South, Richmond C~ 

94801. ), and personal communication/methods from Rena Cornelius. 

10 %w/vSDS 

10 g Sodium Dodecyl Sulphate 

lOOml Milli-Q Ultrapure Distilled water 

Electrophoresis Buffer (5X stock solution, pH 8.3) 

15 g Tris Base 

72 g Glycine 

5g SDS 

Fill to 1 L with MiDi-Q Ultrapure Distilled water, check pH and do not adjust with NaOH or 

HCL. Just before use dilute to lX strength. 

Transfer Buffer 

3.03 g Tris 

14.4 g Glycine, 200 ml Methanol 


Fill to 1 L with Milli-Q Ultrapure Distilled water. pH should be 8.3 - do not adjust. 
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1.5 M Tris HCL 

27.233 g Tris Base 

150 ml Milli-Q Ultrapure Distilled water 

pH to 8.8 with HCL 

0.5 M Tris HCL 

6 g Tris Base 

150 ml Milli-Q Ultrapure Distilled water 

pH to 6.8 with HCL 

Acrylamide/Bis (30% Stock) 

87.6 g Acrylamide 

2.4 g N'N'-Bis-methylene-acrylamide 

make to 300 ml with Milli-Q Ultrapure Distilled water 
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Sample Buffer (SDS reducing buffer, or Tracking dye (TD)) 

4 ml Milli-Q Ultrapure Distilled water 

1.0 ml 0.5 M Tris HCL, pH 6.8 

0.8 ml Glycerol 

1.6 ml 10% (w/v) SDS 

This is mixed and aliquoted into 225 JJ-L volumes, stored in fridge. 


When required, to each 225 JJ-L aliquot add: 


30 JJ-L 2-J}mercptoethanol 


30 JJ-L 0.05 % (w/v) Bromphenol Blue 


TBS 

6.075 g 50mMTris 

8.76 g 150mMNaCl 

Adjust pH to 7.4 
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12 % Separating Gel 

5.025 ml Milli-Q Ultrapure Distilled water 

3.75 ml 1.5 M Tris HCL, pH 8.8 


150 t-tL 10% (w/v) SDS stock (room temp) 


6ml Acrilamide/Bis (30% stock) 


Degas the above for 15 minutes at room temperature then add: 


75 t-tL 10% AmmoniumPersulfate (fresh) 


7.5 t-tL TEMED 

4 % Stacking Gel 

4.5ml Milli-Q Ultrapure Distilled water 

1.8 ml 0.5 M Tris HCL, pH 6.8 


150 t-tL 10% (w/v) SDS stock (room temp) 


6ml Acrilamide/Bis (30% stock) 


Degas the above for 15 minutes at room temperature then add: 


37.5 t-tL 10% AmmoniumPersulfate (fresh) 

7.5 t-tL TEMED 
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