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ABSTRACT 

Hyperglycemia’s influences on unstable and irregular clot formation in diabetes mellitus 

(DM) remains unclear because many factors known to influence fibrinogen to fibrin conversion, 

clot morphology, and thrombus formation present simultaneously in these patients. An LSM 880 

(Laser Scanning Microscope) was used to analyze the effects of glucose concentration on fibrin 

clot structure; fibrinogen glycation was conducted to support characteristic findings. Algorithm 

outputs supported in vivo work and found that hyperglycemia, via increased fibrinogen glycation, 

alters fibrin clot structure at a fixed fibrinogen concentration. Additionally, 10 wt% S-Nitroso-N-

acetyl-D-penicillamine (SNAP) was investigated to determine the efficacy in utilizing nitric 

oxide (NO) mechanisms to limit clot formation in hyperglycemic environments. Four 10 wt% 

SNAP polymer exposure conditions resulted in no polymerization and was likely a result of 

increased protein adhesion to the polymer film. NO was believed to further increase protein 

adhesion to the polymer as incubation with 10 wt% SNAP reduced dyed fibrinogen 

concentration significantly more (72.36%) than the non-NO releasing control. 
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CHAPTER 1: INTRODUCTION 

1.1 Purpose of the Study 

 The purpose of this study is to develop polymerization, fluorescence imaging, and 

computational techniques, and to examine the effects of glucose concentration on fibrin clot 

characteristics. The imaging technique of Laser Scanning Microscopy (LSM) is applied to 

quantify glucose concentration effects on fibrin clot morphology, and an Alexa Fluor® 488 

(Fisher Scientific, Pittsburg, PA), a fluorescein derivative, is integrated into experimental 

protocols to successfully visualize variations in fibrin clot characteristics. Alexa Fluor® 488 

contained purified fibrinogen with ~15 dye molecules per fibrinogen molecule and is said to be 

less pH-dependent and more photostable than fluorescein. Fibrinogen glycation is also quantified 

to support a hyperglycemic thrombogenicity theory; fibrinogen glycation is believed to influence 

fibrin clot formation and alter fibrin clot characteristics through a hyper-thrombotic shift in 

Virchow’s Triad. The fibrin clot parameters of fibrin fiber overlap, fiber length, fibrin matrix 

porosity, and fractal dimension are selected to examine differences in these clot characteristics at 

a consistent and controlled fibrinogen concentration; fibrinogen concentration is consistently 

higher under hyperglycemic conditions and may conceal underlying effects of hyperglycemia on 

previous clot characteristics and glycation measurements. As such, the isolated effects of glucose 

concentration on clot formation are examined by measuring clot characteristics and fibrinogen 

glycation using this methodology. By comparing the results yielded for glycated and non-

glycated clot characteristics, our understanding of hyperglycemic clot morphology is improved 

and the effects of glucose concentration on hyperglycemic thrombogenicity are explored.  
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Separately, 10 wt% S-Nitroso-N-acetyl-D-penicillamine (SNAP), is integrated into the 

initial glucose study to preliminarily assess the potential of using nitric oxide (NO) to influence 

clot formation in hyperglycemic environments. If successful, NO applications could be 

developed to limit hyperglycemic thrombogenicity and reduce associated clotting risks in 

hypercoagulable states. NO data is assessed to confirm NO release from developed polymer 

films by comparing NO release to a non-NO releasing control, N-aceytl-penicillamine (NAP); 

NAP is also examined to quantify NO-specific influences on glucose clot conditions through 

comparison to SNAP conditions. Fluorescence data are collected to confirm the presence of dyed 

fibrinogen in NO-exposed LSM conditions during polymerization. Experimentation with NO 

exposure is conducted to reveal NO’s influences on fibrin clot characteristics, if any, and to 

analyze the potential of utilizing NO actions to reduce hyperglycemic thrombogenicity.   

1.2 Expected Results 

The goal of this thesis is to test the hypotheses that glucose concentration increases 

fibrinogen glycation and influences fibrin clot characteristics at a controlled and consistent 

fibrinogen concentration. With blood clot formation, secondary hemostatic response, fibrin 

generation, matrix development, and the characteristics of resultant fibrin matrixes, the primary 

focus in these experiments is to develop and apply image analysis algorithms to determine the 

effects of glucose concentration on the fibrin clot structure characteristics of fibrin fiber overlap, 

fibrin fiber length, fiber matrix porosity, and fractal dimension. Characteristics are expected to be 

comparable to other fibrin clot structure studies and unveil hyperglycemic effects on clot 

morphology. Specifically, the simulated non-treated diabetic condition (10.0mM glucose 

condition) is expected to present characteristics significantly different from other glucose 

(0.0mM and 6.0mM glucose) conditions and support hyperglycemia’s influences on the 
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hemostatic response. Results are also expected to reflect the altered clot characteristics observed 

in vivo and justify hyperglycemia’s added risk on hypercoagulability.  

Fibrinogen glycation is expected to increase with glucose concentration and support 

hyperglycemia’s influences on fibrin clot characteristics. Glycation is expected to be the highest 

in the 10.0mM glucose condition and decrease with decreasing glucose concentrations, but not 

necessarily follow a linear trend. This prediction is hypothesize because: 1) glucose is present in 

healthy physiology; 2) fibrinogen glycation occurs naturally at a native physiological glucose 

concentration; and 3) fibrinogen glycation at a native physiological glucose concentration is not 

believed to alter fibrin clot formation. Therefore, only significantly higher fibrinogen glycation 

levels would explain how increased fibrinogen glycation influences fibrin clot characteristics.  

NO experimentation is expected to influence fibrin clot characteristics and be viable as a 

potential mechanism to limit thrombogenicity in hyperglycemic states. Specifically, integration 

of SNAP into incubation protocols is expected to limit clot polymerization and result in 

increased porosity measurements. Fibrin clots incubated with SNAP are expected to be 

measurably higher in fibrin matrix porosity when compared to non-NO-releasing counterparts. 

Furthermore, prolonged SNAP exposure is expected to further reduce clot formation and result in 

no fibrin formation with measurable NO release. Additionally, non-NO releasing control 

characteristics are expected to reveal insignificant variations when compared to original glucose 

condition characteristics. Given these hypotheses, 10 wt% SNAP integration is expected to 

support SNAP’s potential to reduce thrombogenicity and limit hypercoagulability in 

hyperglycemic states by utilizing biological NO actions. 
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1.3 Novelty and Potential Outcomes 

 Many studies have examined fibrin clot characteristics, fiber properties, rate kinetics, and 

thrombus behavior in hyperglycemic conditions. However, this study is the first, to our 

knowledge, to examine glucose-specific influences on fibrin clot morphological characteristics in 

a controlled and consistent fibrinogen concentration system. Fibrinogen concentration is known 

to influence clot properties and has been variable in previous examinations where: 1) 

comparisons of physiological mimicked native and hyperglycemic fibrin clot characteristics were 

made in vitro; and 2) in vitro analyses of native and hyperglycemic blood (in vivo) were made. 

This is also the first study to quantify fibrinogen glycation in a controlled and consistent 

fibrinogen concentration system. Since variations in fibrinogen concentrations may influence 

fibrin clot characteristic and glycation results, this study’s design is intended to corroborate 

previous fibrin clot characteristic and fibrinogen glycation work, and present novel data on 

hyperglycemia’s influences on fibrin clot characteristics via an increased fibrinogen glycation 

mechanism. If glucose concentration has an effect on fibrin clot characteristics, the presented 

methodology may be applicable for clinical diagnosis. However, the protocols would have to be 

tailored to human plasma and coupled with the appropriate epidemiological data for medical use.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Hemostatic Response and Fibrin Matrix Formation 

Clotting components accumulate at the site of damaged endothelial lining to plug and 

repair tissue in response to vascular injury. For healthy individuals, balancing flow and 

sedimentation are continuously maintained through an intricate process known as hemostatic 

response [1]. Hemostatic response is an involuntary physiological mechanism that involves 

chains of chemical reactions, cell affinities, and coenzyme ion activations, and serves primarily 

to plug the damaged tissue, maintain blood flow conditions, and prevent the loss of blood with 

proper regulation [2-4].  

Fibrin: The Thrombus Backbone.  A blood clot, also known as a thrombus, is a biological 

matrix of erythrocytes, platelets, leukocytes, cholesterol and other macromolecules embedded 

within the formed connective network of crossed-linked fibrin fibers [3]. While the migration of 

activated platelets to the site of vascular injury initiates clot formation in a typical healthy 

response, it is the generation and development of a fibrin fiber matrix that maintains the 

structural integrity of a formed thrombus [1, 2]. As the fundamental component for clot 

development, maintenance, and lysis, investigation into fibrin generation, via its precursor 

molecule fibrinogen, has helped explore fibrinogen-fibrin, fibrin matrix formation, and 

morphological/behavior relationships in hemostasis [3, 5]. Studies have revealed fibrinogen 

relationships to fibrin generation and fibrin matrix formation under various systematic 

conditions, but associations between fibrin clot structure and fibrin clot strength for these 

conditions still require more controlled investigation to confirm isolated effects; several studies 
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have examined the effects of glucose concentration on fibrin(ogen) polymerization, lysis rate, 

and overall clot morphology, but none of these studies have quantified the isolated effects of 

hyperglycemia on these parameters or quantified fibrinogen glycation with controlled 

experimentation [6-8].    

Fibrinogen History. Around the fourth century B.C., Hippocratic doctors first noted the 

presence of fibers in circulating blood plasma, but it was not until the seventeenth century that a 

distinct description of fibrinogen was transcribed [9]. While some debate exists regarding who 

should be accredited with the discovery of fibrinogen, (e.g., Rudolf Virchow claimed to have 

noticed the protein prior to P.S. Denis’ 1859 work), P.S. Denis first coined the term fibrinogen as 

he attempted to purify the protein [9].  Specifically, Denis noticed the presence of fibrinogen, a 

soluble entity different from insoluble fibrin, while describing “a substance which [was] not at all 

fibrous” in the conclusion section  of his “Mémoire Sur Le Sang” [9]. Although fibrinogen’s 

structure, behavior in fluid, and roles in human physiology have been examined, a complete 

functional description in pathophysiology remains elusive [10, 11]. 

Fibrinogen Structure. Fibrinogen, a 340 kiloDalton (kDa) 46 nanometers glycoprotein, is 

comprised of two, three-paired polypeptide regions (Figure 1); two D-regions are linked to a 

central E-region domain through 29 disulfide bonds [12]. Each “half set” of D-region 

polypeptides, Aa, Bb and g-chains, are spherical in shape and contains both C and N-terminal 

ends. C-terminal ends extend on each side of the D-domain and meet on each side of the central 

E-domain at the N-terminal ends [13]. Further denaturing and isolation of fibrinogen has 

revealed polypeptide fragment weights of 63.5, 56, 47, and 7.05-kDa for the A, b, and g chains 

and central E-domain, respectively [5, 12, 14, 15].  
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Figure 1: Structural composition of fibrinogen [16]. 

 

Fibrinogen-Fibrin Conversion. There has been a shift in characterizing fibrinogen’s structure 

from a molecular model to one focused on fibrin generation via fibrinogen polymerization [17-

22]. Specifically, fibrinogen converts into fibrin through thrombin-catalyzed removal of 

fibrinopeptides A and B from the N-terminal ends of the Aa and Bb polypeptide [15]. Removal 

of fibrinopeptides A and B occurs via dissolution of four separate disulfide bonds on Arg-Gly 

residues of the E-region; dissolution exposes a terminal disulfide knot (NDSK) to generate a 

single fibrin monomer [12, 23]. During this conversion of fibrinogen into fibrin, monomers 

accumulate, interact intermolecularly, and attach to exposed NDSK via chemical signaling [17]. 

Oriented in 23-nanometer half-staggered fashion, repetitive binding of the D and exposed E-

region, fibrin monomer binding grows into protofibrils (Figure 2) that are 600-800 nanometers in 

length; two fibrin monomer D regions may bind to a single exposed NDSK [24]. After protofibril 

formation, fibrin fibers, approximately ~100 nm in diameter, form by lateral and longitudinal 

interactions of fibrin ac-regions of protofibrils, but the conversion from protofibril to fibrin fiber 

is arguably the least understood mechanism of the coagulation cascade [24, 25]. Ultimately, 

conversion from fibrinogen to fibrin to protofibril to fibrin fiber forms the three-dimensional 

structure of an integrated fibrin matrix through lateral and longitudinal aggregation of fibrin 

fibers [18, 26, 27]. 
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Figure 2: Fibrinogen cleaving and protofibril formation [28]. 

 

Fibrin Gels. The conversion of fibrinogen solution into a solidified fibrin matrix gel is 

distinguishable in vitro and has been characterized as when > 15% of the total fibrin accumulates 

and forms into an interconnected structure [29]. While the point of gelation is used clinically to 

establish clotting time, for example, through optical density, fibrin clot characteristics, the 

associated structural stability, and risk of clotting complications for a formed fibrin matrix are 

undistinguishable to the naked eye [27]. Physiological systematic conditions, like in the presence 

of disease or in macromolecule concentrations, are known to affect fibrin clot structure, but 

further experimentation is needed to better understand the pathophysiology of clotting, explain 

how systematic conditions influences clotting response, and comprehend how systematic 

conditions influence macrovascular disease development and hypercoagulability in particular at-

risk conditions. 

2.2 Fibrin Gel Imaging via Laser Scanning Microscopy 

Scanning confocal microscopy (SCM) examines sub-cellular biological structures and 

functions by utilizing a distinctive combination of light and material properties. SCM utilizes 

isolated light planes to develop point-by-point cross-sections of a biological sample with 

improved rejection of out-of-focus noise and greater resolution than conventional imaging 

techniques [30, 31]. Unique to the SCM set-up, cross-sectional adjustment allows for both 

horizontal and vertical cross-sectioning of sample area without reducing image quality of interior 
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sections [30, 32]. Additionally, a curved confocal lens and pinhole aperture design generates a 

precise focal plane, eliminates light overload distortion, and increases image resolution to 

illuminate and reveal molecular structures, surface interactions, and bio-chemical dynamics at 

the nanoscale [30].  

Scanning Confocal Microscopy. SCM often deploys a laser of adjustable light intensity in a 

technique known as Laser Scanning Confocal Microscopy (LSCM) to help distinguish interior 

sections of a biological sample; LSCM is becoming increasingly popular in cellular biology, 

molecular biology, neurobiology, biochemistry, and other physical sciences due to the 

simultaneous development of highly specific biological fluorophores and improved light analysis 

capabilities [33]. Through the physical phenomenon known as Stokes Shift, LSCM uses the 

physical property of fluorescence to release light photons at a longer wavelength than originally 

absorbed by a source laser. Fluorescence is exhibited (Figure 3) when the material is excited into 

a state of “high vibrational energy” by the incoming light photons from the source laser [32].  

Fluorophores, biochemical molecules that exhibit the physical property of fluorescence, 

covalently attach to amino acid residues, proteins, antibodies, or cellular organelles have been 

developed to accurately visualize molecular-scale components with improved spatial resolution 

dynamically [31].  
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Figure 3: Fluorophore excitation and the property of fluorescence [34] 

 

Fluorescent Tagging. Parallel to the development of new imaging techniques, photon releasing 

molecule development has simultaneously helped experimentation. Numerous fluorophore 

derivative protein labels are now available for direct covalent attachment to C-H and N-H bonds 

on nucleic acids, and these photon-releasing molecules are continuously modified to meet 

intensity, photostability, and wavelength specifications for optimal compatibility with biological 

samples [32]. Fluorophores are characterized based on the maximum absorption/emittance of the 

material, and fluorophore physical properties are exploited for LSCM application. Based on 

origin and molecule size, fluorescent molecules are categorized into the three major groups: 

organics dyes, green fluorescent protein (GFP), and quantum dots [35]. Countless subclasses of 

these groups have been generated to meet the desired fluorescent properties mentioned above, 

but in general, these three main classes present with some consistent characteristics [36]: 

1. Organic dyes, for example, fluorescein, have improved photostability and solubility; 
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2. GFPs, cloned from the jellyfish Aequorea Victoria, generate significantly higher light 

intensity; and 

3. Quantum dots have excitation and emission wavelengths distinct from other 

fluorophores. 

While each of these classes has distinct advantages and disadvantages, instability and toxicity 

with GFPs and quantum dots makes organics dyes the most commonly used fluorophores for 

physiologically relevant biological sampling [37].  

Epifluorescence Microscope Design. Once a fluorophore is selected for LSCM application, the 

necessary laser to exploit the unique absorption and emission characteristics of the sample’s 

fluorophores must be isolated [31]. For epifluorescence microscope configuration (Figure 4), the 

light source and detection aperture align the same optical path, so it is easiest to explain LSCM 

methodology by following the single light path [38]. First, the light source from the laser passes 

through emission filters to seclude undesired wavelength(s). Upon isolation, the filtered 

excitation laser passes through a dichroic mirror with confocal design to concentrate the beam 

path and remove out-of-focus light for cross-section scanning [39]. Concentrated light then 

passes through an objective aperture to further control the light beam; dimensions of cross-

sectional area scanning are regulated by physical manipulation of the objective aperture size 

[38]. Once the beam path reaches the cross-sectional sample area, fluorophore, non-fluorescent, 

and non-excited source light photons emit from the sample, pass back through the objective 

aperture, and reach the dichroic mirror [38]. The dichroic mirror material, not the confocal 

design, reflects photons shorter than the known fluorophore wavelength which include photons 

below the emission of the fluorophore, and isolates fluorophore photons from the total emission 
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beam [40]. Finally, fluorophore photons reach the detector aperture for image generation, but 

image processing is required to quantify incoming photon data.   

 
Figure 4: Laser Scanning Confocal Microscopy (LSCM) components in an epifluorescent configuration 

 

Image Processing. Once light reaches the detector aperture, emittance, intensity, and duration of 

incoming photons must be analyzed. Photomultiplier tubes are integrated into LSCM technique 

to help distinguish small variations in light intensity; photon properties are translated into a 

current to increase data precision, but the data are still a result of light diffraction [41]. 

Therefore, light diffraction adjustment is necessary to account for light dissipation because the 

photomultiplier tubes only convert a fraction of total sample emission and unfocused photons 

hinder the fraction of converted data [38, 42, 43]. While epifluorescence is designed to control 

the amount of light that travels to the detector aperture, the point-spread function (PSF) accounts 

for fluorophore excitation probability of relating the distribution of the light, light intensity, 

numerical aperture, possible range of refraction angles, and refractive index of the medium under 
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a point source assumption; a central disk surrounded by concentric rings is produced for every 

detected fluorophore under this point source assumption by relating the radius of the central disk 

to the non-dimensional number numerical aperture [41, 44]. Overall, this is a simplistic 

description of epifluorescence, but, generally, LSCM utilizes fluorophore emittance to develop a 

resolved digital image of a biological sample by utilizing light properties and the PSF 

summations for all excited fluorophores in a sample [38]. 

Fibrin Gel LSCM.  Biological imaging, image quantification, and fluorophore capabilities have 

undergone major advances, and LSCM applications have been applied to fibrin gel imaging. 

While characterization of fibrin clot structure is limited for native conditions (Figure 5) and far 

less defined for variable systematic concentrations and diseased states, LSCM has characterized 

fibrin clot structure in current literature [7, 8, 45]. Specifically, fibrin clot structure 

characterization examined fibrin diameter, fibrin density, fiber branching, fiber length, pore size, 

and thrombus growth and has also validated that fibrin clot structure is dependent on the 

conditions in which clotting components are suspended [18, 20, 27, 46-49]. However, further 

fibrin clot experimentation, fibrin gel imaging, and image quantification are needed to improve 

the uncertainty remaining with fibrin clot structure characterization [20, 50]. Specifically, the 

effects of glucose concentration on fibrin clot characteristics can be quantified through controlled 

experimentation to differentiate how hyperglycemia may be influencing thrombogenicity in at-

risk hypercoagulable states by applying a LSCM technique. 
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Figure 5: A three-dimensional reconstruction of a native fibrin gel with Alexa 488 dye using fluorescent scanning confocal 

microscopy [51]   

 

2.3 Diabetes Mellitus: A Prothrombotic State  

The current understanding of hypercoagulability, thrombosis, and coagulation afflictions 

on human physiology can be accredited to the initial work of German pathologist, Rudolf 

Ludwig Karl Virchow (1821 - 1902), who was the first to relate cellular pathology to disease 

origin [52]. Known today as Virchow's Triad, Virchow hypothesized that three factors (Figure 6) 

promote hypercoagulability, and hypercoagulable states are defined using three interconnected 

factors: 1) stasis or changes in blood flow; 2) inflammatory responses or changes that affect the 

endothelial wall; and 3) intrinsic blood alterations or changes in the blood’s functionality [53]. 

While a broad understanding of how these factors influence hypercoagulability exists, the basis 

for thrombosis initiation remains fundamentally unknown because of understanding of healthy 

hemostatic response remains rudimentary; this has made it difficult to define acute irregularities 

of hemostatic response and explain irregular response etiologies. Additionally, many factors 
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systematic conditions have shown to simultaneously influence thrombosis, which has made it 

difficult to distinguish direct/indirect effects on Virchow’s Triad in vivo [54-58]. Additionally, 

while hypercoagulable states are defined by a statistical risk of thrombosis from clinical 

imbalance of blood movement, vascular damage, and/or irregular protein quantity or 

functionality, a state of hypercoagulability does not ensure thrombosis manifestation and not all 

occurrences of thrombosis have similar etiologies [59]. Despite the lack of explicit causes for 

thrombosis initiation, the establishment of hypercoagulable states have helped to prevent 

vascular events, limit thrombogenesis, and reduce thrombotic incidence in at-risk individuals 

[55, 56, 60, 61].   

One factor that meets the criteria of a hypercoagulable state is the diseased state of 

diabetes mellitus (DM), as this chronic condition is notorious for vascular complications [62, 

63]. However, DM also consistently presents with other factors known to promote thrombosis 

(e.g.,, hyperinsulinemia, dyslipidemia, hypertension, obesity, decreased fibrinolysis, endothelial 

dysfunction, and platelet aggregability) and the true effects of the disease on thrombosis risk 

remain muddled [54, 64, 65]. While a full understanding of the disease’s influences on 

thrombogenicity remains elusive, resting hyperglycemia, the defining characteristic of DM, is 

believed to promote thrombotic risk because the increased risk of and macrovascular events for 

these individuals cannot be completely explained by the typical cardiovascular risk factors seen 

in these patients. Additionally, glycemic control, in such situations as HbA1c reduction > than 

0.5%, has shown to significantly decrease thrombogenicity in some cases to suggest high 

circulating glucose concentrations encourage irregular and spontaneous clots to develop [54, 62-

65]. There have been many proposed hypotheses to explain a hyperglycemic thrombogenicity, 

but more hematological research is necessary to: 1) improve prediction of thrombosis in 



 

16 

hyperglycemic states; 2) define the true effects of established factors on hemostatic response; 

and 3) expose the underlying mechanisms by which these defined factors influence thrombosis 

initiation. Controlled experimentation examining hyperglycemia’s true influences on clot 

formation may be helpful due to the multitude of variables known to influence hemostatic 

response in vivo. Additionally, exposing the isolated effects of glucose concentration on 

hemostatic response could help shed light on hyperglycemic thrombogenicity influences and 

help reduce clotting risk in cases where glycemic control fails.    

 
Figure 6: Virchow’s Triad and its influences on cardiovascular health [66] 

 

History and Categorization of DM. DM is, by definition, a metabolic condition of 

compromised carbohydrate, lipid, and protein metabolism [67]. Specifically, the blood protein 

insulin is deficient and there is inadequate insulin secretion and/or diminished cell response to 

insulin; this results in resting hyperglycemia, which is used for DM diagnosis [68, 69]. The first 

description of DM dates back approximately 3000 years, yet arguably, the clinical diagnosis and 

treatment of DM has been slow to develop.  Diabetic symptoms were first described by ancient 

Egyptians depicting insects attracted to the frequent urination of emaciated individuals.  
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However, it was Matthew Dobson, a chemist working in an evaporation lab, who qualitatively 

distinguished the presence of sugar in diabetic urine in the mid-17th century [70, 71]. Over a 

century later, Karl Trommer developed the first chemical tests to measure the concentration of 

glucose in blood/urine in the 19th century, and this basic concept is still used to diagnose and 

monitor diabetic patients [70-72]. DM is categorized into two main types: Type I Diabetes 

(DM1), or insulin deficient diabetes, defined by an immune deficiency, and Type II Diabetes 

(DM2), or non-insulin dependent diabetes, defined by hyperglycemia [73]. This study focused on 

explaining hyperglycemia in DM2 because DM2 accounts for 90-95% of the total DM condition 

and is diagnosed by resting hyperglycemia [74]. Today, although patients self-monitor glucose 

levels and self-administer diabetic treatment, DM is only therapeutically treatable; it remains one 

of the largest medical inflictions and is associated with serious acute and chronic health risks 

[71].  

Diabetes Epidemiology: A Concerning Prevalence.  The prevalence of DM worldwide can no 

longer be considered just a medical inconvenience. Currently, more than 30 million individuals 

in the United States, approximately 10 percent of Americans, have DM and worldwide totals are 

projected to rise to 522 million by 2030 [71, 75]. From a historical viewpoint, with the 

development of 19th century chemical testing able to accurately identify and measure 

hyperglycemia, DM2 diagnoses have steadily increased (Figure 7), but it is the recent increase in 

DM2 (4.7% to 8.5%) since the 1980s that concerns epidemiologists [76-78].  
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Figure 7: Diabetes Mellitus diagnoses trends in the United States over the last ~70 years [75] 

 

First, the rate of DM2 in adults (Figure 7) is projected to continually increase over the next two 

decades. Additionally, clinicians, researchers, and health advocates project that more than 90% 

of total DM diagnoses will be DM2 diagnoses; due to a less active and more obese society 

throughout the world, a majority of this percentage increase will occur in developing countries 

where treatments are less accessible [71, 75, 79]. Second, there is a concern for the increase rate 

of undiagnosed and untreated DM2. In 2011, over half of DM2 individuals (183 million) 

remained undiagnosed with a large percentage residing in developing countries [71, 75, 79]. This 

is concerning because individuals with undiagnosed and/or untreated DM have a lower life 

expectancy and are at higher risk of serious clotting complications compared to DM2 individuals 

undergoing treatment [71, 75, 79]. While current financial estimations only account for medical 

costs of treated diabetic patients, average medical costs for DM2 individuals are 2-5 times higher 

[80-83].  The future economic burden of DM requires immediate responsiveness because both 

the prevalence of DM2 and rate of undiagnosed/untreated DM2 are projected to reach high 

proportions that have catastrophic consequences. Currently, the annual health care (Figure 8) 
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contribution of DM in the United States is estimated at 322 billion (20% of medical care costs) 

and these medical costs can be directly correlated to two major components: blood glucose 

maintenance and thrombotic vascular events [80-83]. Glycemic control has shown to lower 

thrombotic risk in some cases, but an improved understanding of the hyperglycemic 

thrombogenicity relationship could further lower lifetime DM2 medical spending, alleviate some 

of the economic healthcare burden, and limit thrombogenesis in DM2 patients where glycemic 

control has not been successful [82, 83]. 

 
Figure 8: Percent contribution medical costs of DM in the United States [84]  

 

Diabetes and Cardiovascular Conditions. Thrombosis has a profound effect on DM2 as more 

than 80% of diabetic-related deaths are due to thrombophilia, and DM individuals are four times 

more likely to develop a cardiovascular condition [64, 81, 85, 86]. Cardiovascular disease (CVD) 

is a term that accounts for all irregular clotting and vascular conditions [85]. As the leading cause 

of death in the United States, cardiovascular events have shown to be 37.2% higher for 

individuals with DM2; CVD conditions contribute significantly to DM medical costs and 

mortality as DM is an independent risk factor for arterial CVD, cerebrovascular disease, 

peripheral vascular disease, acute myocardial infarction, stroke, peripheral artery disease, venous 
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thromboembolism and atherosclerosis [64, 85, 87-89]. While CVD accounts for over 30% of the 

world’s mortality, accounting for all types of CVD afflictions are too cumbersome to address 

[64, 85, 87-89]. The CVD sub-entity condition, venous thromboembolism (VTE) has been 

widely addressed because of DM’s association with spontaneous thrombus formation; 

spontaneous thrombus formation is associated with a tangible shift in Virchow’s Triad and could 

be explained by hyperglycemia’s influence on fibrinogen glycation [64, 90-94].  

Typically characterized by conditional/locational afflictions of the lower extremity, VTE 

is separated into two distinct stages: deep vein thrombosis [95], or spontaneous thrombus 

formation, and pulmonary embolism (PE), or dissociation and translocation of the formed 

thrombus [95, 96]. Statistically, VTE affects as many as 2 million people each year in the United 

States, but it is the 30% of PE occurrences that result in sudden death that are of the most 

concern [97]. While controversy over hyperglycemia’s direct risk for VTE incidence still exists, 

data from DM studies suggests that hyperglycemia has a pronounced effect on thrombogenicity 

and spontaneous thrombus formation [91, 93, 97, 98]. In a 2005 age-adjusted study, a two-fold 

higher incidence of VTE was reported for DM2 patients. Similarly, VTE risk was found to be 

60% higher after controlling for weight in a 2001 meta-analysis of DM2 patients with previous 

VTE history [91, 99]. Several epidemiological studies validate increased DVT and PE incidence 

in DM2 individuals [64, 97, 100, 101]. Supportively, the occurrence of DVT increases 

inflammatory response which further promotes thrombosis suggesting that DM patients with 

previous DVT history may be at particular risk for VTE and other complications when glycemic 

control has failed [102]. With the current economic burden estimated at $5.5 billion for DVT and 

$15 billion for PE, DM contributes significantly to total VTE medical costs. As the effects of 

glycemic control on VTE occurrence have yet to be confirmed, through analysis of fibrin clot 
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characteristics, further experimentation could provide an improve understanding of 

hyperglycemic influences on a platelet poor system, consistent with DVT.   

A Hyperglycemia Prothrombotic Shift. Three main independent mechanisms (Figure 9) are 

consistently presented in the literature to explain hyperglycemic thrombosis initiation and DM 

thrombogenicity: indirect oxidative stress, endothelial dysfunction, and altered coagulation 

protein activity via direct glycation [64, 103]. While oxidative stress and endothelial dysfunction 

mechanisms are linked to platelet activation, platelet involvement in venous thrombosis is 

unclear. Some studies suggest that the role of platelets in venous thrombosis has limited 

significance due to immobilization, but recent examinations suggest that platelets may play a 

more significant role in venous thrombosis than previously believed [103, 104]. Although all 

three hypotheses likely have profound influences on venous thrombosis in vitro, altered 

coagulation protein activity via direct glycation was the focus of the current VTE study because 

of its believed influences independent of platelet’s role in clotting response. Venous thrombosis 

is qualitatively a platelet-poor system, and altered coagulation protein activity alone via direct 

glycation, may be able to justify a pro-thrombotic shift in Virchow’s Triad.  More conclusively, 

however, altered coagulation protein activity contains the most consistent supporting evidence 

for hyperglycemic thrombogenicity in DM. 

 
Figure 9: Hyperglycemia and other influences on thrombotic risk [64] 
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The coagulation cascade is a highly integrated and sensitive process with changes in 

coagulation protein activity or concentration having serious influences on thrombogenesis via 

measured changes to fibrin clot properties, fibrin clot structure, and clot behavior. With 

independent links to irregular clotting, late stage vascular events like in micro/macro-vascular 

disease, fibrinogen concentration is consistently higher in all hyper-thrombotic states.  

Fibrinogen has been reported to be particularly higher for DM patients, for instance, DM patients 

with no history of vascular complications measure a 50% increase in fibrinogen concentration 

when compared to the 2.5 mg/mL seen on average in healthy individuals [105-108].  

The concentration of fibrinogen has a profound effect on thrombotic risk due to its 

correlation with hemoglobin A1c, the established hyperglycemia measurement, suggesting that 

hyperglycemia further influences thrombogenesis in DM2.  Hemoglobin A1c has been 

previously linked to thrombogenicity and vascular risk to imply both hyperfibrinogenemia and 

hyperglycemia influence pathogenesis of venous thrombosis through alterations in coagulation 

protein activity of fibrinogen via direct glycation [105, 106, 109]. Resulting from the covalent 

binding of reducing sugars and protein, glycation is a natural process of metabolism that occurs 

at physiological temperatures. Contrary to enzymatic glycosylation, which is highly regulated 

and integral to cellular function, non-enzymatic glycation is a spontaneous process of 

metabolism that may actually alter protein functionality. Therefore, the combination of 

hyperfibrinogenemia and hyperglycemia found in DM2 may further promote venous thrombosis 

due to the increased rate of fibrinogen glycation found in DM2 individuals. Direct correlation 

between DM2 and glycated fibrinogen was found to be approximately twice (7.84 vs. 3.89 mol 

glucose/mol fibrinogen) that of non-diabetic patients in a 38-individual comparative study [110-

113].  
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Furthermore, glycation of fibrinogen has shown to alter fibrin clot properties and overall 

clot behavior. Although the exact mechanism behind altered fibrin gel properties in patients with 

diabetes is unclear, a shift in hemostasis via direct glycation justifies how changes in fibrin clot 

structure promotes atherosclerosis and stimulates thrombogenesis. Specifically, glycated 

fibrinogen has shown to develop more compact clots that are less porous, more rigid, more 

branched, less permeable, and comprised of thinner diameter fibers [46, 114-117]. In a Pieters et 

al. 2008 study, the hypothesized hyperglycemic mechanisms that alter protein functionality were 

examined in DM2 individuals through glycemic control (insulin treatment) to investigate fibrin 

network characteristics with decreased fibrinogen glycation. After glycemic control, there was 

significant decreases in fibrinogen glycation (6.81 to 5.02 mol/glucose/mol fibrinogen) and the 

rate of lateral aggregation (5.86 to 4.62), and significant increases in permeability (2.45 to 2.85 x 

10-8 cm2) and lysis rate (3.08 to 3.27 µm/min) suggesting hyperglycemic influences on fibrin 

network formation kinetics; fiber thickness also increased after glycemic control and there was 

no difference in glycemic control and non-diabetic fiber diameter suggesting that hyperglycemia 

may play a large role in fiber thickness that impacts permeability and lysis rate [101]. Additional 

examination of the physiological behavior of glycated fibrin clots suggests that these clot 

characteristics make diabetic individuals more resistant to fibrinolysis and molecular studies 

have shown glycation occurs at lysine and valine residues, bK133 and gK75, close to plasmin 

cleaving sites [118-121]; while not the focus of this presented study, molecular examination of 

fibrinogen’s glycated resides may provide further justification to a hyperglycemic caused 

thrombogenicity theory.   

While hyperglycemia influences thrombotic risk in DM2, not all evidence supports 

altered coagulation protein activity via the direct glycation hypothesis. In a 2016 study, Li et al. 
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examined the mechanical properties of individual fibrin fiber formed from diabetic blood plasma 

to evaluate the effects of fibrinogen glycation on a single fibrin fiber. Using atomic force 

microscopy and fluorescent microscopy, fibrinogen glycation was found to have “no significant 

systematic effect on single-fiber modulus”, but significantly decreased with increasing fiber 

diameter, or the density of the protofibrils connection.  Since fiber modulus is a material constant 

and is not dependent on the diameter of homogeneous material, it was hypothesized that fibrin 

fibers do not have homogeneous cross-section of uniformly connected protofibrils which may be 

influenced by increased glycation. While the lateral assembly of protofibrils is poorly understood 

and stands as a major pitfall in the current clot literature, Li et al. (2016) suggested that fiber 

diameter including fibrinogen, glucose, or thrombin concentrations strongly affects fiber 

modulus. Since thin fibers have shown to be more than 100 times stiffer than thick fibers, 

glycated fibrin fibers must have decreased lateral protofibrils density connections and develop 

fibrin clots with thinner periphery fibers. While Li et al., (2016) found glycation did not have a 

direct effect on single-fiber mechanics, it was still found to affect overall fibrin clot structure and 

fibrinolysis.  

The pathophysiology for venous thrombosis remains elusive, and so, answering how 

hyperglycemic mechanisms influence thrombogenesis is complex and multifaceted. While DM2 

is often associated with poor health outcomes, hypotheses for hyperglycemic thrombogenicity 

are often inconclusive, contradictory and likely influence all stages of coagulation. Therefore, 

while fibrin clot structure may influence thrombus formation, clot susceptibility to lysis, and 

thrombogenesis, it is likely a combination of hyperglycemia, (either directly or via protein 

glycation), oxidative stress, endothelial dysfunction, and other factors that impact CVD risk. 

However, further examination into hyperglycemia’s influences on fibrin clot structure 
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characteristics may further explain how hyperglycemia and increased glycation influence 

thrombogenesis with the proposed experimentation.  

2.4 Potential Thrombotic and Glycemic Nitric Oxide Control 

 Nitric oxide (NO) is a free radical gas that plays complex regulation roles in human 

physiology (e.g., angiogenesis, inflammation and infection, vasodilation, thrombosis, smooth 

muscle cell proliferation and migration, wound healing, and cellular metabolism) [122-128]. 

However, NO is only a local mediator, likely only inducing physiological response ∼100 µm 

from its origin, due to its reactivity with hemoglobin in blood circulation [129]. Although NO’s 

reactivity initially suggests a limited role in cardiovascular health, a cell-free layer adjacent to 

the vascular lining provides natural diffusive resistance to NO consumption to support NO’s 

dynamic influences on maintaining healthy vasculature, and regulating hemostatic response 

[130]. Additionally, endothelial dysfunction and deficient NO concentration have been linked to 

arterial stiffness, hypertension, atherosclerosis, and cardiovascular diseases to further support the 

profound impact NO deficiency has on thrombotic pathogenesis [131, 132]. Despite all evidence 

in support of NO’s role in vascular health, some researchers still argue NO has limited potential 

as a therapeutic agent because continuous and steady NO generation is necessary to influence 

physiological responses and the current methods to overcome NO’s reactivity and supply 

continuous NO flux, although continue to improve, remain limited [133, 134]. Yet, others argue 

NO’s reactivity provides a unique opportunity for biological regulation and control due to easy 

clearance from blood circulation [133, 134].  

With steady and continuous NO release, NO-containing species, called NO-donors, have 

been extensively examined to overcome the challenges associated with NO’s reactivity, deliver 

NO release continuously, and provide NO-mediated functions for therapeutic clinical 
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applications [135]. Many NO-donors have been investigated, each with specific clinical 

characteristics including those with specific NO release rates or material strengths, but S-

nitrosothiols (RSNOs) present a superior potential therapeutic application for hyperglycemic 

thrombogenicity because of their limited influence on vascular tolerance, biocompatibility in 

medical polymers, significant antimicrobial and antithrombotic effects, and prolonged NO 

release for clinical use [136]. In particular, SNAP presents with these characteristics as literature 

supports its ability to limit thrombosis, increase vasodilation, and influence coagulation 

messaging through NO release. 

Additionally, while NO flux has shown to play an important role in glucose metabolism 

and some NO mechanisms have been hypothesized to regulate blood glucose in diabetic patients, 

these results are not absolutely congruent in SNAP experimentation. Ultimately, SNAP potential 

to simultaneously limit thrombosis, reduce platelet activation, and lower plasma glucose 

concentration in hyperglycemic conditions provides a promising potential platform for efficacy 

in limiting thrombogenicity in hyperglycemic states. Additionally, as the complexity of study 

advances steady NO-release, via an NO-donor, NO-release would be necessary to counteract the 

NO scavenger hemoglobin and analyze NO influences with flow dynamics and cellular 

components such as red blood cells (RBC) and platelets.  

Characterizing S-nitroso-N-acetylpenicillamine. Evidenced from supporting literature, SNAP 

provides a great potential vessel to release NO and control physiological responses for 

biomedical applications. With a general RSNO structure, a nitroso group attached to the sulfur 

atom decomposes under photolytic, heat, and/or catalytic conditions via homolytic cleavage of 

the S-N bond (Figure 10); decomposition of RSNO results in the release of NO and generation of 

a disulfide [137].  



 

27 

 
Figure 10: (A) The chemical structure of S-nitroso-N-acetylpenicillamine (SNAP) and (B) S-nitrosothiol decomposition 

[138]  

 

While no RSNO has reached the stage of clinical application, the discovery of natural 

thiol-containing proteins, e.g., cysteine, glutathione, and albumin, further supports the 

biocompatibility of NO-donors to successfully overcome NO’s reactivity for biomedical 

applications [139]. These naturally occurring NO-donors provide further evidence of potential 

NO control mechanisms and much experimentation has been conducted to improve the rate, 

duration, and stability for both endogenous and exogenous donors in recent years [138, 140]. 

Furthermore, synthetic RSNO, SNAP, provides a unique opportunity to examine NO-specific 

actions because of its biocompatibility.  The nitrosating biocompatible parent molecule to SNAP, 

N-acetyl-D-penicillamine (NAP), is a FDA-approved drug used to treat heavy metal poisoning, 

and so, NAP is used as a control (Figure 11) when examining the NO-specific actions of SNAP 

because it decomposes similarly, albeit without NO delivery [141, 142]. 
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Figure 11: Chemical compositions of N-acetylpenicillamine (Left) and chemical compositions of S-Nitroso-N-acetyl-D-

penicillamine (Right)  

 

S-nitroso-acetylpenicillamine (SNAP) Vasodilation. Despite its simplistic chemical 

composition and convoluted mechanisms for generation, regulation, and metabolism, NO has 

known vasodilation and endothelial turnover functions [130]. Generated by one of three human 

nitric oxide synthase (NOS) enzyme isomers, endothelial NOS (eNOS), NO can be synthesized 

(Figure 12) through the conversion of L-arginine to L-citrulline [128]. At a physiological rate 

between 0.5 – 4 x 10-10 mol min-1 cm-2, NO migrates from inside endothelial cells to the interface 

between the vessel wall and lumen to maintain endothelial lining and regulate clotting response; 

specifically, NO activates guanylate cyclase in the presence of oxygen or nicotinamide adenine 

dinucleotide phosphate-oxidase (NADPH), and several other required cofactors to have a 

profound influence on smooth muscle relaxation [128, 131, 132, 143]. Vasodilation, the natural 

widening of a blood vessel via smooth muscle relaxation, creates localized flow conditions that 

disfavor thrombosis by increasing blood flow, decreasing vascular resistance, lowering blood 

pressure, and slowing the heart rate [144]. Conversely, guanylate cyclase inhibition promotes 

vasoconstriction which has shown to facilitate thrombogenicity via hypoperfusion or inadequate 

oxygen and nutrients exchange [145]. In light of this NO-vasodilation relationship, S-

Nitrosothiols (RSNOs) have been studied to examine vasodilation capabilities. Supportively, 

studies have found that SNAP is a potent vasodilator via a continuous NO release mechanism; 
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bolus microinjections of SNAP caused dose-dependent vasodilatation (5.83 +/- 0.17) in 

endothelium-intact arteries that was supported by recovery to pre-injection pressure upon 

vascular clearance [146].  

 
Figure 12: L-arginine to L-citrulline conversion via endothelial nitric oxide synthase [147] 

 

S-nitroso-acetylpenicillamine (SNAP) and Fibrinogen Polymerization Inhibition. In addition 

to SNAP’s pronounced vasodilation response, SNAP-doped Elast-eon E2As catheters have 

shown to simultaneously reduce thrombus area (1.56 cm2 vs. 5.06 cm2) when compared to 

control catheters; reduction in thrombus area in the presence of RSNOs may be explained by 

significant structural changes to fibrinogen that modify protein functionally and, therefore, alter 

polymerization [148]. In the presence of excess thrombin, bovine fibrinogen polymerization (2.5 

× 10−5 s-1) decreased by approximately 60% and 68% in the presence of 20µM and 50µM 

RSNOs, respectively, and profound inhibition was measured when polymerization was repeated 

with human fibrinogen [148]. Encouragingly, the same concentration of RSNO had no effects on 

tosyl glycyl prolyl arginine-4-nitroanilide acetate, a chromogenic substrate for thrombin, 

suggesting that fibrinogen inhibition was substrate specific. Further experimentation suggested 

conformational changes to fibrinogen caused polymerization inhibition because identical CD 

spectra of RSNO and native fibrinogen solutions were seen, no free thiols were measured in 
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solution, and, chemically, all fibrinogen thiols are involved in disulfide bridges [149]. However, 

SNAP has been found to limit fibrinogen polymerization by approximately 50%, with maximum 

inhibition of 64%, with RSNO-aromatic ring binding in the C-termini a-chains; this finding 

supports SNAP-induced polymerization inhibition with an ~11-15% change in a-helical content 

of fibrinogen [149].  

Influences of Nitric Oxide on Platelet Activity and Fibrinogen Adhesion. While the main 

focus of this study is the examination of secondary hemostasis and fibrin clot formation, NO’s 

influence on platelet activation is briefly addressed because primary hemostasis in the form of 

the generation of the platelet plug inherently effects secondary hemostasis and NOs most 

established physiological regulation role is platelet inactivation; platelets are not integrated into 

this experimentation, but evidence in support of NOs effect on limiting platelet activation 

provides a path for further experimentation. In the activated state, platelets, or leukocytes, are 

non-nucleus bound cells that promote thrombus formation (Figure 13) through three distinct 

phases: 1) adhesion or the attachment of platelets to the vessel wall; 2) further activation or the 

chemical signaling to recruit more platelets, fibrinogen, and other components necessary for clot 

polymerization; and 3) platelet aggregation or the binding of activated platelets to other activated 

platelets [150, 151].  
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Figure 13: The three phases of platelet plug formation. (Left): adhesion, (Middle): further activation via chemical 

signaling, (Right): platelet aggregation.  

 

Therefore, as NO regulates platelet activation and platelet aggregation, NO provides a 

protective response to platelet recruitment and platelet plug formation after primary hemostasis 

initiation [152]. In this regulation response, platelet NOS (pNOS) synthesizes NO, in a similar 

fashion to eNOS, to stop platelet activation and ensure that thrombi do not propagate or occlude 

the vessel diameter after initial thrombus growth [144, 153, 154]. Although a concrete 

understanding of NO’s role in platelet activation is not fully defined, it is clear that NO 

concentration regulates platelet plug formation by decreasing platelet activation as a pNOS 

inhibitor, L-NAME, significantly increases platelet recruitment, platelet aggregation, and 

thrombus size via a cyclic GMP-dependent mechanism [155]. In contrast, platelets incubated 

with SNAP cause significant reduction (p < 0.05) in adhesion to fibrinogen-coated micro-titer 

plate surfaces at a physiologically relevant 0.0125 U/mL thrombin level [156]. Additionally, a 

flow-based material study of SNAP-E2A coatings showed to reduce platelet activation via 

increased NO concentration, as platelet count (100 ± 7% vs. 60 ± 6%) was preserved when 

compared to E2As control circuits [157]. While SNAP-E2A coatings also increased fibrinogen 

adsorption, whereby SNAP/E2A coatings fibrinogen concentration dropped 13% over the 4 
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hours measurement, the release of NO was able to overcome increased fibrinogen adsorption and 

limit thrombus formation by inactivating platelets. As fibrinogen adherence has been linked to 

thrombus formation via binding of activated platelet to the integrin receptor, aIIb-b3, on each 

end of the fibrinogen molecule during platelet plug formation, SNAP provides thromboresistance 

via platelet inactivation in addition to the fibrinogen polymerization inhibition and vasodilation 

effects [157-159]. 

NO’s Mechanism for Glucose Metabolism. In addition to the NO-mediated vasodilation and 

platelet activities, NO’s role in glucose metabolism is noted for regulating and improving 

clotting response in diabetes as cellular NO synthesis plays a critical role in glucose metabolism 

[160]. NOS expression modulates glucose transport to skeletal muscles and adipose tissues, and 

control of plasma glucose concentration could limit hyperglycemic direct glycation of fibrinogen 

and reduce the thrombogenicity experienced in these patients [160]. Specifically, these cell types 

are believed to remove glucose from the blood for cellular growth via two major stimuli, insulin 

and muscular contraction, and the glucose transporter, GLUT4, facilitates the removal of glucose 

from the blood in both pathways [133, 161]. While the insulin pathway innately requires insulin 

binding for glucose disposal, the muscular contraction pathway utilizes NO generation to 

mediate glucose uptake that is independent from the insulin concentration, and this is of 

particular importance for the control of plasma glucose concentration as insulin deficiency is a 

consistent characteristic of diabetic patients [160]. Supportively, inhibition of eNOS has shown 

to reduce leg glucose uptake by 48% in healthy individuals and a more pronouncedly ~75% in 

DM2 patients [162, 163]. As analysis found this inhibition to be independent of blood flow or 

insulin level, it was suggested that up-regulating NO production had the potential for plasma 

glucose control [162, 163]. In support of these claims, NO-donors have been examined for 
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glucose metabolism control, but results have been conflicting. While exposing NO-donor sodium 

nitroprusside (SNP) has shown to inhibit glycogen synthesis and increase the rate of glucose 

transport in rat skeletal muscle, SNAP presents a conflicting effect on glucose metabolism [164]. 

Concentrations of  S-Nitrosoglutathione (GSNO) and SNAP below 1mM increased basal 2-

deoxyglucose uptake, for example, at 115.8 +/- 10.4% with SNAP and 116.1 +/- 9.4% GSNO 

with a maximum at 1mM, and appeared to be additive with insulin exposure in the adipocytes of 

both control and diabetic rats, but these same donors demonstrated significant inhibition at a 

decrease of 50.0 +/- 4.5% and 61.5 +/- 7.2%, respectively at concentrations above 10mM [165].  

Although micromolar concentrations of RSNOs support NO-mediated glucose uptake, 

the NO-donor is suggested as the cause for affecting glucose metabolism. RSNOs have shown to 

reduce plasma insulin levels and cause a hyperglycemic effect, but more recent experimentation 

has shown that NOs inhibitors, like L-NMMA and L-NAME, decrease the NO-donor 

hyperglycemic effect by up-regulating the NO-mediated glucose metabolism pathway and 

counteract the decreased glucose tolerance with SNAP administration [166, 167]. Overall, there 

is still much experimentation required to examine the effect of all of these NO-mediated 

mechanisms in physiology, but the presented literature offers a promising potential of NO-

donors, particularly of SNAP, to reduce thrombogenicity in hyperglycemic conditions by 

simultaneously reducing thrombosis, regulating platelet activation, and lowering plasma glucose 

concentration.  
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CHAPTER 3: AIMS AND OBJECTIVES 

3.1 Objectives 

In this study, the biological imaging technique of laser scanning confocal microscopy 

(LSCM) is used to quantify differences in fibrin clot morphology at three different physiological 

blood glucose concentrations. Specifically, the fibrin clot structure features of fiber overlap, fiber 

length, fibrin matrix porosity, and fractal dimension are measured via image detection of fibrin 

matrix aggregates. Algorithms are employed to distinguish fibrin clot features through glucose 

concentration comparisons. An improved understanding of the effects of glucose concentrations 

on fibrin clot structure could be used to improve the prevention and treatment of thrombotic 

clotting states like that seen in DM. If significant mean differences are found between glucose 

conditions, the presented experimental design could be modified to provide an alternative 

quantitative tool for the predication of diabetic-related clotting risk; however, this methodology 

would need to be tailored to human blood and coupled with the appropriate epidemiological data 

for diagnostic purposes. Task-oriented objectives were designed to achieve the following project 

aims:  

1. Present experimental protocols for the successful polymerization, imaging, and 

quantification of fibrin clot structure. 

• Can fluorescence, object detection, and computational techniques be used to 

visualize fibrin clot structure? 

2. Develop image analysis algorithms to quantify fibrin fiber overlap, fibrin length, and 

matrix porosity for sample conditions. 
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• Does glucose concentration affect fibrin clot structure? 

3. Conduct statistical analysis to determine if mean differences exist between conditions for 

the four outcomes of interest. 

• Do results suggest that this methodology could be adapted for human sampling 

and clinical diagnosis of clotting risk? 

4. Integrate SNAP into Objective 1 and revisit/address supplemental questions. 

• How does SNAP integration affect fibrin clot structure outputs? 

5. Evaluate the efficacy of NO-release for thrombotic control. 

• Could SNAP integration reduce the hyperglycemic condition seen in DM patients 

that cause thrombotic risk? 

Examination of the glucose/nitric oxide/fibrinogen interactions could also provide a proof 

of concept for reducing thrombogenicity in physiological hyperglycemic conditions. Overall, the 

effects of glucose and SNAP on fibrin clot structure are presented in hopes of providing 

explanations for mean differences in fiber overlap, fiber length, fibrin matrix porosity, and fractal 

dimension using a LSCM approach. If significant mean differences are found between glucose 

conditions, the current experimental design could provide a novel platform to limit 

hyperglycemic thrombogenicity though NO-medicated glycemic control, while simultaneously 

improving hemostatic response.  

3.2 Experimental Approach 

Both experimental and computational methodologies were integrated into this study to 

achieve the following main aims: 

Experimental Methods. Native and glycated fibrin clot protocols were developed to mimic 

physiological thrombus formation; glucose concentrations of 6.0mM and 10.0mM were selected 
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to meet the approximate fasting blood glucose averages of healthy and untreated diabetic 

patients, respectively [168]. For all incubation protocols, a 48-hour incubation period was 

applied to facilitate non-enzymatic glycation of fibrinogen at a physiologically relevant 

temperature of 37°C. For fibrin gel preparation, elevated platforms were created to maintain the 

native structures of formulated clots and protect samples from dehydration and contamination. 

Clots were polymerized with a uniform concentration of 1 U/mL Human thrombin and repeated 

with an extreme concentration, 50 U/mL Human thrombin, for instance in which no clot 

formation was detected; this was conducted to confirm the lack of fibrin clot formation was not 

due to a lack of enzymatic activity. Uniform imaging area, zoom, polymerization time, and 

pixelated areas were selected for examination through a trial-and-error phase; all comparison 

were conducting under identical data collection parameters to further remove an uncertainty 

associated with the feature detection algorithms developed. Z-stacks vertical slicing of samples 

was conducted on representative areas of fibrin gels conditions and repeated at least three times 

per trial sample to ensure results represented the true characteristics of the condition; z-stack 

slicing was conducted at a consistent interval of 0.5 µm and uniform for all LSM conditions. A 

variety of biological assays were developed to supplement fibrin clot characteristics and support 

literature comparisons. Fibrinogen glycation was quantified using a colorimetric glucose assay 

and compared to previous literature when assessing its accuracy and validity.   

Computational Methods. Pre-processing and image analysis were conducted separately for 

each 2-D slice of fibrin clot structure parameter calculations; fiber aggregates were highlighted 

using image analysis techniques in Matlab (MATLAB; The MathWorks, Natick, MA) for fiber 

detection and thrombus feature classification. Computational methods were developed to 

distinguish fibrin clot structure parameter differences in fibrin fiber overlap, fiber length, fiber 
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matrix porosity, and fractal dimension at the selected glucose concentration. Z-stacks were pre-

processed to enhance fibrin matrix structure prior to image detection and analysis; fibrin clot 

characteristic calculations were measured separately for each 2-D slice of a z-stack. “Vesselness” 

and line generation were conducted using the fibermetric (Equation 1) and Hough Line transform 

functions [169]. 

Equation 1: Equation for the vesselness measure of a 2D image where B and C are thresholds that control the sensitivity 
of the line filter, RB is the dissimilarity measurement, and S is the “second-order structureness” of a given dimensional 

area. 

 

The fiber metric function was applied to generate a binary pre-processed matrix, while 

the Hough Line transform functions were applied to obtain image analysis outputs of fiber 

overlap and fiber length [7, 169, 170]. Prior to Hough Line generation, fiber matrix porosity and 

fractal dimension were measured by dividing the number of “on” pixels by the total number of 

pixels for each pre-processed 2-D binary image. Line segments represented detected fibrin fibers, 

generated from the tubular structures of the fibermetric function and were utilized to conduct all 

subsequent calculations. Fibrin fiber overlap was determined by computing the number of 

overlaps (intersections) for each individual fibrin fiber (Appendix A). Simultaneously, fiber 

length outputs were determined by measuring the length of each generated Hough Line. Fiber 

length outputs were converted from length averages (in pixels) of the Hough Lines from each z-

stack slice into a quantifiable measurement in microns (µm). Generation of tubular structures and 

line segmentation (Figure 14) followed this identical methodology for each raw tagged image 

file of a z-stack. 
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A 

 
B 

 
C 

Figure 14: (A) 2-D z-stack slice TIFF file (B) Conversion of (A) to a binary pre-processed matrix using the fibermetric 
function (C) Line segmentation of the TIFF file using Hough line transform functions. 
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CHAPTER 4: GLUCOSE EXPERIMENTATION 

4.1 Materials and Methods 

The following two methods were used in this research: 1) feature detection of fibrin clot 

characteristics at three glucose concentrations; and 2) evaluation of fibrinogen glycation using a 

colorimetric glucose assay. Glucose conditions were conducted at a controlled and consistent 

fibrinogen concentration to assess the isolated effect of glucose concentration on feature 

detection measurements and fibrinogen glycation.    

Material Preparation. Three glucose conditions, 0.0mM, 6.0mM, and 10.0mM, equal 

concentrations of FIB 3 Plasminogen, von Willebrand Factor and Fibronectin depleted (ERL, 

Southbend, IN), and fibrinogen from Human Plasma, Alexa Fluor 488 Conjugate (Fisher 

Scientific, Pittsburg, PA) were integrated into 100 µL volumes. The three incubation conditions 

contained 6.8 g/L fibrinogen, 100mM NaCl, and specified amounts of glucose; a 10% dye of 

fibrinogen was applied to working volumes to match previously successful imaging of fibrin gels 

[7, 8]. A stock 40mM glucose solution (TGDI) was prepared from D-glucose and deionized 

water, diluted with 50mM Tris buffer (Lonza, Basel, Switzerland), and stored at 4°C prior to use. 

For each glucose condition, 30 µL of stock TGDI was further diluted with 50mM Tris buffer to 

meet specified concentrations of glucose; a 20.0mM glucose solution was created for integration 

into incubation of the 6.0mM glucose condition and a 33.3mM glucose solution was created for 

integration into incubation of the 10.0mM glucose condition.  For the 0.0mM glucose condition, 

30 µL of 50mM Tris buffer was used in lieu of TGDI to maintain a consistent total incubation 

volume for a three incubation conditions. Two µL of 5M NaCl were added to each 100 µL 
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volume to meet a physiological sodium concentration during incubation [171]. Volumes of 

materials (Table 1) to meet the specified incubation conditions were mixed in 1.5 mL centrifuge 

tubes and incubated at 37°C in a 5L Isotemp Water Bath (Fisher Scientific, Pittsburg, PA) for 48 

hours. Incubation conditions contained 6.8 g/L fibrinogen, 100mM NaCl, and varied only in 

glucose concentration. For clot preparation, thrombin solution was prepared from Human a-

Thrombin (ERL, Southbend, IN), 1M CaCl2, and 50mM Tris Buffer. Stock Human a-Thrombin 

was diluted to 100 U/mL with 50mM Tris buffer, separated into 1 mL aliquots, and stored at --

20°C prior to use. Fifteen minutes prior to the end of 48-hour fibrinogen incubation, a 100 U/mL 

Human a-Thrombin aliquot was thawed at room temperature and used to prepare 1 U/mL 

Human a-Thrombin, 100mM Calcium Chloride thrombin solution in a 1.5mL centrifuge tube.  

 
Table 1: Volume of materials necessary for successful LSM 880 imaging of 0.0mM, 6.0mM, and 10.0mM glucose clots. 

 Glucose Incubation Concentration 

Incubation Glucose Concentration 0.0mM 6.0mM 10.0mM 

Total Incubation Volume 100 µL 100 µL 100 µL 

FIB 3 61.2 µL 61.2 µL 61.2 µL 

Alexa Fluor 488 Conjugate 6.8 µL 6.8 µL 6.8 µL 

5M NaCl 2 µL 2 µL 2 µL 

Final TGDI Concentration N/A 20mM 33.33mM 

TGDI Volume N/A 30 µL 30 µL 

 

Slide Preparation. Lifted platforms (Figure 15) were prepared to maintain fibrin clot structures 

by stacking labeling tape 20 mm apart on sterile glass microscope slides; five pieces of adhesive 

were used to create each side of the platform and the space aside the platform was used to load 

polymerized clots. For clot polymerization, 20 µL of an incubated fibrinogen solution and 20 µL 
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of the prepared Human a-Thrombin solution (1:1 dilution) were added to a clean 1.5 mL 

centrifuge tube, (a polymerization tube), and were pipette mixed several times to homogenize 

polymerization. From the resulting 40 µL solution, 30 µL of homogenized solution containing 

3.4 g/L fibrinogen, 0.5 U/mL Human a-Thrombin, and specified amounts of glucose were then 

immediately transferred to the sample loading area. Five minutes after transferring the 

polymerization solution to the microscope slide, a 22 mm square transparent cover slip was 

placed over the sample to seal the sample loading area, limit air exposure, avoid contamination, 

and minimize dehydration during polymerization. Slides were placed in a microscope slide box 

and allowed to polymerize for 2 hours prior to imaging. A schematic (Figure 16) is provided to 

clarify the transfer of solutions for this described protocol. 
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Figure 15: Lifted platforms were used to maintain fibrin gel’s native structure and protect clots from contamination 

during the two-hour polymerization period. 
 

 
Figure 16: A schematic for the transfer of solutions for fibrin clot polymerization.  

 

Laser Scanning Microscopy Parameters. Fibrin clots were imaged using laser scanning 

confocal microscopy (LSCM) on a LSM 880 with 20X Plan-Apo/0.75 NA and DIC capability 
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(Ziess, Oberkochen, Germany). For each glucose condition, 0.0mM, 6.0mM 10.0mM, a 

minimum of nine z-stacks were collected to represent the imaging condition; three representative 

locations were selected to collect z-stacks from polymerized clots. A minimum of 60 slices were 

collected for each z-stack at 0.5 µm and 2X zoom. 

Colorimetric Glucose Assay Procedure. A Colorimetric Glucose Assay (Cayman Chemical, 

Ann Arbor, MI) was performed on an EPOCH Microplate Spectrophotometer (BioTek, 

Winooski, VT) to quantify fibrinogen glycation. A sodium phosphate assay buffer (SPAB), a 

1000 mg/dL glucose standard, and a lyophilized enzyme mixture were provided in the assay kit; 

these materials were prepared separately and used in colorimetric glucose assay protocol. SPAB 

was prepared by mixing the provided 10 mL of 250 mM sodium phosphate with 40 mL of HPLC 

water. The enzyme mixture was prepared by reconstituting the provided lyophilized vial with 6 

mL of the SPAB. The glucose standard of 100 mg/dL was prepared by diluting the provided 

1000 mg/dL glucose with SPAB; the standard curve was built by further diluting the 100 mg/dL 

glucose standard with SPAB (Table 2) and running colorimetric glucose assay protocol. 

Table 2: Volumes of SPAB and 100 mg/dL glucose standard used to build the standard curve.   

Glucose 
(mg/dL) 

Average Raw 
Abs @ 510nm 

Corrected 
Average Abs 

@ 510nm 

Standard 
Deviation 

Standard 
Trial1 

Standard 
Trial2 

0 0.1480 0.0000 0.0020 0.146 0.15 
2.5 0.2530 0.1050 0.0190 0.234 0.272 
5 0.2665 0.1185 0.0245 0.242 0.291 

7.5 0.4850 0.3370 0.0050 0.49 0.48 
10 0.5535 0.4055 0.0045 0.558 0.549 
15 0.8485 0.7005 0.0045 0.844 0.853 
20 0.9135 0.7655 0.0985 1.012 0.815 
25 1.0685 0.9205 0.1235 0.945 1.192 

 

The colorimetric assay protocol (Figure 17) was conducted by adding 85 µL of SPAB, 15 

µL of a homogenized standard, and 100 µL of colorimetric enzyme mixture to a well of a 96-
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well microplate. The 96-well place microplate was incubated at 37°C for 10 minutes and 

absorbance was measured at 510nm on an EPOCH Microplate Spectrophotometer (BioTek, 

Winooski, VT). The protocol was repeated twice for each standard and fit to the absorbance 

readings. 

 
Figure 17: Reaction scheme of Colorimetric Glucose Assay. 

 

The colorimetric glucose assay was conducted on glucose conditions 0.0mM. 6.0mM, 

and 10.0mM, containing 6.8 g/L FIB 3 Plasminogen, von Willebrand Factor and Fibronectin 

depleted, 100mM NaCl. Glucose concentration was integrated into incubation volumes via 

diluting 40mM glucose stock buffer; conditions were identical to LSM imaging conditions. After 

preparing glucose conditions, a portion was transferred to the 1.5mL centrifuge tube and diluted 

(1:4) with SPAB. The remaining glucose condition was placed in the 5L Isotemp Water Bath and 

incubated at 37°C for 48 hours for later use; only diluted samples were used in this colorimetric 

glucose assay protocol. The colorimetric glucose assay protocol was conducted immediately 

after sample dilution by adding 15 µL of homogenized sample, 85 µL of SPAB, and 100 µL of 

colorimetric enzyme mixture to a well of a 96-well place microplate. The microplate was 
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incubated at 37°C for 10 minutes and absorbance was read at 510nm on an EPOCH Microplate 

Spectrophotometer (BioTek, Winooski, VT). Five samples per condition were taken and three 

readings were collected from each sample to ensure homogeny and consistency between readings 

of a glucose sample. The same methodology was conducted on incubated glucose conditions at 

the end of the 48-hour incubation period. Zero and 48-hour absorbance readings were used in 

subsequent calculations using the change in free glucose over 48 hours and presented in the 

quantifiable form of mol(glucose)/mol(fibrinogen).  

Image processing. Image processing enhanced z-stack slices using multiple feature detection 

techniques of the Image Processing Toolbox in MATLAB (MathWorks, Natick, MA) [172]. 

Geometrical tubular elements were identified with the fibermetric function, which used multi-

scale second order local structures or a "vesselness" measure of eigenvalues from a Hessian 

pixilated matrix, to detect tubular structures [169]. This function accurately identified tubular 

structures, but also filtered out areas of dense fiber overlap; a mean filter function was used to 

identify densely populated fiber areas within each original z-stack slice. These two pre-

processing techniques were combined into a single preprocessed image and used in subsequent 

segmentation methods. Specifically, houghpeak (Hough Transform) and houghline (Hough Line) 

functions were applied to generate Cartesian line segments through the center of tubular 

structures to represent detected fibrin fiber [7, 169, 170].  

Fibrin Clot Characteristic Algorithms. Fibrin fiber overlap, fibrin fiber length, fiber matrix 

porosity, and fractal dimension were computed to determine mean variations. Fibrin fiber 

overlap was calculated by computing the number of overlaps (intersections) for each fibrin fiber. 

Fibrin fiber length was calculated by computing the length of each Hough Line; fiber length was 

measured in pixels and presented in a more tangible length measurement, microns. Fiber matrix 
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porosity was calculated by dividing the number of “on” pixels by the total number of pixels for 

each pre-processed 2-D slice. Fractal dimension was calculated using the Hausdorff box-

counting method [173-175].  

Statistical Analysis. Microsoft Excel was used for data management and pre-processing and 

statistical analysis was performed using SAS 9.4 (SAS, Cary, North Carolina) at a 95% 

confidence interval [176].One-way ANOVAs with the Tukey HSD post hoc test were performed 

on characteristic measurements and fibrinogen glycation from incubated 0.0mM, 6.0mM and 

10.0mM glucose images (Appendix B).  

4.2 Results 

Representative images for the glucose concentrations (Figure 18) illustrated variations in 

fibrin fiber structure characteristics. These images were used as a reference when discussing 

characteristic differences from feature detection outputs. While not physiologically relevant, the 

0.0mM condition was selected to provide a baseline comparison to glucose containing 

conditions. 

 
Figure 18: Representative images of the (A): 0.0mM, (B): 6.0mM, and (C): 10.0mM glucose conditions obtained from a 

LSM 880 at 20X Plan-Apo/0.75 NA and DIC capability with 2x optical zoom. 

 

Fibrin Clot Characteristics. Fibrin clot characteristics for the three glucose concentration levels 

are summarized in Table 3. The number of samples (N), means, and standard deviations revealed 
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significant differences (p < 0.0001) for clot structure characteristics. Fibrin fiber overlap and 

fractal dimension were not significant between the 0.0mM and 6.0mM measurements, but both 

conditions were significantly different from 10.0mM glucose.  

Table 3: Fibrin clot structure parameter outputs for the three glucose conditions.   

Variables 0.0mM 6.0mM 10.0mM 
N 843 857 643 

Overlap Mean 14.67 14.29 10.33 
Overlap STD.P 4.85 2.33 2.31 

Length Mean (µm) 24.96 24.31 22.88 
Length STD.P 1.77 0.89 1.04 

Porosity Mean (%) 75.57 77.10 86.37 
Porosity STD.P 4.94 3.81 3.68 

Fractal Dimension 1.754 1.736 1.632 
Fractal STD. P 0.039 0.037 0.055 

 

 

Fibrin Fiber Overlap Variation with Glucose Concentration. The 0.0mM condition resulted 

in the highest fibrin fiber overlap average (14.67) and this value decreased as glucose 

concentration increased (Figure 19). While this trend was also observed as glucose concentration 

increased from 0.0mM to 6.0mM glucose (14.29), mean fibrin fiber overlap between the 0.0mM 

and 6.0mM glucose conditions was not significantly different. However, the means for fibrin 

fiber overlap measured in the 0.0mM and in the 6.0mM glucose conditions were found to be 

significantly different (p < 0.0001) from the10.0mM glucose condition (10.33). 
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Figure 19: Fibrin fiber overlap averages for the 0.0mM (N = 843), 6.0mM (N = 857), 10.0mM (N = 643) glucose incubation 

concentrations with standard deviation error bars. Statistical significance: * p < 0.0001, ** p < 0.0001. 

 

Fibrin Fiber Length Variation with Glucose Concentration. Longitudinal variations in 

Hough Lines were used to quantify fibrin fiber length. The highest average fibrin fiber length 

(Figure 20) was measured in the 0.0mM condition (24.96 µm) and decreased as glucose 

concentration increased; fibrin fiber length average also decreased from the 6.0mM (24.31 µm) 

to 10.0mM condition (22.88 µM). Glucose concentration had a significant effect on fibrin fiber 

length for the three glucose conditions. 



 

49 

 
Figure 20: Fibrin fiber length averages converted into microns for the 0.0mM (N = 843), 6.0mM (N = 857), 10.0mM (N = 
643) glucose incubation concentrations with standard deviation error bars. Statistical significance: * p < 0.0001, ** p < 

0.0001, *** p < 0.0001. 

 

Fibrin Matrix Porosity Variation with Glucose Concentration. Fibrin matrix porosity (Figure 

21) increased as glucose concentration increased.  Highest porosity was seen in the 10.0mM 

glucose condition (86.37%), with decreases revealed for both the 6.0mM condition (76.10%), 

and the 0.0mM condition (75.57%). Glucose concentration affected fibrin matrix porosity as 

evidenced by mean significant differences (p < 0.0001) between all three glucose concentrations. 
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Figure 21: Fibrin matrix porosity averages for the 0.0mM (N = 843), 6.0mM (N = 857), 10.0mM (N = 643) glucose 

incubation concentrations with standard deviation error bars. Statistical significance: * p < 0.0001, ** p < 0.0001, *** p < 
0.0001. 

 

Fractal Dimension Variation with Glucose Concentration. Fractal dimension (Figure 22) 

decreased as glucose concentration increased. With the lowest fractal dimension observation in 

the 10.0mM glucose condition (1.632), fractal dimension increased in the 6.0mM condition 

(1.736) and was highest in the 0.0mM condition (1.754). Mean fractal dimension did not differ 

significantly between the 0.0mM and 6.0mM glucose conditions, but both were found to be 

significantly different (p < 0.0001) from the 10.0mM condition. 
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Figure 22: Fractal Dimension averages for the 0.0mM (N = 843), 6.0mM (N = 857), 10.0mM (N = 643) glucose incubation 

concentrations with standard deviation error bars. Statistical significance: * p < 0.001 and ** p < 0.0001. 

 

Fibrinogen Glycation Independent of Fibrinogen Concentration. The colorimetric glucose 

assay evaluated the effect of glucose concentration on fibrinogen glycation. A standard curve 

(Figure 23) from known stock concentrations of diluted glucose standards was used to calculated 

free glucose sample conditions. The standard curve linearly fit to absorbance at 510nm (R2 = 

0.9703). 
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Figure 23: Standard Curve from colorimetric glucose assay. The curve was developed by plotting the measured 

absorbance at 510nm after 10 minutes of incubation vs. each known concentration of glucose. 

Colorimetric glucose assay measurements (Table 4) were collected to quantify fibrinogen 

glycation. At T=0, free glucose concentration measured 0.042mM, 5.476mM, and 9.104mM for 

the 0.0mM, 6.0mM, and 10.0mM conditions, respectively. After 48 hours of incubation, mean 

free glucose concentration decreased in all three glucose conditions; free glucose concentration 

measured 0.012mM, 5.328mM, and 8.116mM for the 0.0mM, 6.0mM, and 10.0mM conditions, 

respectively. The change in free glucose was used to calculate fibrinogen glycation over 48 hours 

of incubation at 37°C. The highest glycated fibrinogen concentration, 4.942 molglucose/molfibrinogen, 

was found in the 10.0mM condition and decreased with decreasing glucose concentration.  

Fibrinogen glycation concentration measured 0.743 molglucose/molfibrinogen for the 6.0mM 

condition and 0.154 molglucose/molfibrinogen for the 0.0mM condition. Glycated fibrinogen 

concentration, 0.154 molglucose/molfibrinogen, for the 0.0mM condition is effectively zero because: 

1) the associated error, 0.49, was greater than the measured value at T =0 and 2) the colorimetric 
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glucose assay lower level of detection (0.013mM) was lower than the free glucose concentration 

(0.012mM) at T=48. 

Table 4: Colorimetric glucose assay measurements used to quantify fibrinogen glycation after 48-hour incubation. 

Variables 0.0mM 6.0mM 10.0mM 
Free Glucose @ T = 0 (mM) 0.0424 5.476 9.104 
Free Glucose @ T = 0 STD.P 0.049 0.122 0.200 
Free Glucose @ T = 48 (mM) 0.012 5.328 8.116 
Free Glucose @ T = 0 STD.P 0.059 0.347 0.431 
D in Free Glucose (mM) 0.031 0.149 0.989 

Fibrinogen Concentration (mM) 0.200 0.200 0.200 
Glycation (molglucose/molfibrinogen) 0.154 0.743 4.942 

Glycation STD. P 0.011 0.047 0.063 
 

The average of the initial free glucose, the free glucose after 48 hours, and glycated 

fibrinogen (Figure 24) were calculated from 15 sample trials per condition. Although the zero 

hours absorbance readings were linear with glucose concentration, the 48 hours readings were 

not. Fibrinogen glycation over 48 hours was also not a linear function of glucose condition as 

glycated fibrinogen in the 0.0mM and 6.0mM conditions were significantly lower than the 

10.0mM condition. Results from a one-way ANOVA found glucose concentration to 

significantly (p < 0.0001) affect glycated fibrinogen concentration. 
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Figure 24: Change in free glucose and fibrinogen glycation after 48 hours of incubation at 37°C. 

  

4.3 Discussion 

This study had two main aims. The first was to evaluate the effect of glucose 

concentration of fibrin clot characteristics at three glucose concentrations. The second, which has 

not been experimentally tested before and which significantly contributes to the experimental 

literature to-date, was to conduct fibrinogen glycation measurement in a controlled in vitro 

environment in hopes of elucidating that hyperglycemia increases fibrinogen glycation, alters 

clot characteristics, and influences clot behavior in DM.  

Experimentally, the presented methodology was able to visualize fibrin clot structure 

characteristics for three glucose concentrations in a controlled in vitro fibrinogen system. The 

use of a 10% dye of fibrinogen concentration provided an effective balance of florescent and 

non-florescent fibrinogen; a higher percentage of total fibrinogen may have resulted in image 
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saturation and the inability to distinguish fibrin fibers, while a lower dye percentage may have 

resulted in under-detection or indistinguishable variation in fibrin fiber characteristics. The 

selection of a 0.0mM glucose condition (although not physiologically relevant) provided a 

baseline comparison to the 6.0mM and 10.0mM glucose conditions. 

Fibrinogen glycation was suspected to influence changes in fibrin clot characteristics and 

promote macrovascular disease, but quantification of fibrinogen glycation under a consistent 

fibrinogen concentration in vitro is novel to this experimentation. The colorimetric glucose assay 

was able to measure changes in free glucose and calculate fibrinogen glycation within range of 

previously conducted in vivo studies [114, 177, 178]. Often, glycated protein assays are used to 

measure glycated fibrinogen during clinical examination, but the colorimetric glucose assay was 

selected for this study because: 1) the glycated protein assay is not specific to fibrinogen; and 2) 

fibrinogen is a large protein; when assay reactions are not specific to that protein, the large 

protein size of fibrinogen adds additional accuracy concerns. The glycated protein assay uses a 

generic protease to generate protein fragments before measuring glycation, and so, inconsistent 

cleavage of fibrinogen could explain the lower glycation measurements in this study in 

comparison to clinical results. Unfortunately, however, colorimetric glucose assay protocol is not 

possible in vivo because fibrinogen is exposed to glucose prior to measurement and no glycation 

baseline can be measured for comparison. Without more information of all glucose binding sites 

to fibrinogen, the glycated protein assay may be the best method currently available to quantify 

glycated fibrinogen in vivo.  

Secondly, the presented computational methodology was able to successfully distinguish 

fibrin clot characteristics that appeared visually different in the three glucose conditions. The 

fibermetric function calculated multi-scale second order local structures and was found to be an 
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effective pre-processing approach when coupled with a mean filter function. Both functions were 

necessary to detect the local likelihood of vessels for densely populated fiber areas and feature 

detection methods that do not consider local geometry or account for highly populated local 

fibrin areas may result in less accurate recognition of tubular features. Overall, the ability of the 

presented computational methodology to detect fibrin matrix features for densely populated fiber 

areas and multiple size ranges may provide advantages in future in vivo experimentation of fibrin 

clot characteristics. 

Fibrin fiber overlap was used as a quantitative reference to examine the connective 

behavior of detected fibrin fiber aggregates. The lack of significant difference found between the 

0.0mM and 6.0mM glucose conditions could be explained by differences in fiber length outputs 

for these conditions. Since the average length of the 6.0mM glucose condition was shorter than 

the 0.0mM condition, the shorter fibers are less likely to overlap with other randomly oriented 

shorter fibers in the 6.0mM condition. While another study has shown that glucose concentration 

increased fibrin fiber overlap, fibrin fiber overlap at glucose concentrations higher than 10.0mM 

also decreased in this study; different computational methodologies, different macromolecule 

concentrations (thrombin, fibrinogen, and, FXIII, etc.), and different image magnifications were 

conducted, so results may not be comparable [7]. Future study to further examine the effect of 

glucose concentration and other macromolecules like FXIII on fibrin fiber overlap are needed. 

Fibrin fiber length was measured to confirm dehydration and did not compromise results. 

Fiber length measurements are all in agreement with fibrin fiber length averages (23 +/- 9 µm) 

from previous studies and confirm that native fibrin clot structures were maintained [179, 180]. 

While fiber length decreased with increasing glucose concentration and was significantly 

different between glucose groups, it is difficult to makes claims of the true effect of glucose 
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concentration on fibrin fiber length here because results are based on two-dimensional images of 

three-dimensional structures. The effect of glucose concentration on fibrin fiber length could be 

made by developing three-dimensional representations of fibrin matrixes, but the z-stack slice 

distance (0.5 µm) is too large to accurately connect fiber diameters (0.1 µm) in adjacent z-stack 

slices.    

Traditionally, the term porosity indicates the amount of spaces or holes through which 

fluid can flow. Since fibrin matrix porosity represents the proportion of “on” pixels and is 

presumed to be a measure of clot permeability, and porosity measurements in this study actually 

indicate fibrin fiber density. Assuming samples were homogenized with equal amounts of 

fibrinogen (unique to this study), higher porosity measurements indicate more densely 

compacted formed fibrin fibers. Many studies have presented data on the effects of protein 

glycation on fibrin fiber density, clot stability, resistance to lysis, and their influences of clotting 

risk, but this is the first study to our knowledge that examines the effect of glucose concentration 

on fibrin fiber density in a controlled in vitro fibrinogen system [46, 109, 113-117, 181, 182]. In 

clinical examinations, DM’s defining characteristic of resting hyperglycemia is often used to 

justify changed fiber characteristics, clot stability, and thrombus behavior.  However, the extent 

of hyperglycemia’s influence on unstable and spontaneous clot formation in the diabetic patient 

remains highly debated due to many factors including hyperfibrinogenemia, hyperinsulinemia, 

dyslipidemia, hypertension, obesity, decreased fibrinolysis, endothelial dysfunction, and changed 

platelet aggregability which are known to influence thrombus formation present themselves 

simultaneously [54, 62, 64, 65, 85, 87-89, 113, 183]. For example, fibrinogen concentration, an 

established independent risk factor for CVD, regardless of vascular event history, has shown to 

influence fibrin clot structure [105-108, 184]. In a study of hyperfibrinogenemic mice, fibrin 
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fiber characteristics showed significant changes, quicker vessel occlusion, increased fibrin mass, 

and poor fibrinolytic behavior when compared non-hyperfibrinogenemic controls [185]. As such, 

if fibrinogen concentration is consistently higher in diabetic patients and apparently variable 

across patients, the effects of hyperglycemia on DM and on fibrin(ogen) conversion, fibrin fiber 

formation, clot stability, and thrombus behavior have yet to be thoroughly examined in vivo 

[186]. As diabetics consistently form more compact clots, fibrin fiber density measurements, 

independent of fibrinogen concentration, provide further evidence supporting hyperglycemia’s 

influences on fibrinogen glycation that affect fibrin clot morphology.  

Measurement of fractal dimension (df) is becoming increasingly studied as a potential 

biomarker of macrovascular risk with many studies demonstrating how changes in df relate to 

changes in thrombus mass [187-190]. However, the majority of these analyses use Scanning 

Electron Microscopy (SEM) images which makes it difficult to compare this approach with 

LSM; a higher df is typically associated with denser, at risk, fibrin clot structure, but a reverse 

trend was seen with the LSM methodology. Examining the relationship between thrombin 

concentration and df with constant fibrinogen concentration, Hawkins et al. (2012) found LSM 

clots were qualitatively different in clot architecture at different thrombin concentrations and 

increased in df with increasing thrombin concentration [191]. In comparison with our findings, 

this trend suggests increased glucose concentration actually slows clotting time to produce 

denser fibrin fibers as the 10.0mM condition produced the densest formed fibers and lowest df. 

Additionally, although not conducted under a consistent fibrinogen concentration, kinetic 

measurements of fibrinogen polymerization time found that stable thrombus formation was 

significantly higher (6.6 vs. 7.3 minutes, p <.05) in hyperglycemic conditions [192], and under 

other experimental investigation increasing glucose concentration was shown to drastically 
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prolong clot formation time [6]. Therefore, df measurements from LSM studies in which a dye 

percentage is applied may better explain clotting rate. While hyperglycemia is associated with 

enhanced thrombin formation, platelet activation, and resistance to lysis, it is likely the 

combination of increased fibrinogen and thrombin concentrations drive clot formation. However, 

it is hyperglycemia, via fibrinogen glycation, that prolonged clotting time and caused denser 

fiber fibers to form.  

4.4 Conclusion 

Algorithm outputs coupled with statistical analysis found generalized findings between 

glucose concentration and fibrin clot structure characteristics. This supports in vivo findings that 

hyperglycemia alters fibrin clot structure in diabetic patients, independent of fibrinogen 

concentration. Fibrin fiber length measurements were consistent with previous conducted studies 

and confirmed that the native structure of imaged conditions was maintained. Matrix porosity 

found glucose concentration increased fibrin fiber density.  Fractal dimension decreased with 

increasing glucose concentration supporting literature that suggests glucose concentration slows 

thrombus time; increased fibrinogen and thrombus concentrations in DM drives clot formation, 

but produces thrombi of increased fiber density. Fibrinogen glycation was found to be highest in 

the mimicked hyperglycemic condition (10.0mM) and had a pronounced effect with increased 

glucose concentration. To our knowledge, this is the first study to examine the effects of glucose 

concentration on fibrinogen glycation independent of fibrinogen concentration using a 

colorimetric glucose assay. Overall, imaging and glycation results advocate that hyperglycemia 

increases fibrinogen glycation and changes morphological clot characteristics. Significant 

differences in measured fibrin clot structure parameters at three glucose concentrations present a 

proof of concept for the application of LSM imaging to characterize fibrin clot structure. As 
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significant differences in clot structure characteristics were distinguishable, this technique could 

provide medical professionals with an alternative diagnostic tool for evaluation of clotting risk if 

adapted to human plasma. 
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CHAPTER 5: NITRIC OXIDE RELEASE INTEGRATION  

5.1 Materials and Methods 

NO experimentation analyzed the efficacy in utilizing NO mechanisms to limit clot 

formation in hyperglycemic environments. Specifically, the effects of polymer and nitric oxide 

(NO) on clot morphology were examined using NO-releasing polymer, SNAP. Clot conditions 

contained the same glucose concentrations used in the original glucose study (0.0mM, 6.0mM, 

and 10.0mM) FIB 3 Plasminogen, von Willebrand Factor and Fibronectin depleted (ERL, 

Southbend, IN), and fibrinogen from Human Plasma Alexa Fluor 488 Conjugate (Fisher 

Scientific, Pittsburg, PA).  LSM data were collected under the same imaging parameters, image 

processing techniques, and were compared to original glucose condition findings.  Two durations 

were selected for NO examination, 2hr and 48hr, and only differed in polymer exposure (SNAP 

and NAP). Specifically, 12 new imaging conditions (0.0mM2hrNAP, 6.0mM2hrNAP, 

10.0mM2hrNAP, 0.0mM2hrSNAP, 6.0mM2hrSNAP, 10.0mM2hrSNAP, 0.0mM48hrNAP, 

6.0mM48hrNAP, 10.0mM48hrNAP, 0.0mM48hrSNAP, 6.0mM48hrSNAP, 10.0mM48hrSNAP) 

were conducted to investigate polymer and NO release on pre-glycated fibrinogen for two hours 

and in competition with glucose over 48 hours.  

S-Nitroso-N-acetylpenicillamine Synthesis. SNAP was integrated into a biocompatible 

polymer to examine NO flux effects on clot polymerization. SNAP synthesis was required for 

polymer integration; equimolar NAP (Sigma Aldrich, St. Louis, Missouri), sodium nitrite, and 

methanol were mixed with 1M HCl/H2SO4 for 15 minutes and cooled in an ice bath for 6 hours 

[193]. Using a modified protocol, SNAP was purified by washing with water/acetone/diethyl 
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ether before collection. Purified SNAP was collected via vacuum filtration for use in a 10 wt% 

SNAP polymer coating during LSM examination. 10 wt% SNAP was selected for polymer 

integration to meet a NO release profile similar to physiological endothelial release over 48 

hours.10 wt% N-acetyl-D-penicillamine (NAP) was used as a comparison to 10 wt% SNAP 

polymer because NAP is typically used to examine NO specific effects, SNAP was synthesized 

from NAP, and NAP decomposes similarly to SNAP, albeit without NO release. 

Polymer Tube Coating. 10 wt% SNAP polymer was prepared by dissolution in THF; 110 

mg/mL CarboSil 2080A (DSM, Exton, PA) was dissolved with 10 wt% SNAP. CarboSil was 

selected for integration to examine NO specific actions due to its unique thromboresistance, 

biostability, protein adhesion, and NO-release behavior for biomedical applications [194]. 10 

wt% NAP polymer was prepared in identical fashion, but 10 wt% NAP was used during 

dissolution in lieu of 10 wt% SNAP. NAP/SNAP polymer coating protocol was then performed 

with 10 wt% NAP/SNAP polymer by transferring 1 mL of bulk solution to 1.5 mL centrifuge 

tubes. Tubes were inverted and air-dried under a fume hood to remove excess and produce even 

polymer coatings. Tubes were labeled appropriately and stored at -20°C. Note: 1.5 mL centrifuge 

tubes were coated from homogenized bulk polymer solutions to reduce NO variance between 

individual tubes.  

NO Polymer Exposure Experimentation. Two NO exposure conditions were selected for 10 

wt% NAP/SNAP tube experimentation: 1) two-hour exposure, 2hrSNAP, post 48-hour 

incubation and 48-hour NO exposure, 48hrSNAP, simultaneously with glucose incubation. For 

the two-hour NO exposure condition, glucose conditions (0.0mM, 6.0mM, and 10.0mM) were 

incubated in clean 1.5 mL centrifuge tubes (without polymer coating) at 37°C in a 5L Isotemp 

Water Bath (Fisher Scientific, Pittsburg, PA) for 48 hours. Total volumes were then transferred 
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to 10 wt% polymer tubes and incubated for an additional two hours before polymerization. The 

two-hour NO exposure condition was compared to the original glucose condition because it only 

differed in an additional two hours of incubation exposure to 10 wt% NAP/SNAP post initial 

incubation and aimed to analyze the effect of limited NO exposure on pre-glycated fibrinogen. 

For 48 hour NO exposure, glucose conditions (0.0mM, 6.0mM, and 10.0mM) were incubated 

directly in 10 wt% NAP/SNAP polymer tubes in a 5L Isotemp Water Bath (Fisher Scientific, 

Pittsburg, PA) at 37°C for 48 hours. 48-hour NO exposure conditions were compared to original 

glucose conditions to examine the competing effects of fibrinogen glycation and NO release. All 

incubation conditions were polymerized using equal concentration thrombin solution from the 

original glucose study. 

Clot Preparation Protocol. For clot polymerization, thrombin solution was prepared from 

Human a-Thrombin (ERL, Southbend, IN), 1M CaCl2, and 50mM Tris Buffer using 1 mL 

aliquots of dilute 100 U/mL Human a-Thrombin. Aliquots were further diluted to 1 U/mL 

Human a-Thrombin, 100mM Calcium Chloride for thrombin solution preparation; thrombin 

solution preparation matched glucose study clot preparation protocol. New fibrin clot conditions 

were polymerized on clean microscope slide with lifted platforms by adding 20 µL of incubated 

fibrinogen solution and 20 µL of thrombin solution to clean 1.5 mL centrifuge tubes. Solution 

was then homogenized via pipette mixing. 30 µL of the resulting polymerizing solution was then 

transferred immediately to the sample loading area. Five minutes after transferring 

polymerization solution to the microscope slide, a 22 mm square transparent cover slip was 

placed over the sample to seal the sample loading area, limit air exposure, avoid contamination, 

and minimize dehydration during polymerization. Samples were placed in a microscope slide 

box and allowed to polymerize for 2 hours prior to LSM imaging.  
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LSM Imaging. Fibrin clots were imaged using LSCM on a LSM 880 with 20X Plan-Apo/0.75 

NA and DIC capability (Ziess, Oberkochen, Germany). For each of the 12 new conditions, a 

minimum of nine z-stacks were collected to represent the imaging condition; for each condition, 

three representative locations were selected to collect z-stacks. A minimum of 60 slices were 

collected for each z-stack at 0.5 µm and 2X zoom. 

Image processing. First, z-stacks images enhanced fibrin matrix aggregates using multiple 

feature detection techniques of the Image Processing Toolbox in MATLAB (MathWorks, 

Natick, MA) [172]. Geometrical tubular elements were identified with the fibermetric function, 

which used second order local structures or a "vesselness" measure of eigenvalues from a 

Hessian pixilated matrix, to detect tubular structures [169]. This function accurately identified 

tubular structures, but also filtered out areas of dense fiber overlap; a mean filter function was 

used to identify densely populated fiber areas within each original z-stack slice. These two pre-

processing techniques were combined into a single preprocessed image and used in subsequent 

segmentation methods. For image segmentation, houghpeaks (Hough Transform) and houghlines 

(Hough Line) functions were applied to generate Cartesian line segments through the center of 

tubular structures; tubular structures were assumed to represent detected fibrin fibers [7, 169, 

170]. Overall, fibrin fiber overlap and fibrin fiber length were calculated after Hough Line 

generation, while fiber matrix porosity was measured from pre-processed 2-D slices prior to 

segmentation.  

Fibrin Clot Characteristic Algorithms. From z-stacks conditions, the same feature detection 

algorithms were used to identify fibrin clot structure characteristics. Fibrin fiber overlap was 

calculated by computing the number of overlaps (intersections) for each individual generated 

fibrin fiber. Fibrin fiber length was calculated by computing the length of each generated Hough 
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line; fiber length was later converted from pixels to a more tangible length microns 

measurement. Fiber matrix porosity was calculated by dividing the number of “on” pixels by the 

total number of pixels for each pre-processed 2D slice. 

Statistical Analysis. Statistical analysis was performed using SAS 9.4 (SAS, Cary, North 

Carolina) at a 95% confidence interval and results were used to further support analytical 

findings [176].  Two-way ANOVAs with the Tukey HSD post hoc test were performed on LSM 

feature detection measurements to determine statistical significance; two-way ANOVA was 

required to quantify NO and glucose and interaction effects on the newly collected fibrin clot 

conditions. 

Nitric Oxide Release Data. NO flux and accumulation profiles were developed to quantify NO 

release from 10 wt% SNAP films; NO release data was used to analyze fibrin clot characteristics 

measurements from LSM results. Specifically, NO flux and accumulation profiles were 

compared to non-NO releasing 10 wt% NAP polymer without NO release. NO flux and NO 

accumulation profiles were developed using photon data collected on a chemiluminescence 

Nitric Oxide Analyzer 280 (Sievers, Boulder, CO). For Nitric Oxide Analyzer use, 10 wt% 

SNAP films (1.00 cm2) were immersed in sample vessels containing 4 mL of phosphate buffered 

saline (PBS) at 37°C. NO was continuously swept from the headspace into the 

chemiluminescence detection chamber with N2 at a rate of 200 mL/min. Steady state NO flux 

measurements were collected at 0, 24, and 48 hour time points; NO flux was calculated by taking 

the difference of baseline and steady state fluxes averages and used for subsequent accumulation 

calculations. 10 wt% SNAP films (1.00 cm2) were transferred to glass vials and stored at 37°C 

between collection points; PBS was replaced between data points. A total of nine 10 wt% SNAP 
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films were used to develop NO flux and release profile averages. One way-ANOVA was 

performed to determine the consistency of NO flux from 10 wt% SNAP. 

Fibrinogen Fluorescence Assay. Fluorescence data was collected on glucose (0.0mM, 6.0mM, 

and 10.0mM) and 48 hour NO exposure (0.0mM48hrNAP, 6.0mM48hrNAP, 10.0mM48hrNAP 

0.0mM48hrSNAP, 6.0mM48hrSNAP, 10.0mM48hrSNAP) conditions using a Synergy HTX 

Multi-Mode Microplate Reader (BioTek, Winooski, VT); incubation volumes were raised to 300 

µL, but followed proportional concentrations of fibrinogen, dyed fibrinogen, and glucose from 

LSM conditions. A standard curve was prepared via series dilution of stock Fibrinogen from 

Human Plasma, Alexa Fluor 488 Conjugate with 50mM Tris buffer; fluorescence was measured 

twice and fit to known concentrations of fibrinogen from Human Plasma, Alexa Fluor 488 

Conjugate. After 48-hour incubation, samples were homogenized for 10 seconds with a vortexer 

and 50 µL were used for fluorescence measurements; volume was transferred to a black 96-well 

microplate and read at 485/20, 528/20. Five samples were used to calculate dyed fibrinogen 

concentrations for incubation conditions with three trials coming from each sample. Two-way 

ANOVA was performed to quantify the effects of coating material, glucose concentration, and 

their interaction on dyed fibrinogen concentration.  

5.2 Results 

Results from the two-way ANOVA found significantly different mean differences for the 

twelve NO imaging conditions (p < 0.0001). However, LSM measurements between samples of 

polymerized NO exposure conditions were also found to vary significantly and were not 

analyzed for two reasons.  

1. 10 wt% SNAP released variable amounts NO over 48 hour incubation; NO 

release data limited our ability to analysis 10 wt% SNAP specific effects on LSM 
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measurement. As NO flux was collected from 10 wt% SNAP films (separated 

from LSM incubation samples) LSM measurement cannot be correlated to the 

specific NO flux from LSM incubation tubes. However, NO flux was detected 

from all tested 10 wt% SNAP films and a baseline concentration of NO 

accumulate in incubations samples over 48 hours; NO likely had an addition 

influence on LSM measurements.  

2. Despite not analyzing LSM measurements, polymerization did not occur (Figure 

25) in four LSM 10 wt% conditions (10.0mM2hrSNAP, 0.0mM48hrSNAP, 

6.0mM48hrSNAP, and 10.0mM48hrSNAP) that can be supported by fluorescence 

data. Both NAP and SNAP fluorescent data found 10 wt% polymer exposures to 

influence dyed fibrinogen concentration. While changing fibrinogen concentration 

provided explanation for the effects of 10 wt% SNAP (e.g., 0.0mM48hrSNAP) on 

LSM measurements, fibrinogen concentration is a known influence fibrin clot 

characteristics and further claims on glucose, NAP/SNAP, and polymer effects 

cannot be these LSM measurements.  

 
Figure 25: LSM 10 wt% conditions (Left to Right: 10.0mM2hrSNAP, 0.0mM48hrSNAP, 6.0mM48hrSNAP, and 

10.0mM48hrSNAP) in which no fibrin fibers were detected during image processing and analysis.  

 

NO Flux and Accumulation Profiles. Mean NO flux averages (Figure 26) for the 0, 24, and 48 

hour time points of 10 wt% SNAP film were found to be 0.59l	 #$%
&'(

)*+∗-#., 0.184 #$%
&'(

)*+∗-#., and 
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0.153	 #$%
&'(

)*+∗-#., respectively. However, one-way ANOVA found NO flux to be significant (p < 

0.001) at each time point and insignificant (p > 0.5) between time points. Therefore, flux 

averages are not representative of individual 10 wt% SNAP NO release over 48 hours.  

 
Figure 26: Nitric oxide flux from nine 10 wt% SNAP films with 0, 24, and 48 hours of incubation at 37℃. Flux average 

(solid black line) from the nine samples is not a representative of individual 10 wt% SNAP films. 

 

Max/min fluxes for the 0, 24, 48 hour times points (max/min) measured 

1.097/0.1435 #$%&'(

)*+∗-#., 0.4085/0.0347 #$%&'(

)*+∗-#., and 0.2597/0.0088 #$%&'(

)*+∗-#., but these extremes do 

not correspond to individual 10 wt% SNAP films. For example, NO flux of sample 2 (yellow) 

measured the highest (1.097 #$%&'(

)*+∗-#.) of the nine samples at the 0-hour time period, but was not 

the maximum (0.4085 #$%&'(

)*+∗-#.) at the 24-hour time point (0.0972 #$%&'(

)*+∗-#.); the maximum NO flux 

at 24 hours corresponded to sample 6 (green). NO flux data (Table 5) demonstrates variable NO 

release from 10 wt% SNAP films over 48 hours.     
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Table 5: Output of total NO flux data from 10 wt% SNAP films over 48 hours at 37℃. 

 

 

As NO flux was variable over 48 hours (p > 0.5), NO accumulation profiles, calculated 

from 10 wt% SNAP film NO flux, were also significantly different (p > 0.5) from each other. 

Mean NO accumulation averages (Figure 27) for the 0, 2, 24, and 48 hour time points of 10 wt% 

SNAP were found to be 0 #$%
&'(

-#. , 70.890 #$%
&'(

-#. , 824.279 #$%
&'(

-#. , and 1285.775 #$%
&'(

-#. , 

respectively, but these averages do not represent NO accumulation from LSM conditions.   

 
Figure 27: Mean NO accumulation averages for the 0, 2, 24, and 48 hour time points of nine 10 wt% SNAP films. 

Accumulation average (solid black line) is not a representative of individual 10 wt% SNAP NO accumulation. 

 

Max/min accumulation for the 0, 2, 24, 48-hour times points (max/min) were measured at 

0/0 #$%
&'(

-#. , 17.215/131.647 #$%
&'(

-#. , 295.126/1221.364 #$%
&'(

-#. , and 646.549/1781.507 #$%
&'(

-#. , 

respectively; the polymer exposed to liquid (1.001 cm2) during incubation was estimated using 

Time (minutes) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 Average STD.P of Averages
0 0.6844 1.0106 0.1435 1.0971 0.4153 0.1509 0.5813 0.9492 0.2846 0.5907 0.3477
120 0.6844 1.0106 0.1435 1.0971 0.4153 0.1509 0.5813 0.9492 0.2846 0.5907 0.3477
1440 0.0347 0.0972 0.0925 0.1847 0.0643 0.4085 0.1524 0.2218 0.3961 0.1836 0.1292
2880 0.0088 0.0563 0.1747 0.1782 0.2070 0.2597 0.1735 0.1747 0.1393 0.1525 0.0720

NO Flux mol*min-1*cm-2
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the surface area of a cone (𝑆. 𝐴 = 𝜋𝑟5𝑟 +	√𝑟8 + ℎ8:; h = 0.7 cm, r = 0.3 cm). NO accumulation 

measurements (Table 6) demonstrate the irregular accumulation of NO from 10 wt% SNAP 

films over 48 hours of incubation at 37°C. Overall, these results support that 10 wt% SNAP NO 

flux was variable and limited our ability to analyze the effects of 10 wt% polymer and NO 

release on LSM measurement; additionally, these variable effects might have interactions with 

glucose which was shown to influence fibrin clot measurements in the above section.   

 

Table 6: Output of NO flux accumulation data from 10 wt% SNAP films over 48 hours at 37℃. 

 

Fluorescence Data. Fluorescence data was collected to confirm the presence of tagged 

fibrinogen with polymer integration; 10.0mM2hrSNAP, 0.0mM48hrSNAP, 6.0mM48hrSNAP, 

and 10.0mM48hrSNAP conditions were suspected to measure lower in dyed fibrinogen 

concentration and explain consistent lack of detected fibrin fibers in these four conditions.  

The standard curve (Figure 28; R2 = 0.96), linearly fit by plotting fluorescence vs. known dyed 

fibrinogen concentration, was considered when evaluating the effect of 10 wt% NAP/SNAP 

polymer exposure on dyed fibrinogen concentration. Fluorescence was converted into a more 

tangible measurement, dyed fibrinogen concentration (g/L) and compared to glucose conditions 

without polymer exposure; individual influences of glucose concentration and incubation 

material (i.e., polymer) on dyed fibrinogen concentration were examined separately using one-

way ANOVA before analysis of interaction effects was considered.  

Time (minutes) Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 Sample 8 Sample 9 Average STD.P of Averages
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.0000
120 82.132 121.268 17.215 131.647 49.835 18.105 69.754 113.900 34.152 70.890 41.7228
1440 602.588 980.748 295.126 1221.364 451.250 926.486 755.070 1179.571 1006.305 824.279 302.7761
2880 646.549 1172.448 739.104 1739.203 944.680 1781.507 1239.510 1716.537 1592.440 1285.775 417.6302

NO Accumulation mol*cm-2
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Figure 28: The standard curve (R2 = 0.96) used to measure the concentration of dyed fibrinogen in 48 hour (glucose, 

48hrNAP, and 48hrSNAP) incubated samples.  

 

Dyed Fibrinogen Concentration vs. Glucose. Average dyed fibrinogen concentrations (Figure 

29) for 0.0mM, 6.0mM, and 10.0mM glucose (e.g., 0.0mM + 0.0mM48hrNAP + 

0.0mM48hrSNAP) were found to be 0.737 g/L, 0.684 g/L, and 0.562 g/L, respectively. One-way 

ANOVA found that glucose concentration significantly (p > 0.1) affected dyed fibrinogen 

concentration, and likewise, a mean statistical difference was found between 0.0mM and 

10.0mM glucose conditions (p < 0.05). 
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Figure 29: Dyed fibrinogen concentration vs. glucose concentration with averages and standard deviation bars. Statistical 

significance: * p < 0.05. 

 

Dyed Fibrinogen Concentration vs. Incubation Material. In comparison, dyed fibrinogen 

concentration averages (Figure 30) for glucose, 48hrNAP, and 48hrSNAP (e.g., 0.0mM + 

6.0mM +10.0mM) were found to be 0.924 g/L, 0.804 g/L, and 0.255 g/L, respectively. This 

influenced fibrin fiber characteristic measurements in LSM conditions by changing the 

availability of fibrinogen during polymerization with thrombin. One-way ANOVA found 

material incubation to significantly influence dyed fibrinogen concentration for both 10 wt% 

NAP (p < 0.001) and 10 wt% SNAP (p < 0.0001). Two-way ANOVA was not conducted on 

these data because glucose concentration was found to not significantly influence dyed 

fibrinogen concentration. Incubation material influence dyed fibrinogen concentration and 

generally supports LSM measurements from the four LSM conditions (10.0mM2hrSNAP, 

0.0mM48hrSNAP, 6.0mM48hrSNAP, and 10.0mM48hrSNAP) in which polymerization did not 
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occur. Overall, fluorescence data found 48-hour 10 wt% SNAP exposure to reduce average dyed 

fibrinogen concentration by 72.36%.   

 
Figure 30: Dyed fibrinogen concentration vs. incubation material with averages and standard deviation bars. Statistical 

significance: ** p < 0.001, *** p < 0.0001. 

 

5.3 Discussion 

Methodologies were developed to examine NO-specific effects on fibrin clot 

characteristics through comparison to a non-NO releasing counterpart, but variable NO flux from 

10 wt% SNAP polymer limited analysis of NO-specific effects on LSM measurements. 

Therefore, the main aim of this experimentation, to preliminarily examine the efficacy in 

utilizing 10 wt% SNAP to limit clot formation in hyperglycemic environments remained 

unanswered. However, four LSM conditions in which polymerization did not occur were from 

conditions incubated with 10 wt% SNAP. One theory to explain this phenomenon is the effect of 

some amount of NO accumulation on fibrinogen adhesion. Assuming fibrinogen adhesion to the 

polymer surface, fibrinogen would be bound to the polymer surface and not have been 
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transferred to the polymerization tube during LSM experimentation. While lower dyed 

fibrinogen concentration was also found in 48 hour 10 wt% NAP conditions (in comparison to 

original glucose conditions), 10 wt% SNAP measured significantly lower than both glucose and 

10 wt% NAP dyed fibrinogen averages. Despite believed variability in NO release from 10wt% 

SNAP, these two findings suggest: 1) exposure of fibrinogen to NAP/SNAP polymer increases 

fibrinogen adsorption to its surface; and 2) the integration of SNAP, a NO-containing species, 

into the polymer further increases fibrinogen adsorption to the polymer surface.  

Not only does an increased fibrinogen adhesion theory explain the lower dyed fibrinogen 

concentration from 48hrSNAP conditions, but more interestingly, justifies why 

10.0mM48hrSNAP was the only 2-hour 10 wt% polymer condition (1 of 6) in which 

polymerization did not occur. From adsorption data, 10.0mM48hrSNAP glucose resulting in the 

lowest average dyed fibrinogen concentration (0.090 g/L). While this further supports an 

increased fibrinogen adhesion theory, exposure of 10 wt% SNAP to 10.0mM glucose fibrinogen 

solution causes adhesion within two hours; 2 hour conditions were pre-glycated prior to 10 wt% 

NAP/SNAP exposure and glucose study found glucose concentration to influence fibrinogen 

glycation and significantly higher in the 10.0mM condition. In summary, pre-glycated fibrinogen 

may also have a higher affinity for 10 wt% SNAP and could have clinical applications for 

limiting glycated fibrinogen’s role in hemostatic response; further experimentation should 

examine adhesion effects on glycated fibrinogen for clinical applications.   

Fibrinogen adhesion to Carbosil 2080 was measured previously, in which monolayers of 

fibrinogen adsorption were found on CarboSil 2080A surfaces [194]; Dow Corning® RTV 3140 

Silicone Rubber, SP60D60, a hydrophilic antifouling polymer topcoat, and, SG80A, a Tecoflex® 

solution processable grade thermoplastic polyurethane resin, were also examined for anti-
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thrombotic and anti-microbial applications, but only protein adhesion on SP60D60 (2.24 ± 0.68 

nm) confirmed to be non-existent (p = 0.004). All of these polymers were integrated with 10 

wt% SNAP and measured for NO flux, but CarboSil 2080a demonstrated superior NO release 

beyond 24 hours; higher release of NO from CarboSil 2080A, despite lower leaching, is an 

advantage of CarboSil 2080A because the material properties allow it to release NO without 

leaching SNAP. SP60D60 did not display prolonged NO release with 10 wt% SNAP integration, 

but was further used as a top coat with 10% SNAP CarboSil 2080A due to its effectiveness in 

reducing fibrinogen adhesion in previous examination. While fibrinogen adhesion was not tested 

on this composite polymer, the hydrophobic CarboSil 2080A was believed to provide sustained 

release of NO while the formation of hydration top layer on SP60D60 was expected to prevent 

protein attachment. The composite was examined for microbial growth and successfully reduced 

bacterial growth on the material’s surface. Prevention of protein adhesion with SP60D60 could 

help reduce fibrinogen adhesion when examining NO specific effect on fibrin clot characteristics 

under LSM using our current methodology. However, other hydrophilic polymers may provide 

similar effects and should be further investigated when selecting the best polymer for further 

experimentation. 

5.4 Conclusions 

 While the aim of this experimentation was to examine the efficacy in utilizing NO 

mechanisms to limit clot formation in hyperglycemic environments, experimentation did not 

result in any conclusion on 10%wt SNAP polymer’s NO-specific effects because NO flux over 

48 hours was variable. However, polymerization did not occur in the four LSM conditions. All 

four conditions were incubated with 10wt% SNAP and it is believed that some amount of NO 

accumulation increased fibrinogen adhesion to the polymer surface to cause fibrin fibers not to 
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form. This was supported by fluorescence data in which 48-hour incubation with 10 wt% SNAP 

reduced dyed fibrinogen concentration by an average of 72.36%. This effect was even more 

pronounced at 10.0mM glucose to explain why the only 2-hour exposure condition (1 of 6) in 

which polymerization did not occur was the 10.0mM48hr condition. Overall, fluorescence data 

suggests exposure of fibrinogen to NAP/SNAP polymer increased fibrinogen adsorption to its 

surface and integration of SNAP, a NO-containing species, into the polymer further increased 

fibrinogen adsorption to the polymer surface. Further experimentation should examine polymer 

adhesion effects on glycated fibrinogen for clinical applications. 
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APPENDIX A 

Image Processing Algorithm 
 
Fibrin Overlap, Fiber Length, and Matrix Porosity MatLab Code: 
Download and Install the Image Processing Toolbox 
 
clc;clear; close all; 
 
stack_prefix='0.0mM zstack1_'; 
doplot=false; 
 
fibrin_fiber_overlap_agg = []; 
long_aggr = []; 
perc_porous = []; 
 
for istack=1: AAAA 
%istack is one more than the stack number in the filename 
fn = strcat(strcat(stack_prefix,int2str(istack-1)),'.tif') 
I = imread(fn); 
BW1=im2bw(I,graythresh(I)); 
BW2=imadjust(mat2gray(BW1)); 
BW3 = fibermetric(BW2, 30, 'StructureSensitivity', 15); 
BW = BW3 > 0.00002; 
 
%BW tubular filter above misses the most intense areas (HOT) 
HOT1=imadjust(I,[0.97 1.0],[]); 
HOT2=im2bw(HOT1,graythresh(HOT1)); 
HOT3=imadjust(mat2gray(HOT2)); 
HOT4=imboxfilt(HOT3,25); 
HOT = HOT4 > 0.6; 
 
%add the most intense (HOT) back to the tubular(BW) results 
BW = BW + HOT; 
 
if doplot 
    figure, imshowpair(I,BW,'montage'), hold on; 
end 
 
[H,T,R] = hough(BW); 
P  = houghpeaks(H,400,'threshold',ceil(0.4*max(H(:)))); 
x = T(P(:,2)); y = R(P(:,1)); 
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%plot(x,y,'s','Color','blue'); 
 
%lines = houghlines(BW,T,R,P,'FillGap',3,'MinLength',35); 
lines = houghlines(BW,T,R,P,'FillGap',15,'MinLength',40); 
linelen = []; 
for k = 1:length(lines) 
   xy = [lines(k).point1; lines(k).point2]; 
 
   if doplot 
     plot(xy(:,1),xy(:,2),'LineWidth',2,'Color','red');   
     % Plot beginnings and ends of lines 
     %plot(xy(1,1),xy(1,2),'x','LineWidth',2,'Color','yellow'); 
     %plot(xy(2,1),xy(2,2),'x','LineWidth',2,'Color','blue'); 
   end 
    
   linelen(k) = norm(lines(k).point1 - lines(k).point2); 
end 
 
% fibrin fiber overlap aggregation 
% calc number intersections with other lines, average 
numlineintersect = []; 
for k = 1:length(lines) 
   xy = [lines(k).point1; lines(k).point2]; 
   numlineintersect(k) = 0; 
   for m = 1:length(lines) 
      xy_m = [lines(m).point1; lines(m).point2]; 
      % https://www.mathworks.com/matlabcentral/fileexchange/27205-fast-line-segment-
intersection 
      out = lineSegmentIntersect([xy(1,1) xy(1,2) xy(2,1) xy(2,2)],[xy_m(1,1) xy_m(1,2) 
xy_m(2,1) xy_m(2,2)]); 
      % https://www.mathworks.com/matlabcentral/fileexchange/56835-lineintersection 
      %[E, lambda, gamma, isConvex] = lineIntersection(xy(:,1),xy(:,2),xy_m(:,1),xy_m(:,2)); 
      %if not(isnan(E)) 
      if (out.intMatrixX>0 && out.intMatrixY>0) 
          numlineintersect(k) = numlineintersect(k)+1; 
      end 
   end 
end 
 
% fibrin fiber overlap aggregation, average lineintersect 
fibrin_fiber_overlap_agg(istack) = mean(numlineintersect); 
 
% elongation, logitudinal aggregation = average length of line segments 
long_aggr(istack) = mean(linelen); 
 
% percent porosity 
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[s1,s2]=size(BW); 
tarea=(s1*s2); 
perc_porous(istack) = (tarea-bwarea(BW))/tarea; 
 
%imwrite(label2rgb(Pr_L),'Output.png') 
end; 
 
for istack=1:2 %83 
sprintf('%d %12.4f %12.4f 
%12.4f\n',istack,fibrin_fiber_overlap_agg(istack),long_aggr(istack),perc_porous(istack)) 
end;  
 
Fractal Dimension Code: 
clc;clear; close all; 
 
stack_prefix= 'INC repeat zstack1_z'; 
doplot = false; %set AS true to print each image  
 
for istack=1:10 
%istack is one more than the stack number in the filename  
    fn = strcat(strcat(stack_prefix,int2str(istack-1)),'.tif') 
    I = imread(fn); 
     
% Pad the image with background pixels so that its dimensions are a power of 2.  
    maxDim = max(size(I)); 
    newDimSize = 2^ceil(log2(maxDim)); 
    rowPad = newDimSize - size(I, 1); 
    colPad = newDimSize - size(I, 2); 
    I = padarray(I, [rowPad, colPad], 'post'); 
 
    boxCounts = zeros(1, ceil(log2(maxDim))); 
    resolutions = zeros(1, ceil(log2(maxDim))); 
     
    boxSize = size(I, 1); 
    boxesPerDim = 1; 
    idx = 0; 
    while boxSize >= 1 
        boxCount = 0; 
         
        for boxRow = 1:boxesPerDim 
            for boxCol = 1:boxesPerDim 
                minRow = (boxRow - 1) * boxSize + 1; 
                maxRow = boxRow * boxSize; 
                minCol = (boxCol - 1) * boxSize + 1; 
                maxCol = boxCol * boxSize; 
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                objFound = false; 
                for row = minRow:maxRow 
                    for col = minCol:maxCol 
                        if I(row, col) 
                            boxCount = boxCount + 1; 
                            objFound = true; % Break from nested loop. 
                        end; 
                         
                        if objFound 
                            break; % Break from nested loop. 
                        end; 
                    end; 
                     
                    if objFound 
                        break; % Break from nested loop. 
                    end; 
                end; 
            end; 
        end; 
         
        idx = idx + 1; 
        boxCounts(idx) = boxCount; 
        resolutions(idx) = 1 / boxSize; 
         
        boxesPerDim = boxesPerDim * 2; 
        boxSize = boxSize / 2; 
    end; 
     
    D = polyfit(log(resolutions), log(boxCounts), 1); 
    D = D(1); 
End 
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APPENDIX B 

Fiber Overlap Code  
data jacob.NEW_All_Glucose;   
set jacob.All_Glucose;   
if GLUCOSE = 0 then GLUCgrp = 1;  
if GLUCOSE = 6 then GLUCgrp = 2;  
if GLUCOSE = 10 then GLUCgrp = 3;  
LABEL GLUCgrp = 'GLUCOSE Grouping';   
RUN;  
proc format;  
value GLUCgrp 1 = 'INC' 2 = '6.0mM' 3 = '10.0mM'; run;  
  
/********************************************/  
/*** THESIS - 1-WAY ANOVA NEW_ALL_GLUCOSE ***/  
/********************************************/  
ods html close;  
ods listing;  
/* get simple summary statistics (sample size, sample mean and SD) with max of 2 decimal places) */  
proc means  data=jacob.new_all_glucose maxdec=2 n mean std;  
title2 'simple summary statistics FibOlap';  
by GLUCgrp;  /* statistics computed for each glucose level */  
var FibOlap;  /* FibOlap */  
format GLUCgrp GLUCgrp.;  
run;  
proc plot data=jacob.new_all_glucose;  
/* request a plot of raw FibOlap */  
title2 'plot of the raw FibOlap data';  
plot FibOlap*GLUCgrp;  
format GLUCgrp GLUCgrp.;  
run;  
proc anova data=jacob.new_all_glucose;  
title2 'Analysis FibOlap';  
class GLUCgrp;  
/* class statement indicates that GLUCgrp is a factor */  
model FibOlap = GLUCgrp;  
/* assumes GLUCgrp influences FibOlap */  
means GLUCgrp / tukey cldiff;  
/* multiple comparison by Tukey's method -- get actual C.I.'s */  
means GLUCgrp / tukey lines;  
format GLUCgrp GLUCgrp.;  
run;  
/* get pictorial display of comparisons */  
proc glm data=jacob.new_all_glucose;  
title2 'Proc glm Analysis FibOlap';  
/* same as 'proc anova' except glm allows residual plots but gives more junk output */  
class GLUCgrp;  
model FibOlap = GLUCgrp;  
output out=jacob.FibOlapfit p=yhat r=resid;   
format GLUCgrp GLUCgrp.; run;  
/* store fitted values and fitted residuals in dataset called FibOlapfit for later use */  
proc univariate data=jacob.FibOlapfit plot normal;  
var resid; run;  
/* plot qq-plot of fitted residuals */  
proc plot;  
plot resid*type;  
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plot resid*yhat;  
format GLUCgrp GLUCgrp.;  
/* two residual plots to check independence and constant variance */  
run;  
Page Break  
Fiber Length  Code  
/*** GLUCOSE - FibLen ***/  
/* get simple summary statistics (sample size, sample mean and SD) with max 
of 2 decimal places) */  
proc means  data=jacob.new_all_glucose maxdec=2 n mean std;  
title2 'simple summary statistics for FibLen';  
by GLUCgrp;  /* statistics computed for each glucose level */  
var FibLen;  /* FibLen */  
format GLUCgrp GLUCgrp.;  
run;  
proc plot data=jacob.new_all_glucose;  
/* request a plot of raw FibLen */  
title2 'plot of the raw FibLen data';  
plot FibLen*GLUCgrp;  
format GLUCgrp GLUCgrp.;  
run;  
proc anova  data=jacob.new_all_glucose;  
title2 'Analysis FibLen';  
class GLUCgrp;  
/* class statement indicates that GLUCgrp is a factor */  
model FibLen = GLUCgrp;  
/* assumes GLUCgrp influences FibLen */  
means GLUCgrp / tukey cldiff;  
/* multiple comparison by Tukey's method -- get actual C.I.'s */  
means GLUCgrp / tukey lines;  
format GLUCgrp GLUCgrp.;  
run;  
/* get pictorial display of comparisons */  
proc glm data=jacob.new_all_glucose;  
title2 'Proc glm Analysis FibLen';  
/* same as 'proc anova' except glm allows residual plots but gives more junk 
output */  
class GLUCgrp;  
model FibLen = GLUCgrp;  
format GLUCgrp GLUCgrp.;  
output out=jacob.FibLenfit p=yhat r=resid; run;  
/* store fitted values and fitted residuals in dataset called FibLenfit for 
later use */  
proc univariate data=jacob.FibLenfit plot normal;  
var resid; format GLUCgrp GLUCgrp.;run;  
/* plot qq-plot of fitted residuals */  
proc plot;  
plot resid*type;  
plot resid*yhat;  
format GLUCgrp GLUCgrp.;  
/* two residual plots to check independence and constant variance */  
run;  
  
..................Column Break..................Matrix Porosity Code  
/*** GLUCOSE - FibMtrxPoro ***/  
/* get simple summary statistics (sample size, sample mean and SD) with max 
of 2 decimal places) */  
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proc means  data=jacob.new_all_glucose maxdec=2 n mean std;  
title2 'simple summary statistics for FibMtrxPoro';  
by GLUCgrp;  /* statistics computed for each glucose level */  
var FibMtrxPoro;  /* FibMtrxPoro */  
format GLUCgrp GLUCgrp.;  
run;  
proc plot data=jacob.new_all_glucose;  
/* request a plot of raw FibMtrxPoro */  
title2 'plot of the raw FibMtrxPoro data';  
plot FibMtrxPoro*GLUCgrp;  
format GLUCgrp GLUCgrp.;  
run;  
proc anova  data=jacob.new_all_glucose;  
title2 'Analysis FibMtrxPoro';  
class GLUCgrp;  
/* class statement indicates that GLUCgrp is a factor */  
model FibMtrxPoro = GLUCgrp;  
/* assumes GLUCgrp influences FibMtrxPoro */  
means GLUCgrp / tukey cldiff;  
/* multiple comparison by Tukey's method -- get actual C.I.'s */  
means GLUCgrp / tukey lines;  
format GLUCgrp GLUCgrp.;  
run;  
/* get pictorial display of comparisons */  
proc glm data=jacob.new_all_glucose;  
title2 'Proc glm Analysis FibMtrxPoro';  
/* same as 'proc anova' except glm allows residual plots but gives more junk 
output */  
class GLUCgrp;  
model FibMtrxPoro = GLUCgrp;  
format GLUCgrp GLUCgrp.;  
output out=jacob.FibMtrxPorofit p=yhat r=resid; run;  
/* store fitted values and fitted residuals in dataset called FibMtrxPorofit 
for later use */  
proc univariate data=jacob.FibMtrxPorofit plot normal;  
var resid; format GLUCgrp GLUCgrp.;run;  
/* plot qq-plot of fitted residuals */  
proc plot;  
plot resid*type;  
plot resid*yhat;  
format GLUCgrp GLUCgrp.;  
/* two residual plots to check independence and constant variance */  
run;  
 


