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Abstract  
 

Title: Endothelial Response in 2D and 3D to Doses of Photosensitive Carbon 

Monoxide Releasing Molecules with Improved Activation 

Author: Nicholas Duc Huynh 

Advisor: Chris A. Bashur, Ph.D. 

Cardiovascular disease (CVD) is the leading cause of death worldwide in large part 

due to  atherosclerotic obstruction of blood vessels. Limitations with current 

treatment approaches include restenosis in stenting and viable donor-tissue for 

bypass grafts, and this has motivated research combining the fields of drug delivery 

and tissue engineering for alternative approaches.  The use of carbon monoxide as a 

potential therapeutic agent in the treatment of CVD has shown potential impacts on 

vasodilation and anti-inflammation. The goal of this study was to develop a system 

to elucidate the response of endothelial cells post-exposure to different 

concentrations of carbon monoxide releasing molecules (CORMs) in 2D and 3D 

culture. This was achieved by conducting two main studies utilizing DK3 and DK4 

photoCORMs. The initial study investigated release kinetics of DK3 and DK4 after 

470 nm light activation,  demonstrating CO release in cell culture. Further, in vivo 

biocompatibility was validated via vascular graft implantation of PCL/DK3 into a rat 

model. Surface modification studies utilized bioactive proteins for improving cell 
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adhesion. Impacts of DK4 concentration on endothelial cell response was tested 

using spincoated films and electrospun meshes of 90% PCL and 10% collagen. 

Experiments also investigated effects with and without exposure to a 470 nm blue-

light. Results indicated that incorporation and activation of DK4 maintains cellular 

function over time as seen in ve-cadherin fluorescence imaging, whereas control 

conditions without DK4 observed decreased cell functionality potentially from blue-

light effects. These studies will further help to improve understanding the impact of 

CO on cellular response in 2D and 3D environments.  
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Chapter 1 

Introduction 
 

1.0 Cardiovascular Diseases 

The prevalence of cardiovascular diseases (CVDs) presents an apparent 

unmet clinical need, wherein CVDs are the leading cause of death in countries such 

as the United States with an approximate population of 62 million individuals living 

with these pathologies. In the year 2000 alone, about 946,000 deaths occurred due to 

CVDs; put into perspective, these deaths accounted for 39% of total deaths in the 

U.S. [1]. The category of CVDs includes pathologies such as stroke, myocardial 

infarction, hypertension, and atherothrombotic CVD. Current approaches for the 

treatment of CVDs involve drug delivery, tissue engineering, and surgical procedures 

such as transluminal angioplasty and coronary bypass. However, procedures such as 

angioplasty may lead to restenosis, intimal fracture (rupture of the intima and 

separation from the media), or damage to the surrounding vessel wall, while coronary 

bypass surgery is limited by the patency of the graft such as those of saphenous veins 

or internal thoracic arteries [2,3]. Current research with drug delivery, tissue 

engineering, and biomaterials aim to develop systems that help to treat, promote, 

and/or regenerate damaged tissues due to CVDs. Studies have involved bioactive 

molecules, scaffold fabrication techniques, and drug delivery systems to address 

different CVDs. For example, polyethylene terephthalate (PET, Dacron) as a scaffold 
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has been widely used due to patency rates of up 86% in large-diameter vascular 

grafts; however, issues with thrombosis, poor remodelling, and the inability of self-

repair are still of concern [4].  In an effort to improve endothelialization, research has 

investigated the incorporation of bioactive molecules like heparin and cytokines into 

vascular scaffolds [5,6]. As such, the motivation for improved endothelialization to 

address self-repair and tissue remodelling has led to the scope of this study, wherein 

a scaffold incorporated with a photosensitive carbon monoxide releasing molecule 

(CORM) was developed to investigate the functionality and viability of endothelial 

cells seeded onto the surface.  

1.0.1 Native Cardiovascular Tissues 

To understand the pathophysiologies related to endothelial cells in the 

cardiovascular system, a foundation must be established via discussion of the native 

tissues. One of the parts of the cardiovascular system involves the heart, which is 

mostly composed of cardiac myocytes along with fibroblasts, endothelial cells (ECs), 

and vascular smooth-muscle cells (vSMCs) [7]. Additionally, vascular tissue is 

responsible for blood circulation for transport of nutrients and hormones to maintain 

homeostasis in the body [8]. One example of vascular tissue is the healthy artery, 

which is composed of three layers: the intima or inner layer, the media, and the 

adventitia; wherein damage to one or more layers can lead to pathological changes 
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[9]. For example, damage to the intima can lead atherosclerosis of the artery due to 

thrombus formation. 

1.0.2 Pathologies of Cardiovascular Tissues 

The current umbrella terminology for CVDs encompasses pathologies such 

as coronary heart disease (CHD), peripheral arterial disease, and venous 

thromboembolism [10]. With regard to vascular etiologies, coronary artery disease 

(CAD) and peripheral artery disease (PAD) can be used as examples of common 

cause of death and unmet clinical needs [11,12].  In the case of CAD shown in Figure 

1.0, the diseased tissue is characterized by atheromatous plaque leading to 

obstruction of at least one major artery and lesion formation. This increases the risk 

of death and other complications such as myocardial infarction and stroke [11,13]. 
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Figure 1.0 Depicts the healthy heart and artery on the left, and a heart and artery in CAD 

to the right. Reprinted from https://www.uchicagomedicine.org/conditions-services/heart-

vascular/coronary-artery-disease  

In the case of PAD shown in Figure 1.1, the pathologies are characterized by 

atherosclerosis affecting regions of the abdominal, iliac, and lower-extremity arteries 

which can lead to ischemic ulcerations, claudication, and limb loss [12]. 

Unfortunately, PAD has not been given the proper attention and treatment that has 

been afforded for CAD patients, even though the estimated number of individuals 

with PAD is over 200 million  [12,14]. A possible influencing factor for the poor 

understanding of PAD can be attributed to the fact that more than 50% of patients 

are asymptomatic, which implies that diagnosis is not always immediate [14]. 

https://www.uchicagomedicine.org/conditions-services/heart-vascular/coronary-artery-disease
https://www.uchicagomedicine.org/conditions-services/heart-vascular/coronary-artery-disease
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However, with all types and subtypes of CVDs, there exists current treatments such 

as angioplasty and drug therapy.[12,15,16] 

 

Figure 1.1 A) Illustrates a healthy artery with unrestricted blood flow, and B) shows an 

atherosclerotic artery leading to decreased blood flow in PAD. Reprinted from 

https://www.cdc.gov/heartdisease/PAD.htm  

 

https://www.cdc.gov/heartdisease/PAD.htm
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1.0.3 Treatments for Cardiovascular Diseases  

The treatments for CVDs currently encompass drug therapy approaches, graft 

implantation, and angioplasty [2,15–19]. Drug delivery approaches for treatment of 

CVD involve the use of vasodilators, inotropic agents, loop diuretics, beta-blockers, 

and enzyme inhibitors [19]. In the case of a myocardial infarction, a common drug 

such as aspirin would be administered to prevent and help additional clot formation 

via blood thinning properties before follow up treatments [15].  However, 

conventional drug formulations are limited in the treatment of CVDs due to factors 

such as low biological efficacy and non-targeting, the later is a motivating factor in 

the study involving nano-drug delivery which incorporates materials on the 

nanometer scale  for optimized delivery [16].  Research investigating nontraditional 

drug delivery approaches investigated the role of cytokines for CVD treatment 

specifically involving the conditioning of transplanted mesenchymal stem cells 

(MSCs) for cardiovascular repair [17]. The mechanism of repair exploits cytokine 

release from MSCs through preconditioning[19]. The general steps involve the 

introduction of upstream cytokines that will activate the release of downstream 

cytokines for proper engraftment and regeneration of necrotic tissue. Research 

involving cytokines has entered preclinical and clinical trials. 

Regarding surgical procedures for treatment of CVDs, standard approaches 

include angioplasty or bypass grafts. The use of transluminal angioplasty to address 
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CVDs such as atherosclerotic obstruction indicated a high percentage of success of 

about 80% in early studies; however, evidence of complications such as aneurysm 

formation, intimal fracture, and vessel wall thinning had already been observed in 

early clinical applications [2]. Further complications of transluminal angioplasty 

involves restenosis which affects between 30% to 50% of patients and target 

revascularization for lower risk of major adverse cardiac events. To combat these 

limitations, researchers have investigated the use of stents with surface modifications 

after angioplasty [20,21]. The other procedure to treat CVDs involves the use of 

bypass grafts which can be either donor-tissue or synthetic, wherein donor-tissue 

grafts can either be autografts, allografts, or xenografts. Autologous grafts generally 

use the internal thoracic arteries (ITA, or internal mammary arteries, IMA) or 

saphenous vein (SV) [3,22]. Although donor-tissue grafts are the gold standard, 

challenges such as availability of autologous grafts and increasing frequency of 

reoperation are still concerns [3,22–24]. Thus, synthetic biomaterials for bypass 

grafts have also been implemented which include materials like Dacron, expanded 

polytetrafluoroethylene (ePTFE), and polyurethanes; however, there still exists 

issues with poor patency due to aneurysm formation, intimal hyperplasia, and 

thrombosis [24].This has led to the motivation behind tissue engineering to fabricate 

a graft with consistent quality, patency, and biocompatibility for the vascular 

implementation. 
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1.1 Biomaterials 

The development of vascular grafts, both for stent grafts and open repair, has 

emerged to address the limitations with current treatment options for CVDs, most 

notably, the inadequacy or unavailability of tissue sources for grafting procedures 

[25]. Current approaches in vascular graft fabrication utilize biomaterials such as 

ePTFE, Dacron, polyurethanes, polyesters, collagen, and gelatin to create scaffolds 

[25,26]. These biomaterials can be categorized into two general categories which are 

synthetic and natural biomaterials. Development in biomaterials for vascular grafts 

has also investigated the blending of different types of biomaterials to fabricate 

systems for possible clinical applications; some of these systems have even drawn 

inspiration from biological systems observed in nature [25,27–29]. 

1.1.1 Natural Biomaterials 

The use of natural biomaterials for vascular tissue engineering has 

investigated collagen tubes seeded with cells; albeit with limitations in mechanical 

strength. Efforts to improve mechanical strength of natural biomaterial scaffolds 

have investigated incorporation of silk fibroin with collagen and the use of fibrin gels 

[30]. Overall, limited evaluation of natural biomaterials for vascular applications 

focuses discussion to natural polymers of collagen and elastin [29]. However, for 

treatments involving CVDs such as myocardial infarction, the use of natural 

biomaterials has included investigation of materials such as gelatin, fibrin, and 
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alginate [26]. The general use of these biomaterials involves a scaffold with or 

without cells seeded into the material which would then be implanted into the host. 

One motivation for using materials such as collagen, elastin, and fibrin is the ability 

to facilitate cell attachment and tissue growth through binding-domains since they 

are proteins found in native tissues [31,32]. Alternative approaches to natural 

biomaterials have involved the use of decellularized tissues to produce scaffolds 

which retain mechanical properties whilst promoting remodeling [33]. 

Decellularized arterial grafts have been researched; however, complications 

involving inflammation and requirement for fixation limit the use of decellularized 

scaffolds due to immune response and cytotoxic concerns. 

1.1.2 Synthetic Biomaterials 

The use of synthetic biomaterials in vascular engineering is attributed to the 

ability to manipulate the mechanical properties for graft design and the ability to 

achieve desired porosity for cellular ingrowth [25,29]. Synthetic biomaterials can be 

categorized into two groups which include nondegradable and biodegradable 

polymers such as ePTFE, Dacron, polylactic acid (PLA), and polyglycolic acid 

(PGA) [25,31]. Nondegradable synthetic biomaterials such as ePTFE and Dacron 

have been used as candidates for vascular grafts; however, long-term patency of is 

only about 45% as compared to between 60% and 80% for autologous grafts [25]. 

Additionally, nondegradable synthetic biomaterials used for vascular grafts have 
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only shown success in large diameter vessels, wherein replacement of small diameter 

vessels less than 6 mm are significantly lower in patency. Poor patency of small 

diameter vascular grafts typically are attributed to poor endothelization, which leads 

to thrombosis and/or intimal hyperplasia [28]. 

Biodegradable polymers are the second category of biomaterials 

implemented in vascular grafts, such as poly-(caprolactone) (PCL), and PLA. They 

have the ability to degrade over time and allow tissue remodelling to occur via 

cellular extracellular matrix (ECM) secretion and maturation [25,27]. Other 

biodegradable polymers have been incorporated for vascular grafts include 

poly(lactide-co-glycolide) (PLGA), PGA, among others. These polymeric systems 

for vascular applications in CVDs provide promise in regenerating native tissue due 

to the ability to incorporate growth factors for spatial or temporal release in vivo, and 

the possession of adequate biomechanical properties; however, challenges such as 

compliance mismatch can limit the long-term patency of these grafts which serve as 

motivation for ongoing research [25,27]. 

 

1.2 Tissue Engineering Approaches 

The use of scaffold biomaterial in vascular tissue engineering is a part of the 

more general field of tissue engineering which has rapidly progressed since its 

official terminology in 1988, the discipline involves a trinity of sources shown in 
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Figure 1.2 to achieve an engineered tissue [34]. Some of the critical limitations for 

current cardiovascular tissue engineering involves scaffold viability and proper 

integration between the scaffold system and host tissue [35]. As such, a variety of 

different approaches to achieve a suitable scaffold for vascular applications are being 

investigated, including modification of scaffold properties, modulation of surface 

characteristics, incorporation of biological agents, and various methodologies for 

scaffold fabrication [28,36–39]. 

 

Figure 1.2 Illustrates the trinity of sources that are an integral part of tissue engineering 

approaches. 



 

 

12 

 

1.2.1 Scaffold Fabrication 

 There are important considerations to determine the suitability of a scaffold 

for tissue engineering throughout the fabrication process [34]. A critical parameter 

in scaffold fabrication is biocompatibility, wherein the scaffolding biomaterial 

should reduce or eliminate an adverse response and possess the porosity and other 

characteristics to allow for cell and tissue ingrowth [40]. Further considerations 

include biodegradability  of the scaffold to allow healthy tissue development and 

replacement of diseased areas [41]. Interestingly, non-tissue engineering research for 

vascular applications has also involved nondegradable biomaterials as well, wherein 

modifications are made in an effort to improve endothelialization [42]. As such the 

field of tissue engineering for vascular applications has explored different techniques 

such as electrospinning, decellularization, lyophilization, and post-fabrication 

surface modifications to optimize scaffold fabrication [28,36,41,42]. As the focus of 

this study utilizes electrospinning, this technique is given greater attention than 

alternative methodologies for scaffold fabrication. 

1.2.1.1 Electrospinning 

The process of scaffold fabrication via electrospinning is an electrodynamic 

technique allowing for three-dimensional scaffold development using different 

polymers [36]. The appeal behind the electrospinning technique is the ability to 

generate polymer fibers between 3nm and 5µm in diameter, and the process itself is 
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simple and inexpensive [43]. The equipment for an electrospinning setup consists of 

a syringe with a needle connected to an electrode at the tip, a hydrostatic pump, an 

electrical source, and a collecting plate [36]. The steps involve application of an 

electrical field to the needle of a polymeric solution loaded syringe, as the polymeric 

solution is released from the syringe, the energy causes deformation of the solution 

droplet at the needle tip which leads to formation of a Taylor cone. The solution is 

then ejected as electrostatic forces cause charge repulsion to overcome surface 

tension, as the jet travels, and the solvent will evaporate and polymer fibers can be 

collected onto the collector plate [36,43].  

Important considerations for electrospinning include various parameters to 

modulate the properties of electrospun fibers [43]. The parameters can be classified 

into thee general categories which include controlled variables, solution properties, 

and ambient parameters [43]. Controlled variables include flow rate, collector 

geometry and design, and electric field strength. Solution properties encompass 

viscosity, conductivity, and dielectric constant. Ambient parameters involve 

temperature, humidity, and air velocity. Of all the parameters above, viscosity was 

found to have the most impact on electrospun fibers as alteration leads to change in 

fiber diameter and morphology; this parameter is determined by polymer 

concentration in the electrospinning solution. [43]. An interesting ability to induce 

alignment has also been investigated wherein the incorporation of a rotating collector 

(mandrel) induces fiber alignment during electrospinning [44]. Research involving 
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electrospinning for tissue engineering has utilized materials such as PLGA [45], PCL 

[46], and polystyrene [47] which are at times incorporated alongside natural 

materials such as collagen, elastin, and gelatin [48]. 

1.2.1.2 Decellularization 

The second main technique to create vascular scaffolds involves 

decellularization, this process involves the complete removal of cellular components 

for a tissue or organ while preserving most of the ECM [36]. The motivation behind 

the decellularization technique is the prevention of an immune response induced by 

the presence of cellular antigens whilst preservation of the ECM allows for the 

structure and biological function of the overall scaffold to be retained [49]. [51] 

Studies utilizing decellularized matrices for vascular tissue engineering 

involve sources such as porcine coronary artery [50] and human saphenous veins 

[51]. As with all methods of scaffold fabrication, there currently exists some 

challenges and limitations to achieve the optimal outcome. In the case of 

decellularization, the donor vascular tissue undergoes recellularization using 

autologous endothelial cells from the blood circulation of the host; however, a study 

investigating the use of peripheral blood to achieve recellularization resulted in fibrin 

threads and platelets [52]. These findings refuted a previous proof of concept study, 

wherein results indicated patient blood could recellularize autologous blood vessels 

in one week [53]. Ongoing research has shown in vitro that decellularized vessel 
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scaffolds can support cell adhesion, and important considerations have arisen to as 

possible solutions to the challenges faced by decellularization for scaffold fabrication 

[36]. 

1.2.1.3 Lyophilization 

A third type of scaffold fabrication involves lyophilization, which is a 

physical technique to produce dry and stable grafts via sublimation  [36]. 

Lyophilization can be used in addition to electrospinning to create a bilayered 

scaffold, which partially addresses the later’s limitation in terms of large pore sizes 

[54], or with the decellularization technique to address scaffold preservation and 

stability during gamma irradiation or ethylene oxide sterilization[55]. A study 

investigating the use of lyophilization to preserve allograft pulmonary artery 

mechanical characteristics and patency after preservation as compared to 

cryopreserved allografts demonstrated the advantage of this technique for scaffold 

fabrication [56]. 

1.2.1.4 Bioprinting 

The general method of bioprinting falls under the category of 3D printing or 

additive manufacturing, an area that has gained interest in the field attributed to its 

ability to produce complex materials at a low-cost with high reproducibility [36].  

The method of bioprinting for vascular applications is a form of 3D printing wherein 

in the ink is referred to as a bioink due to presence of cells, and is advantageous in 
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increased efficacy of cell incorporation regardless of the number of cell types used 

in the process [57][38] 

Studies involving bioprinting have utilized materials such as gelatin, alginate, 

and gelatin methacrylate (GelMA) for broad vascular applications [58,59]. A study 

utilizing gelatin with sodium alginate and carbon nanotubes to create a hybrid 

hydrogel was used to bioprint vessel constructs wherein it was found that fibroblasts 

were able to proliferate in the scaffold and that altering the carbon doping led to 

modulation of mechanical properties; albeit, at the expense of cell viability [59]. 

Additionally, a study involving GelMA demonstrated the potential of bioprinting for 

small-diameter vascular grafts through in vitro and in vivo studies [58]. However, 

optimization of bioprinting is still required, especially because notable parameters 

such as desired mechanical properties such as strength are concerns for bioinks [36]. 

1.2.2 Surface Modifications for Cell Adhesion 

The importance of endothelialization and hemocompatibility for viable 

vascular grafts has inspired research into surface modifications to address the 

patency and thrombosis limitations of current approaches [28,37,60]. Surface 

modifications studies have implemented approaches such as incorporation of 

bioinspired molecules like polydopamine [28], plasma treatment [61],  and peptides 

[37,62] to promote cell adhesion. Additionally, synthetic materials like polyethylene 

glycol methacrylate (PEGMA) have been used on synthetic vascular grafts to 
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improve hemocompatibility by limiting platelet activation and adhesion; albeit, at 

the expense of cell attachment [60]. An important consideration for surface coatings 

is that their efficacy is often limited by the requirement of homogenous coverage of 

the treated surface; this is particularly true for materials that can cause restenosis or 

thrombosis when used in vascular treatments [60]. 

Although the use of synthetic materials for cardiovascular applications have 

been implemented, the induction of cell adhesion onto such scaffolds requires 

optimization [62]. A study by et. al. investigated scaffolds fabricated from PGA, 

PLGA, and collagen type I and the mechanism of cell adhesion using smooth muscle 

cells (SMCs). Findings for this study confirm the importance of surface binding 

specificity in cell attachment; wherein fibronectin and vitronectin regulated the 

attachment of SMCs [62].  

Additional studies involving surface modifications for cell attachment have 

yielded interesting results. For example, in the case of ePTFE,  carbon coating was 

found to improve surface biocompatibility along with increased vascular SMC 

adhesion and proliferation; even though carbon coating and fibrin glue surface 

modifications as a whole have not improved artificial graft patency [60]. The use of 

plasma treatment to modulate surface characteristics have also been investigated, 

wherein plasma treatments with oxygen or air allows immobilization of matrix 

components like collagen, laminin, and fibronectin on the scaffold surface to 
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facilitate cell adhesion and  proliferation [61]. Finally, another non-traditional 

approach to aid in endothelialization was the pre-seeding of vascular grafts with 

endothelial cells (ECs), which were found to exhibit reduced platelet adhesion and 

improved patency as compared to unseeded scaffolds [42].  

Implementation of biodegradable synthetic scaffolds have also been explored 

for vascular applications for small-diameter grafts (< 5-6 mm in diameter) to address 

the limitations with Dacron and ePTFE. One of the commonly used biodegradable 

polymers is PCL for its desireable biomechanical properties, wherein a study with 

incorporation of collagen type I supports not only endothelial cell viability, but also 

function via VEGF production [63]. Another study using PCL incorporated with 

lecithin to fabricate electrospun scaffolds indicated increased hemocompatibility and 

cytocompatibility as compared with the pure PCL vascular graft, this was due to 

zwitterionic properties of lecithin changing the surface hydrophobicity the construct 

[64].  

1.3 Effects on Endothelial Cell Growth 

The use of biomaterial scaffolds for tissue engineering has resulted in 

scaffolds for applications in tissues such as blood vessels and heart valves; however, 

the goal to achieve biomimicry has led to studies involving the extracellular 

environment and its influence on cell behavior [65]. Endothelial cells (ECs) are an 

integral part of vessel physiology and are known to secrete products such as 
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inflammatory mediators, growth factors, matrix products, and antithrombogenic 

factors [66]. The main roles of endothelial cells are to provide an anticoagulant layer 

between the blood vessel and blood, and to act as a selectively permeable layer [66].  

Additionally, endothelial cells have a significant role in blood vessel 

formation via angiogenesis in a separate process by endothelium formation in 

response to vascular-specific growth factors [67].   However, changes in the 

surrounding environment such as shear stress, growth factors, and surface 

characteristics  can affect EC survival and proliferation both in vitro and in vivo [68–

70]. Research has also shown that changes in gravity and light wavelengths can also 

impact endothelial response [67,71]. 

1.3.1 EC Response to Different Light Wavelengths 

The use of low level light or laser therapy (LLLT) has been an area of interest 

in the treatment of pathologies such as peripheral nerve regeneration and 

angiogenesis, with the latter being of significant relevance to endothelial cells in 

angiogenic blood vessel formation [67].  With therapeutic potential, a study of LLLT 

on endothelial cells in vitro observed clear differences in the proliferation of human 

vein endothelial cells (HUVECs) and vascular endothelial growth factor expression 

(VEGF) under a 635 nm light source [72].  Results indicated that LLLT using a 635 

nm laser saw significant increase in cell number and lower concentrations of VEGF 

receptors; thus, implying an increase in VEGF expression [72].  
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 Other studies have also shown potential clinical applications with the use of 

red and near-infrared wavelengths in the photobiomodulation of endothelial cell 

dysfunction; specifically, 808 nm light demonstrated the ability to prevent restenosis 

while 645 nm light could induce angiogenesis [73]. Additional investigations with 

light wavelengths have yielded interesting results for ranges in the blue, violet, and 

green regions of the spectrum. One study found that wavelengths of 410, 480, and 

595 had no significant effects on HUVECs, while 630 nm light has positive impacts 

[74]. However, other research revolving around blue light and blue-violet has 

indicated negative impacts on vascular endothelial cells due to decrease in types of 

VEGF production [75,76]. An important note is that these studies were investigating 

approaches to potentially address pathologies in human retina, where angiogenic 

signalling may lead to age-related macular degeneration [75,76]. The effects of blue-

light seem to indicate conflicting outcomes on endothelial cells, as one study 

investigating whole-body blue light exposure indicated positive results related to 

cardiovascular health in human patients [77]. This study specifically found whole-

body exposure to 450 nm light led to lower blood pressure, arterial stiffness, and 

induction of nitric oxide (NO) release which are all factors in determine 

cardiovascular health. However, another study by et. al. regarding photodynamic 

therapy (PDT) induced cytotoxicity  indicated adverse effects on HUVEC survival 

[78]. The use of a 430 nm laser indicated inhibition of angionesis and activation of 

apoptotic mechanisms for cell death.   
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1.3.2 EC Response to Surface Morphology and Topography  

Another important consideration with scaffolds in vascular applications is the 

cell-to-biomaterial interaction, as studies have shown that surface characteristics 

impact cell behaviours like proliferation and attachment [79]. As such, research has 

investigated endothelial cell response to their mechanical extracellular environments.  

An example study involving the use of polycaprolactone (PCL) and 

polyethyleneoxide (PEO) to create electrospun meshes and smooth films indicated 

that the nanotopography present in meshes enhanced HUVEC proliferation [80].  

In addition to proliferative changes, endothelial cell response to patterned 

surfaces observed EC alignment along the micro-grate structures as compared to 

unpatterned substrates [81]. Other studies involving EC response to surfaces have 

involved the fabrication of micropillars with polydimethylsiloxane (PDMS) and 

silicone oxide (SiO2), and surface stiffness modulation of PDMS with alumina 

[82,83]. In the case of micropillars, it was found that the spacing of SiO2 micropillar 

substrates led to decreased attachment and spreading for distances above 6 mm, but 

increased cell attachment for spacings of 1 µm and 3 µm (up to 98% cell 

viability).[82]. In both cases of SiO2 and PDMS substrates, there was more spreading 

and alignment of cells as compared to HUVECs seeded onto flat, smooth  substrates, 

which observed less spreading and alignment. A separate study found that surface 

stiffness modulation of PDMS using alumina, wherein incorporation of alumina 
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induced spindle morphology of ECs via increase in construct stiffness [83]. As 

surface characteristics have  been shown to impact cell response, research involving 

surface modifications have developed for drug delivery with the motivation to 

achieve endothelialization for tissue engineering [61,84]. 

1.4 Drug Delivery in Tissue Engineering  

The goal of endothelialization for vascular application has also led to a 

combined approach using drug delivery and tissue engineering [84]. Considerations 

for drug delivery systems are similar to tissue engineering wherein their applications 

must address concerns such as cytotoxicity and proper porosity [85]. Clinical 

applications for drug delivery in vascular applications involve materials such as 

drug-eluting stents; unfortunately, these systems also prevent tissue deposition to 

achieve endothelialization [86], and have also been found to trigger localized 

inflammation due to prolonged drug accumulation in the surrounding tissue [87].  

Focus on addressing these complications and limitations in tissue engineering 

have involved  studies investigating the delivery of antioxidants and anti-

inflammatory agents, examples include anti-CD34 antibody to promote 

endothelialization and gasotransmitters like carbon monoxide (CO) to inhibit 

inflammation and mediate vasodilation [86]. With the goal of improving cell 

adhesion via mimicking the native ECM, incorporation of these bioactive molecules 

onto  surface modified scaffolds such as PCL with bioactive molecules like heparin 
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have been explored [84]. This can be considered drug delivery as the bioactive 

molecule interacts with the body. 

1.4.1 Bioactive Molecules in Cardiovascular Engineering 

One motivation of incorporating bioactive molecules in nontraditional drug 

delivery for tissue engineering applications is to achieve biomimetic 

biomaterials[88]. Various bioactive molecules have been investigated for their 

potential benefits in the field of tissue engineering which include heparin [89], 

carbon monoxide [90], and other growth factors and peptides [88,91,92]. The use of 

bioactive molecules for vascular applications can be categorized into different areas 

depending on the effect of these molecules on vascular grafts. These categories 

include enhancement of endothelialization, reduction of intimal hyperplasia, and 

aiding endogenous cell recruitment [93]. 

Studies involving bioactive molecules have elucidated interesting impacts of 

these molecules on cellular response. For example, a study comparing different 

bioactive molecules such as glycine and bovine serum albumin (BSA) found that 

grafting on high density polyethylene observed positive effects on protein expression 

for vascular smooth muscle cells (vSMCs), and better vSMC colonization [94]. 

Another study involved the immobilization of the bioactive molecules RGD and 

basic fibroblast growth factor (bFGF) onto polydopamine-coated poly(lactic acid-

co-ε-caprolactone), where results indicated that RGD influenced cell migration while 
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bFGF facilitated cellular adhesion and proliferation [95]. An interesting study also 

incorporated a carbon monoxide releasing molecule (CORM) into electrospun 

scaffolds using PCL [46]. Results from this study demonstrated bioactive effects of 

CO at appropriate doses since CO can also be cytotoxic. Specifically,  CO containing 

scaffolds exhibited higher cell proliferation and viability. 

1.4.1.1 Carbon Monoxide and Cell Signalling  

The use of CO in vascular tissue engineering applications has demonstrated 

positive impacts on smooth muscle cell growth and viability [46]; however, a 

thorough understanding of the role of CO on cellular response is critical to ensure 

therapeutic outcomes rather than cytotoxic effects. A few interesting characteristics 

of CO is that it is part of a family of biologically active gases called the “gaseous 

triumvirate” which includes nitric oxide (NO) and hydrogen sulfide (H2S) [90]. CO, 

NO, and H2S gases can function as neurotransmitters and are therefore termed as 

gasotransmitters which share common properties such as endogenous and enzymatic 

on demand synthesis, well-defined functions physiologically, and permeability 

across membranes without membrane-specific receptors [96]. For the purposes of 

this study, extended discussion will focus on the CO gasotransmitter. 

CO is regarded as an essential signalling molecule due to its anti-

inflammatory and anti-apoptotic properties shown in Figure 1.3 which protects 

tissues from hypoxia and reperfusion injury; CO has been applied to animal studies 
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involving organ rejection and protecting the heart after bypass surgery [97]. 

Although CO was historically believed to only be highly toxic, endogenous 

production was observed in 1968 wherein it was found that degradation of heme via 

heme-oxygenase catalyst led to the CO gasotransmitter as shown in Figure 1.4 [98]. 

An important note is exposure to exogenous CO can still be biotoxic if the 

concentration is too high as physiological blood concentrations are only between 3% 

to 6% for nonsmokers; importantly, CO stores in the body can be released up to 21 

days post-exposure [99].  
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Figure 1.3 Depicts the different pathways which involve CO, the flat yellow arrows 

indicate inhibitory effects on different mechanisms such as apoptosis and inflammation. 

Reprinted from https://www.researchgate.net/figure/Mechanisms-involved-in-carbon-

monoxide-CO-activity-CO-derived-from-heme-degradation-or_fig1_322676313  

https://www.researchgate.net/figure/Mechanisms-involved-in-carbon-monoxide-CO-activity-CO-derived-from-heme-degradation-or_fig1_322676313
https://www.researchgate.net/figure/Mechanisms-involved-in-carbon-monoxide-CO-activity-CO-derived-from-heme-degradation-or_fig1_322676313


 

 

27 

 

 

Figure 1.4 Depicts the endogenous synthesis of CO  due to heme degradation from heme 

proteins ( heme oxygenase). 

Although short-term exposure to CO inhalation has found that levels between 

11% to 13% exhibited no adverse effects [100], the general therapeutic dose of CO 

is unclear. As such, research regarding CO inhalation therapy has shown promise 

such as the ability to rescue the lungs from ischemic injury [101] and preconditioning 

of mitochondrial biogenesis in aortic valve replacement [102]. Due to the relatively 

unknown therapeutic window in the mechanism of CO treatment and the potential to 

induce tissue hypoxia via an oxygen displacement mechanism, research on CO has 

begun to shift to carbon monoxide releasing molecules or materials (CORMs) for 

controlled release and targeted delivery [103]. 

1.4.1.2 Impact of Carbon Monoxide Concentration 

The use of CO for therapeutic applications in CVDs  have involved various 

studies investigating the impact of CO dose or concentration on tissues and cells. An 
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in vitro study involving CO and bovine pulmonary artery endothelial cells (BPAECs) 

tested different concentrations of gasesous CO delivered under a fume hood with 

relation to cell viability and nitric oxide concentration [104]. Results indicated that 

exposure between 10-100 parts per million (ppm) (11-110 nM)  had clear differences 

in cellular response, where 10 ppm of CO saw increased manganous superoxide 

dismutase leading to resistance of toxicity at higher CO concentrations, a possible 

antioxidant defense mechanism in BPAECs. However, the general observation was 

that exposure to CO at or above 88 nM would lead to cell death within one hour via 

apoptosis due to nitric oxide and peroxynitrate mechanisms. [104].  

Specific CO therapy has involved direct inhalation, wherein different 

concentrations of CO along with varying durations of exposure can have positive 

impacts [105]. For example, a murine model for asthma treatment found that a single 

10 minute exposure to a concentration between 500 and 1,000 ppm was able to 

reduce airway resistance comparable to repetitive  5-day duration at lower 

concentrations between 250 to 500 ppm [106]. Another study found that a 

consecutive 4-day regime of CO inhalation between 100 and 125 ppm for 2 hours 

each day contributed to lower airway responsiveness and sputum eosinophils [107]. 

Although research on CO therapy indicates potential benefits for the treatment of 

different diseases, most have focused on direct inhalation. This method of CO 

delivery is met with challenges involving the control of aspects such as targeted 
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delivery and methods to overcome absorption limits to optimize efficacy with 

minimal toxicity [105]. 

1.4.1.3 Carbon Monoxide Releasing Molecules (CORMs) 

Research involving CORMs has arisen as an attractive and potentially safer 

method than the use of gaseous CO treatment owing to later’s lack of specificity and 

toxicity at high concentrations, with most CORMs developed being those of 

transition-metal carbonyl complexes [108]. The therapeutic effects of CORMs via 

CO release has been investigated in various medical applications such as 

inflammatory diseases, organ transplantation, and cardiovascular diseases. To these 

ends, many CO release mechanisms from CORMs have been studied for optimal CO 

delivery and controlled release  [103,109].  

These studies have investigated different types of CORMs and their efficacy 

in drug delivery and engineering applications. For example, experiments involving 

pH variations have led to ligand substitution (CORM-3) and acidification based 

release [110], while others have explored enzyme trigger CORMs (ET-CORMs) via 

mechanisms such as enzymatic cleavage of an ester group to activate a cascade 

pathway for CO release [109]. More recent studies have garnered interest in 

photosensitive CORMs (photoCORMS) due to the limitations of metal-carbonyl 

complexes for stable delivery of CO attributed to reduced half-life in plasma, and 
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potential cytotoxic effects [111,112]. Additionally, these photoCORMs can provide 

insight into CO delivery tracking thanks to their fluorescent properties [113]. 

1.4.1.3.1 Photosensitive CORMs 

Interest in the potential for photoCORMs in drug delivery and tissue 

engineering applications revolve around the ability  to use light as a means of 

triggering CO release with spatiotemporal control and minimized effects offsite 

[109]. A novel photoCORM system was synthesized around the use of micelle-

encapsulated unsaturated cyclic α-diketones, the appeal behind this type of 

photoCORM is its ability to activated using visible light and exhibit spontaneous 

fluorescence due to being derivatives of anthracene; thus, allowing for monitoring 

by imaging techniques [114]. A previous study investigating photoCORM 

incorporated poly(butyl cyanoacrylate) nanoparticles demonstrated the low 

cytotoxicity and good photoactivity of the CORM [115]. Live-dead assays done 

within the study revealed no significant difference in cell viability up to 11 days after 

culturing of cells for all doses of CORM[116]. Previous work with these novel 

photoCORMs have mostly involved the use of DK1, while current research focuses 

on DK3 and DK4 dose and activation with blue light to study endothelial cell 

response. 
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1.4.1.3.1.1 DK1 

The photosensitive CORM DK1 synthesized by Dr. Yi Liao’s lab is shown 

in Scheme 1, DK1 is an unsaturated cyclic α-diketone. Formation of the cyclic Diels-

Alder adduct was achieved via reaction of anthracene with vinylene carbonate at high 

temperature (150oC). The adduct was then hydrolyzed using a 4% NaOH solution to 

produce a dihydroxy compound (C5-2). Swern oxidation of the dihydroxy compound 

was done to obtain high yield DK1 [46]. 

 

Scheme 1.0 Synthesis of DK1 

1.4.1.3.1.2 DK3 

The second diketone molecule is DK3 which contains two long -OC8H17 side 

chains and is synthesized as shown in Scheme 2. The starting molecule 2,6-

dihydroxyanthracene-9,10-dione was subjected to etherification with 1-bromooctane 
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in the presence of KCl as the base. The product compound C5-3 was reduced using 

sodium borohydride to yield an anthracene derivative with two long side chains 

(compound C5-4). The final DK3 compound was then obtained following an 

additional trio of steps which involved a Diels-Alder reaction (compound C5-5), 

hydrolysis (compound C5-6) and Swern oxidation (compound DK3) [116].  

 

Scheme 1.1 Synthesis of DK3. 

 

1.4.1.3.1.3 DK4  

The current diketone molecule currently being utilized is synthesized 

according to Scheme 3. Anthracene (compound 1) and t-butyl alcohol were reacted 

to prepare di-t-butyl anthracene (compound 2). The Diels-Alder adduct (compound 

3) was obtained via heating compound 2 with vinylene carbonate in xylene. 
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Compound 3 was hydrolyzed with NaOH to produce dihydroxy intermediate 

(compound 4), and the final compound DK4 was obtained via Swern oxidation [115].  

 

Scheme 1.2 Synthesis of DK4. 

1.5 Conclusion 

The use of CO releasing molecules or materials has been shown to impact 

endothelial cell response in therapeutic research for various CVDs. The motivation 

behind numerous research areas for the treatment of CVDs such as PAD and CAD 

is attributed to the unmet clinical need, high statistical mortality rates, and increasing 

projected prevalence. As CVDs can be a result of endothelium dysfunction or 

damage, important studies involving treatments and therapies have incorporated 

biomaterials for vascular applications with the goal of achieving endothelialization 
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to mimic a healthy endothelium. Some important highlights include the use of 

synthetic and natural biomaterials such as PCL and collagen to fabricate TEVGs for 

potential small-diameter vascular grafts and the use of surface modifications such as 

polydopamine for the goal of endothelialization.  

Additionally, incorporation of bioactive molecules such as heparin in 

vascular scaffolds have emerged as non-traditional forms of drug delivery in tissue 

engineered systems. Other studies have also investigated the effects of CO inhalation 

to treat vascular related ailments; albeit, with limitations involving targeted delivery 

and unknown therapeutic window. With the inspiration to address these limitations 

of CO for therapeutic potential in mind, the research discussed hereafter involves the 

use of photosensitive CORMs and their impacts on endothelial cells seeded onto 2D 

and 3D surfaces. The goal is to elucidate the impact of CO dosage and exposure on 

endothelial cell function and proliferation.   

 For this study, DK3 was used to investigate effects of CO release on cellular 

function proliferation along with environmental impacts on the ability of the CORM 

to be activated for CO release. DK3 was also used in an in vivo pilot study to elucidate 

potential interactions between the CORM-incorporated PCL vascular graft in a rat 

model. For all subsequent experiments, DK4 was used primarily to study effects of 

CORM concentration and dose on endothelial cell function and proliferation. The 

appeal of DK4 is its ease of processing as compared to the waxy nature of DK3, 
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while possessing the ability to release CO effectively in media. The DK4 CORM was 

incorporated with PCL/collagen to create both 2D and 3D microenvironments to test 

endothelial cell response. Figure 1.5 depicts the approach to achieving the goals in 

this study. 

 

Figure 1.5 Flow chart showing the experimental approaches to elucidate impacts of CO on 

cells seeded onto 2D and 3D scaffolds. 
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Chapter 2 

Methods and Materials 
 

2.0 Materials 

Disposables, chemicals, and biologicals were purchased from Fisher 

Scientific (Pittsburgh, PA) or its subsidiaries unless stated otherwise. Poly (ε-

caprolactone) was purchased from Lactel Absorbable Polymers (Pelham, AL). 

HUVECs were purchased from ATCC (Manassas, VA) and PromoCell (Heidelberg, 

Germany). Endothelial Cell Medium MV with Growth Medium was purchased from 

PromoCell. Anti-VE cadherin intercellular junction was purchased from Abcam 

(Cambridge, MA).  

2.1 CORM Synthesis 

The CORMs were synthesized as shown and discussed in Chapter 1. A three 

step synthesis process was involved to produce the diketone molecules of  DK3 and 

DK4 using anthracene as the starting material. The complete synthesis project can be 

seen in Scheme 1.1 Scheme 1.2 respectively.   

2.2 Electrospinning and Spin Coating 

CORM-incorporated meshes were electrospun using the setup depicted in 

Figure 2.0  at 12% w/v of PCL/collagen in hexafluoro-2-propanol (HFIP).  DK4 was 

incorporated at 0% and 2% w/w to PCL/collagen. The ratio of 90% PCL to 10% 
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collagen were used. SEM and ImagePro software were used to characterize surface 

topography of the material.  

 

Figure 2.0 Diagram showing the general setup for electrospinning PCL/collagen with 

CORM. 

The process of spin coating as shown in Figure 2.1 also utilized 90%/10% 

PCL/collagen w/v in HFIP to test four different concentrations of DK4. The 

conditions tested were 0%, 0.1%, 1%, and 10% w/w DK to polymer along with a 

tissue culture polystyrene (TCPS) control. The DK4 incorporated films were spin 

coated using a solution with concentrations of 6% w/w DK4 to PCL/collagen and 

6% w/v of PCL/collagen to HFIP. For 2% DK3 meshes, the polymer used was pure 

PCL as surface coatings had not been studied for this CORM. The control parameters 
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for spincoated films was Program: 4, Steps: 002/002, Time: 1 minute 30 seconds, 

and RPM: 700 for all CORMs tested. 

 

Figure 2.1 Spincoating apparatus and setup for 2D CORM incorporated film fabrication. 

For  surface modifications, three different types of coatings on PCL 

constructs were conducted. Conditions for surface modifications included 

incorporation of collagen type I alongside PCL at 90% PCL to 10% collagen ratios, 

pure PCL with fibronectin surface coating, pure PCL with laminin surface coating 

for comparison with non-surface modified PCL constructs. Concentrations for 

surface coatings were calculated based upon a 5 µg/cm2 density. TCPS was used as 

a control condition. A similar procedure was done on 3D 90%/10% PCL/collagen, 

with fibronectin as the surface coating. Concentrations of fibronectin tested included 
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0 µg/mL, 5 µg/mL, and 72.1 µg/mL. DNA assay and IF imaging were conducted at 

days 3 and 7 to elucidate effects of the coatings on endothelial response. 

2.3 Characterization of Spincoated and Electrospun Constructs 

Studies to characterize both the spincoated films and electrospun meshes 

involved scanning electron microscopy (SEM) and fluorescence microscopy. SEM 

was conducted on samples after gold sputtering using a Denton Vacuum Desk IV, 

samples were imaged using a JEOL JSM-6380LV Scanning Electron Microscope to 

obtain images of surface topography for qualitative analysis.  

The fluorescence of  DK3 and DK4 in CORM incorporated samples was 

obtained via fluorescence microscopy. Samples were imaged using a Nikon C1 

confocal fluorescence microscope before and after activation of the DK compounds 

using a 470 nm light. Fluorescence microscopy was conducted to verify the 

successful incorporation of DK4 into the samples.  

2.4 Release Profiles 

Release profiles for spin coated films were obtained for dry samples of DK4 

along with dry and wet samples of DK3 in order to compare CO release for each of 

the conditions tested. The different concentrations of CORM incorporated films were 

transferred to a well plate for fluorescence readings. Spin coated DK 4 samples were 

irradiated with a 470 nm light at 10 cm away from the top of a well plate to activate 
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the CORM for fluorescence tracking via a plate reader at 300 nm excitation and 490 

nm emission. The activation DK4 was done at 15 second intervals for a total time 

duration of 5 minutes to determine maximum release via relative fluorescence. A 

similar procedure was followed for generating release profiles for electrospun 

meshes, with the only exception being the wetting of the meshes with deionized 

water to prevent interaction with the well plate due to surface charges. For DK3 

meshes, release profiles were obtained for time intervals up to 3 minutes at 320 nm 

excitation and 490 nm emission.  

2.5 Cell Culture 

Cellular studies used primary HUVECs (ATCC CRL-1730 and PromoCell) 

cultured in 95% air, 5% carbon dioxide, and 37oC with complete media (PromoCell 

Endothelial Cell Growth Medium MV with ECs Growth Supplement and 1% 

penicillin/streptomycin) before seeding for studies.  

Prior to plating cells for cell studies, PDMS sandwiches were fabricated 

according to Figure 2.2 for the electrospun meshes and subjected to ethylene oxide 

sterilization along with spin coated films. Additionally, 24-well tissue culture 

polystyrene (TCPS) plates were coated with poly(HEMA) 24 hours before seeding 

cells to prevent attachment to the wells. The sandwiches and films were then 

transferred into 24-well plates and cells were seeded at 10,000 cells/cm2 for all 

conditions. For activated CORM conditions, DK4 was activated after 24 hours of 
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cell seeding using a a 470 nm. Activation was performed for 5 minutes at a distance 

of 10 cm from the top of the well plates 

 

Figure 2.2 Illustrates the fabrication of PDMS sandwiches of electrospun meshes for 3D 

cell culture. 

Investigating effects of CORM with and without activation for CO release 

with respect to endothelial cell function and proliferation involved four different 

loading concentrations of DK4 into 90/10 PCL/Col spin coated films. The four 

CORM concentrations were 0%, 0.1%, 1%, and 10% w/w of DK4 to polymer. A 

control condition using TCPS was also implemented. Dose concentration effects on 

cell function and viability were investigated using HUVECs cultured onto the spin 

coated films wherein immunofluorescence (IF) imaging and DNA assay was 

conducted at day 3 after seeding. A similar study for electrospun meshes was 
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conducted wherein 0% and 2% w/w concentrations of DK4 were used to investigate 

effects of CO release on cells seeded onto 3D surfaces. Media changes were 

performed every two days, and cell studies were performed at days 3 and 7 after 

seeding to determine cell function and viability. 

2.6 Cellular Analysis 

2.6.1 Cellular Function - Immunofluorescence Imaging 

Qualitative analysis of cellular function was studied via IF staining and 

imaging. The electrospun meshes and spin coated films were retrieved and prepared 

via fixation with 4% formaldehyde for 10 minutes. The samples were then washed 

three times with 1X phosphate buffered saline (PBS) for 5 minutes each time. A 

blocking buffer made with 5% goat serum in 1X PBS was applied on the samples  

for 30 minutes before removal via aspiration. The cells in the samples were then 

labelled with primary anti-ve cadherin antibody (Abcam) and allowed to incubate at 

20oC overnight. Excess primary antibody was aspirated from the samples the 

following day, and secondary antibody solution (prepared with Alexa Fluor 633 and 

Alexa Fluor 488 Phalloidin in 1% goat serum) was applied to the samples to incubate 

for 1 hour. Samples were then washed three times with 1X PBS for 5 minutes each 

time before application of DAPI mounting media. Images were obtained at 10X 

magnification using a Zeiss Axio Observer A.1 fluorescent microscope with a 

ProgRes® SpeedXT core 3 CCD camera and processed using ImagePro software. 
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2.6.2 Cell Proliferation - DNA Assay 

Quantitative data for cell proliferation was obtained via modification to 

standard DNA assay protocol. For all concentrations and activation conditions of DK 

compounds, the spin coated films with cultured HUVECs were retrieved via peeling 

of the film from the glass coverslips. The DK4 incorporated PCL/Col (90/10) films 

were then placed into eppendorf tubes with Pi buffer (50 mM sodium phosphate 

dibasic Na2HPO4, 2 mM EDTA, and 0.02% sodium azide NaN3) and sonicated for 

15 seconds to lyse the DNA from the cells. Subsequently, the DNA-containing buffer 

was used to run a standard DNA assay to determine cell density. A DNA assay was 

conducted for all conditions at day 3 and 7 after seeding.  DNA assay analysis was 

also conducted for electrospun meshes using the same protocol with the addition of 

removal of the meshes from the PDMS sandwiches. 

2.8 In Vivo Pilot Study 

A preliminary biocompatibility study was conducted using DK3 incorporated 

in a pure PCL vascular graft. The scaffold was fabricated via electrospinning of a 2% 

w/w of DK3 to PCL solution and stored away from light to prevent CORM 

activation. The nonactivated, CORM-incorporated vascular graft was then implanted 

into a Sprague-Dawley rat model following an IACUC approved protocol. The 

grafting procedure is described in our lab’s prior publications [117]. Non-invasive 
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imaging was conducted via color Doppler ultrasound for elucidation of flow and 

patency. 

2.9 Statistical Analysis 

Results for quantitative data are presented as mean ± standard deviation. Normalizing 

to control condition was conducted for combined data  involving replicate studies for 

reproducibility and trend validation. Analysis to determine significance was 

conducted using JMP Pro 13 via two-way ANOVA with Tukey post-hoc comparison 

(p < 0.05). 
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Chapter 3 

Results and Discussion 
 

3.0 Cell Response on 2D and 3D Surface Modifications  

3.0.1 Surface Coatings on Spincoated Films  

An investigation of the impacts of surface modifications on cell attachment 

to spincoated films involved various coatings with TCPS as a control. Quantitative 

results were normalized to TCPS control to combine replicate experiments as shown 

in Figure 3.0.  HUVECs cultured onto the surface modified films at days 3 and 7 

showed no significant differences in cell density between day 3 and day 7 for all 

surface modifications. However, there was significant differences in cell density 

between PCL and TCPS for both days, wherein pure PCL exhibited a lower general 

density than TCPS. This may be an indication of the surface hydrophobicity of PCL 

[118]. The concern with surface hydrophobicity is the adverse effects on cell 

attachment, wherein hydrophobic surface characteristics such as those seen with 

polyHEMA, limit cell attachment [119]. From this quantified data, it was determined 

that a surface modification would be necessary on spincoated films to promote cell 

attachment. From the different proteins used, collagen was selected as the surface 

modification due its relatively low cost compared to laminin and fibronectin. 

Additionally, collagen could be directly incorporated with PCL during the 

spincoating process to fabricate a hybrid scaffold. The inherent binding sites present 
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in collagen would allow cell attachment, while the one step modification via 

solubilizing in solvent for spincoating indicated its appeal over fibonectin and 

laminin, which would require an additional step to coat the surface.  

 

Figure 3.0 Quantitative analysis of cell density different surface modifications. 

Normalized to TCPS control. (n = 3) for all conditions except TCPS day 3 and 

PCL/Collagen day 3 (n=2). * indicates significantly lower cell density compared to TCPS 

for respective day. 

3.0.2 Surface Coatings on Electrospun Meshes 

Experiments testing potential surface coatings to help improve endothelial 

cell attachment on electrospun meshes for 3D culture was also conducted, with 
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different concentrations of fibronectin coating on 12% w/v of 90/10 PCL/collagen 

scaffolds. The meshes were then placed into PDMS sandwiches following the 

method illustrated in Figure 2.1 to prevent the meshes from floating freely in cell 

culture media. DAPI-Phalloidin staining was conducted to assess cellular response.  

The images shown in Figure 3.1 indicated differences between 0 µg/mL, 5 µg/mL, 

and 72.1 µg/mL concentrations of fibronectin coatings for cell density. From the 

images, 0 μg/mL control exhibited the lowest cell density and attachment at both 

time points, while 5 μg/mL indicated the most amount of cells at day 3 with 

confluency comparable to 72.1 μg/mL at day 7. Analysis of the images revealed that 

the 5 µg/mL concentration of fibronectin was optimal for cell attachment in 3D 

culture as the density of cells in the images seemed comparable to 72.1 µg/mL. If 

using a lower concentration can achieve similar benefits on cell proliferation, then 5 

µg/mL would be ideal in relation to efficacy versus cost.  

Although the results indicated that the use of a fibronectin surface coating 

would be beneficial to cell attachment and proliferation, the DAPI-Phalloidin images 

at day 7 provide an argument against implementing a surface modification as there 

would be difficulty in observing clear differences between CO concentrations at this 

time point due to confluency of the cells. As the goal of this study is to investigate 

direct impacts of CORM doses on endothelial cell response, the use of a fibronectin 

surface coating would limit assessment of qualitative data as enhanced cell 

attachment and proliferation could be attributed to either the coating or the CO 
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release; thus, leading to potential confounding factors.However, the bioactivity of a 

fibronectin coating demonstrates its potential use for an in vivo system. 

 

Figure 3.1 Qualititative analysis of cell proliferation seeded on various fibronectin 

concentrations. A) 0 µg/mL, B) 5 µg/mL, and C) 72.1 µg/mL at Day 3.  D) 0 µg/mL, E) 5 

µg/mL, and F) 72.1 µg/mL  at Day 7. Cell nuclei are stained blue with DAPI and the actin 

cytoskeleton green with Alexa 488 Phalloidin. Sample size (n = 2). 
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3.1 CORM Incorporation in 2D and 3D Scaffolds 

3.1.1 Incorporation of DK3 in Electrospun PCL Meshes 

3.1.1.1 Surface and Fluorescence Characterization  

Scaffold characterization of DK3 electrospun meshes was conducted via 

scanning electron microscopy (SEM) and confocal imaging. From the SEM pictures 

shown in Figure 3.2, the porous properties of the electrospun scaffolds can be 

observed. Additionally, the ability of electrospinning to form fibrous scaffolds can 

also be observed from the SEM images. This fibrous microstructure is a potential 

benefit for cell attachment and function, as different studies have demonstrated the 

positive effects of surface topography and patterning for enhanced cell attachment 

and functional morphology [120]. 

Validation of CORM release was obtained via confocal microscopy of 

electrospun meshes. An image of the PCL/DK3 mesh was taken before activation by 

a 470 nm light as shown in Figure 3.3. This depicts no autofluorescence of the 

photoCORM in the absence of light. However, upon activation by a 470 nm light, 

clear indication of fluorescent fibers are observed on the post-activated micrograph. 

These confocal images provide a validation regarding successful incorporation of 

CORM during the electrospinning process and the ability for subsequent activation 

after scaffold fabrication. These observations indicate that the CORM is able to 
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maintain activity provided it is protected from light, which potentially offers the 

ability for controlled release in vitro and in vivo.  

 

Figure 3.2 SEM images of electrospun A) PCL and B) PCL/DK3 meshes. 

 

 

Figure 3.3 Confocal microscopy images of PCL/DK3 electrospun meshes A) before and 

B) after activation. 
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3.1.1.2 Impact of DK3 Incorporated PCL Vascular Grafts 

Non-invasive analysis of DK3-incorporated PCL vascular graft in the 

Sprague-Dawley rat model shown in Figure 3.5  allows assessment of graft patency. 

This can be attributed to the implicit biocompatibility of the vascular graft in vivo 

based upon color Doppler ultrasound images in Figure 3.4. The images indicated 

that the CORM-incorporated scaffold was able to sufficiently support and facilitate 

blood flow without inducing thrombogenicity or atherosclerotic obstruction. 

 

Figure 3.4 2% PCL/DK3 vascular graft in a Sprague-Dawley rat model. 
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Figure 3.5 Color doppler ultrasound imaging of blood flow through the 2% PCL/DK3 

vascular graft. 

3.1.2 DK4 Release Kinetics in PCL/Collagen Films and Meshes 

Release parameters for DK4 incorporated films were obtained via activation 

at 30 second intervals for 5 minutes. From the quantified data shown in Figure 3.6, 

0% DK4 indicates a baseline and control, as there are no visible peaks or change with 

activation. For all concentrations most of the CO was released except 10% DK4, 

which shows a plateau after about 60 seconds of irradiation by a 470 nm light. 

However, this condition indicates continuing release even after 5 minutes of total 

irradiation via the indication of increasing fluorescence after the initial plateau. 

Another interesting observation regarding DK4 release was that 10% had 

fluorescence readings lower than 0.1% and 1% conditions, which may be attributed 

to fluorescence quenching effects at higher CORM concentrations. The observations 
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obtained from the release profiles indicate that 10% DK4 presents is an interesting 

case, wherein fluorescence quenching may result a slower release of CO due to 

particle agglomeration. 
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Figure 3.6 Release profiles of A) 0% DK4 , B) 0.1% DK4, C) 1% DK4, and D) 10% DK4 

over time at 30 second intervals up to 5 minutes.  
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Figure 3.7 Maximum Fluorescence at 300 nm excitation and 490 nm emission of different 

DK4 concentrations at different time points. 

Release profiles for electrospun DK4 meshes indicated a difference in 

relative fluorescence unit (RFU) readings as compared to the profiles for spincoated 

films. As shown in Figure 3.6 and Figure 3.8, fluorescence readings for the films 

was able to reach a maximum RFU value of almost 800 for the 1% CORM condition 

while maximum RFU for meshes was only about 250. This difference in fluorescence 

readings may be due to possible effects of dimensionality and construct 

characteristics on CO release. As the spincoated films are considered two-

dimensional and are generally thinner than three-dimensional electrospun meshes, 

DK4 activation by the 470 nm light may have greater effects on the CORM 

incorporated polymer. Additionally, the thickness and opaqueness of the electrospun 
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meshes may affect light penetration during CORM activation. As compared to the 

0% condition below, the RFU values for all intervals of activation are almost 

perfectly aligned. From the 0 second (before activation) interval on the 2% DK4 

mesh, the RFU values for the curve fall almost completely within the range of the 

0% DK4 mesh. Thus, indicating that 470 nm light successfully activates the CORM 

within the mesh as seen in the higher fluorescence values of 2% DK4. Elucidation of 

maximum fluorescence values was achieved via a 0% DK 4 normalized plot for all 

time intervals of activation versus RFU readings. Upon inspection of the graph in 

Figure 3.9, it can be seen that the fluorescence values begin to plateu after about 30 

seconds, which indicates that most of the DK4 is activated by this time interval. 

Furthermore, the plot indicates a very quick release of  CO after activation. The 

duration of CO release is shorter than spincoated films by almost half, as spincoated 

films show about 60 seconds of complete release seen in Figure 3.7 as compared to 

about 60 seconds for electrospun meshes. 
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Figure 3.8 Release profiles for 0% DK4 electrospun PCL/collagen and B) 2% DK4 

PCL/collagen meshes. 
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Figure 3.9 Maximum fluorescence of DK4 for electrospun PCL/collagen meshes at 

specific time points. 

 

3.2 DK4 Incorporation in 2D and 3D Scaffolds 

3.2.1 DK4 Concentrations and Activation Effects in Surface Films  

To investigate effects of the DK4 on endothelial cell response, DNA assay 

was conducted at day 3 after culture. Normalization of data to 0% DK4 was 

conducted to combine replicate studies. As shown in Figure 3.10 activation by 470 

nm light shows a general decrease in cell density at day 3 after seeding as compared 

to nonactivation. This is an interesting observation as the 0% condition suggests that 

the decrease in cell density may not be a result of CO release, but rather possible 
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cytotoxic effects from the 470 nm light. Determination of significant differences 

further validated the observations between nonactivated and activated conditions 

with a generated p-value of 0.0019; however, no significant difference was 

determined between concentrations of DK4. In other words, the study indicates that 

the different concentrations used had similar impacts on endothelial cell function and 

viability. However, as adverse blue-light effects cannot be disregarded or quantified, 

clear therapeutic effects of CO cannot be determined with confidence. Nonetheless, 

10% DK4 provides an interesting point of discussion as its cell density does not 

follow a general trend seen in the graph. Specifically, the presence of CORM seems 

to be attributed to decreased cell density, yet 10% DK4 shows the most cell density 

compared to even 0%.  

 

Figure 3.10 Quantitative analysis of DK4 concentration effects on cell density. (n = 3) 



 

 

60 

 

Qualitative analysis of cellular function and proliferation using 

immunofluorescence (IF) imaging showed noticeable differences with both 

activation and concentration of DK4 in the constructs. From IF images at Day 3 

shown in Figure 3.11, the effects of CO activation and concentration can be 

elucidated. For all concentrations except for 0% CORM, images suggest an impact 

of activation on cell proliferation and function. Activation of DK4 and subsequent 

release of CO indicates better cell function determined by a higher detection of anti-

VE cadherin antibody shown in red. Additionally, activated conditions observed 

more consistent staining of cell actin cytoskeleton by Alexa Fluor Phalloidin as 

compared to nonactivated conditions. All concentrations of DK4 were stained 

against TCPS as a control condition.  

Upon comparison with the quantitative data, validation of general lower cell 

density can be seen for both conditions of 1% DK4 compared to all other CORM 

concentrations. The fluorescence readings for 1% DK4 also provides a possible 

explanation for the observation of low cell density and function after activation for 

CO release. This is attributed to potential burst release of CO after activation, which 

may lead to a cytotoxic dose being delivered to the endothelial cells. However the 

main concern with low cell density for 0% and 1% after activation in the IF images 

presents a validation of quantified data. Both of these observations suggest that the 

low cell densities may be a result of irradiation with a 470 nm light. 
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 Interestingly, 10% DK4 indicates higher cell density than 0% and 1% DK4 

concentrations, which implies a delayed release of CO may be occurring due to 

quenching effects and is in agreement with DNA assay data. This means that  10% 

DK4 does not fully activate and release under the 470 nm within the 5 minutes of 

exposure, but instead continually releases CO over time. As such, the high 

concentration of CORM suggests increased efficacy on cellular function and 

proliferation if delayed release is occurring as opposed to a possible burst release 

found in the 1% DK4 condition. Overall, the results regarding CO concentrations 

and release suggests that controlled delivery may serve potential benefits to cellular 

function, which is similar to the goals of current in vivo research for spatiotemporal 

CO delivery [108]. As this research is in vivo, a three-dimensional model system is 

preferred. 
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Figure 3.11 Qualitative analysis of cellular function on PCL/collagen films with different 

DK4 concentrations at day 3. A) 0% DK4 control, B) 0.1% DK4,  C) 1% DK4,  and D) 

10% DK4 non-activated. E) 0% DK4 control, F) 0.1% DK4,  G) 1% DK4,  and H) 10% 

DK4 activated. Sample size (n = 1). 

3.2.2 DK4 Concentration and Activation Effects in 3D Meshes 

Quantified data for cell proliferation and proliferation on 0% and 2% DK4 

electrospun meshes as shown Figure 3.12, suggests a possible positive impact for 

CO. This  can be inferred when comparing the nonactivated and activated conditions 

for the 3D cell culture, wherein cell density was observed to be lower in the activated 

condition for 0% DK4, but higher for 2% DK4. This result is interesting compared 

to the 2D spincoated films which suggests that activation of DK4 in 2D led to lower 

cell density at day 3. A possible explanation for improved cell viability and 

proliferation may be attributed to the three-dimensional properties of the mesh as 

mentioned before, which would allow for cell infiltration and proliferation. The 
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decreased cell density observed in 0% DK4 after activation may be a result of the 

470 nm light, as other studies have shown impacts of different light wavelengths on 

endothelial cell survival and response [78]. This implies that CO release is beneficial 

for 3D meshes as there is increase in cell density after activation, whereas the 0% 

condition exhibits lower cell density, suggesting the endothelial cells experience the 

full negative effects of the blue-light. 

 

Figure 3.12 Quantitative analysis of cell density on different concentrations of 

PCL/collagen meshes incorporated with DK4. Sample size (n = 3). 

Qualitative evaluation of cell viability and function was performed on 

nonactivated and activated PCL/collagen meshes incorporated with DK4 at day 3 

after cell seeding. Comparison  between nonactivated and activated conditions 

indicated no observable differences in cell viability as shown in Figure 3.13 A and 
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B. However, activation of CORM in 2% DK4 suggests lower cell viability at day 3 

as compared to the nonactivated condition depicted in Figure 3.13 C and D. Based 

solely on qualitative data, these observations would agree with the results for 

spincoated films, wherein activation suggested reduced cell proliferation.  

Cellular function of HUVECs at day 3 as shown in Figure 3.14, indicates 

reduced cell function in 0% DK4 after activation compared to 2% DK4. This 

observation suggests that CO release may help to maintain endothelial cell function 

after exposure to blue-light at the expense of cell proliferation, as the literature has 

stated potential adverse effects of blue-light leading to endothelial cell death and 

dysfunction [121]. Between nonactivated and activated 0% DK4 conditions, such 

potential negative impacts may serve to explain the lower intensity of VE-cadherin 

(stained red) on the activated sample.  
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Figure 3.13 Qualitative analysis of cell viability on DK4 incorporated PCL/collagen 

meshes at day 3 after seeding. A) Nonactivated 0% control, B) Activated 0% control, C) 

Nonactivated 2%, and D) Activated 2%. (Sample size n = 2). 
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Figure 3.14 Qualitative analysis of cell function on DK4 incorporated PCL/collagen 

meshes at day 3 after seeding. A) Nonactivated 0% control, B) Activated 0% control, C) 

Nonactivated 2%, and D) Activated 2%. (Sample size n = 2). 
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Chapter 4 

Conclusions and Future Work 

4.0 Conclusions 

 The prevalence and mortality rates of various cardiovascular diseases such as 

CAD and PAD can be attributed to due to damage of the endothelium. Treatments 

for these CVDs have involved various approaches such as drug therapy, surface-

modified stenting procedures after angioplasty, and vascular grafts for the goal of 

achieving a biologically functional and healthy blood vessel. As PCL/collagen 

scaffolds have shown patency in small-diameter vascular grafts, and bioactive 

molecules such as peptides and carbon monoxide have shown potential beneficial 

effects on endothelial cell response, the goal of this research focused on investigating 

the effects of CO concentration in CORMs on endothelial cell response. 

Experiments investigating surface modifications to improve cell adhesion and 

viability for 2D and 3D cultured involved protein incorporated with PCL scaffolds. 

Results demonstrated the benefit of collagen to facilitate endothelial cell attachment 

attributed presence of cell binding sites and addressing PCL’s hydrophobicity. 

Collagen was then incorporated with PCL to PCL/collagen blended scaffolds in 2D 

and 3D. For 3D surface modification, fibronectin demonstrated benefits but was not 

used due to the introduction of confounding factors. Additionally, release profile 
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tests indicated that 1% DK4 exhibited greater fluorescence, suggesting a faster 

release rate than 10% DK4 which shows possible fluorescence quenching and 

subsequently slower CO release.  

 Incorporation of CORMs within the polymeric scaffolds exhibited no 

alteration to the porosity and fibrosity after electrospinning for DK3. DK3 also 

demonstrated controllable release with fluorescence present only after activation 

using a 470 nm light, and in vivo biocompatibility after color-doppler ultrasound 

imaging showed no occlusion and adequate blood flow. Subsequent studies used 

DK4 over the waxy nature of DK3 which was harder to synthesize and process for 

scaffold fabrication. For the 2D culture condition, blue-light exposure indicates a 

general decrease in cell density at day 3 for DNA assay. However, IF images 

suggested increased cell function via immunofluorescence imaging with ve-cadherin 

antibody. This implies CO release on 2D culture improves endothelial cell function 

at the expense of cell proliferation. As other research has stated possible adverse 

impacts on endothelial survivability when exposed to blue-light. Further 

investigation is required due to potential impacts from the use of a 470 nm light for 

CORM activation. Another observation is the possible fluorescence quenching of 

10% DK4, which suggests a slower release of CO. Further investigation with 10% is 

warranted to achieve optimal release for therapeutic effects. 
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 CO release in 3D culture with incorporated DK4 demonstrated that activation 

appeared to lead to an increase in cell density for quantified data of nonactivated and 

control  conditions. However, IF images suggested an opposite effect for cell 

proliferation. Interestingly, the possible maintenance and improvement of cell 

function attributed to CO release was also observed in 3D cell culture, wherein DK4 

activation observed fluorescence of ve-cadherin comparable to nonactivated 

conditions. This suggests that CO may play a role in improving cell function at the 

expense of cell proliferation. Overall, this research demonstrated that carbon 

monoxide may improve the cellular function of endothelial cells at the cost of 

proliferation. However, further investigation is required for optimization to achieve 

a system capable of maintaining patency and achieving desired therapeutic effects of 

CO. 

4.1 Future Work  

One area for future work with DK4 involves investigating 10% DK4 for possible 

fluorescence quenching effects which would be of interest to achieving a slower and 

extended CO release rate. Fluorescence quenching occurs when any mechanism or 

process causes decreased fluorescence of a sample [122]. Different types of 

fluorescence quenching include collisional quenching and excited-state quenching. 

A possible explanation for the potential fluorescence quenching for 10% DK4 would 

be excited-state quenching. As DK4 is activated (excited) by the 470 nm light and 

releases CO, aggregation of particles may occur which decrease the fluorescence 
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readings. Additionally, this aggregation may impact the release rate of CO to be 

slower and more extended. Future studies involving fluorescence quenching would 

involve identifying the quencher in the sample, which could be formation of products 

from the reaction of DK4 under blue-light exposure. After identification of the 

quencher, studies to calculate quenching may utilize the Stern-Volmer equation or 

maps for characterization and analysis [123]. The expected outcome would be 

utilizing the quenching properties to control release of CO to be extended and slower 

to prevent biotoxicity. 

 Future in vivo work with DK4 would also incorporate this photoCORM with 

electrospun PCL/collagen for arterial grafting in a Sprague-Dawley rat model. The 

study would investigate the ability to activate and potentially achieve therapeutic 

effects of CO in vivo. As DK4 has demonstrated low cytotoxicity and photoactivity 

[124], it would be safe for animal models provided that CO release is optimized and 

controlled.  A proposed mechanism for post-surgical CO release is shown in Figure 

4.0. Non-invasive assessment would utilize ultrasound techniques to determine graft 

occlusion and blood flow through the graft. Provided that the concentration of CO 

released is therapeutic, the post-surgical outcome would be a patent, non-occluded 

graft which facilitates endothelialization.  
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Figure 4.0 Depicts the DK4 incorporated PCL/collagen arterial graft. A transluminal 

catheter with a 470 nm LED could be used to activate the CORM after surgery allowing 

for CO release in vivo. 
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Appendix 
 

A.1. Vascularization of 3D printed GELMA channels using 

HUVECs 

Nicholas Huynh1, Likitha Somasekhar1, Catherine Fidd1, Stephanie Dominguez1 & 

Chris A. Bashur1 

1Biomedical and Chemical Engineering and Sciences Florida Institute of Technology 

Melbourne, FL, USA 

3D printed constructs have potential use in vascular tissue engineering applications 

because of their excellent potential of accurately positioning cell-laden constructs. 

One of the main challenges in the formation of functional engineered tissues is the 

lack of an efficient and extensive network of microvessels to support cell viability. 

3D printing channels with appropriate biomaterials has the potential to mimic aspects 

of  in vivo conditions. This was investigated by printing a construct of size 36x10x3 

mm and having a channel size of 0.6 mm using GelMA (Cellink) with LAP UV 

photocrosslinker. Constructs were printed using the Lumen X bioprinter (Cellink). 

The channels were coated with fibronectin at 5 μg/ml and seeded with HUVECs at a 

density of 1x106 cells/ml. The constructs were kept in the incubator at 37℃ and 5% 

CO2, and media was changed every day. Cell response was assessed after 12 and 24 

hours to check for cell attachment via staining with DAPI/Phalloidin. Further studies 



 

 

97 

 

will be conducted to investigate media perfusion through the channels, and cell 

studies will be conducted to analyze cell survival and growth via DNA quantification 

and fluorescence assays. Additionally, various channel geometries and tortuosities 

will be assessed to elucidate impacts on cellular response and perfusability. 
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A.2. Effects of Microgravity on 3D Bioprinted Constructs 

Seeded with Endothelial Cells 

Likitha Somasekhar1, Nicholas Huynh1, Ye Zhang2, Kenia Nunes1, Kunal Mitra1, 

Vipuil Kishore1, Chris A. Bashur1  

1Department of Biomedical and Chemical Engineering and Sciences, Florida 

Institute of Technology, Melbourne, FL.  

2NASA, Kennedy Space Center, Cape Canaveral, FL.  

It is known that space flight can lead to altered endothelial cell (EC) morphology and 

senescence, likely in part due to microgravity (μg). However, the results from 

simulated μg on ECs and angiogenesis are not clear [125]. For example, many studies 

have shown that simulated μg leads to increased nitric oxide (NO) expression and 

EC proliferation, while others have shown the opposite [125,126]. The goal of this 

study is to investigate the impact of μg on cellular function in 3D bioprinted 

constructs, which to our knowledge has not been performed previously. We 

hypothesize that the cells’ interaction with 3D biomaterials can impact their response 

to microgravity. These bioprinted 3D constructs can potentially serve as in vitro tools 

for the study of cell interactions as well as therapeutic replacements of human tissues. 

Here, we printed EC-laden constructs consisting of sodium alginate, gelatin, and 

fibrinogen bioinks with two different models’ grid and sacrificial. Next, we exposed 

constructs to controlled μg and assessed the effects of μg on EC cell response. Results 
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from the study indicated that microgravity effects the cells and causes an increase in 

ROS and decrease in an endothelial cell functional marker. 

 

 

 

 


