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ABSTRACT 

Reece, Lisa M., Ph.D., Purdue University, December 2014.  Development of a  Static 
Bioactive Stent Prototype and Dynamic Aneurysm-on-a-Chip™ Model for the Treatment 
of Aneurysms.  Major Professor: James F. Leary.  
 
 
Aneurysms are pockets of blood that collect outside blood vessel walls forming 

dilatations and leaving arterial walls very prone to rupture.  Current treatments include: (1) 

clipping, and (2) coil embolization, including stent-assisted coiling.  While these 

procedures can be effective, it would be advantageous to design a biologically active 

stent, modified with magnetic stent coatings, allowing cells to be manipulated to heal the 

arterial lining.  Further, velocity, pressure, and wall shear stresses aid in the disease 

development of aneurysmal growth, but the shear force mechanisms effecting wound 

closure is elusive.  Due to these factors, there is a definite need to cultivate a new stent 

device that will aid in healing an aneurysm in situ.  To this end, a static bioactive stent 

device was synthesized.  Additionally, to study aneurysm pathogenesis, a lab-on-a-chip 

device (a dynamic stent device) is the key to discovering the underlying mechanisms of 

these lesions.  A first step to the reality of a true bioactive stent involves the study of cells 

that can be tested against the biomaterials that constitute the stent itself.  The second step 

is to test particles/cells in a microfluidic environment.  Therefore, biocompatability data 

was collected against PDMS, bacterial nanocellulose (BNC), and magnetic bacterial 

nanocellulose (MBNC).  Preliminary static bioactive stents were synthesized whereby 
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BNC was grown to cover standard nitinol stents.  In an offshoot of the original research, a 

two-dimensional microfluidic model, the Aneurysm-on-a-Chip™ (AOC), was the logical 

answer to study particle flow within an aneurysm “sac” – this was the dynamic bioactive 

stent device.  The AOC apparatus can track particles/cells when it is coupled to a particle 

image velocimetry software (PIV) package.  The AOC fluid flow was visualized using 

standard microscopy techniques with commercial microparticles/cells.  Movies were 

taken during fluid flow experiments and PIV was utilized to monitor the flow of particles 

within the “sac” region, and exiting the device.  Quiver plots were generated from fluid 

flow experiments using standard 7 m latex particles and fixed HASMC in PBS.  PIV 

analysis shows that the particles flowed nicely from input to output.  Wall shear stress 

provided evidence that there was some back flow at the edge of the “sac”.     
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CHAPTER 1. INTRODUCTION 

1.1 Rationale 

Aneurysms are pockets of blood that collect outside blood vessel walls forming 

dilatations and leaving arterial walls weak and very prone to rupture.  Current treatments 

incorporate: (1) clipping, and (2) coil embolization, including stent-assisted coiling.  

While these procedures can be effective, it would be advantageous to design a 

biologically active stent, modified with magnetic stent coatings, allowing endothelial and 

smooth muscle cells to be manipulated to heal the arterial lining.  However, cell behavior 

is influenced by surface chemistry, material stiffness, and surface topography, where 

changes in nanotopography result in alterations in cell proliferation, adhesion, 

differentiation, and gene expression.  Further, very little is known about the recruitment 

and adhesion of blood vessel cells to different stent coatings exhibiting various 

topographies, thus if these mechanisms are better understood, correct topography and 

surface chemistry of stent materials may be generated.  Another aspect of aneurysm 

treatment is the study of how aneurysms form and behave.  Velocity, pressure, and wall 

shear stresses can aid in pathogenesis and aneurysmal growth [1].  Further, the evolution 

of an aneurysm is assumed to be caused by the remodeling of  the affected blood vessel’s 

material constituents (tunica intima, tunica media, or tunica adventitia) [2].  It was 

proposed that there was a need for a minimally invasive alternative aneurysm treatment 
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method such that a bioactive stent prototype would be generated.  Out of this work, there 

developed a requisite to synthesize a device to study aneurysm fluid flow patterns.  

Therefore, a first step to realizing a bioactive stent and to better understand the formation 

of aneurysms and the fluid dynamics inside of them, is to design and fabricate a two-

dimensional microfluidic model (Aneurysm-on-a-Chip™).  The goal of this work is to 

first identify and test individual components that would make up a bioactive stent and 

then develop the Aneurysm-on-a-Chip™ (AOC) bioMEMS device to allow for the 

visualization of cells flowing through an artificial blood vessel environment and quantify 

the dynamic flow properties within the “aneurysmal sac” as well as entering and exiting 

the “lesion” [3].  The first two specific aims are to be considered background material 

vital to the realization of a static bioactive stent prototype.  The third specific aim has led 

to the synthesis and testing of the Aneurysm-on-a-Chip™ that is considered a dynamic 

stent prototype.    

    

1.2 Specific Aims 

Aim 1:  Enhance cells and bacterial nanocellulose for ultimate attraction to a static 

bioactive stent.  By rendering the static bioactive stent prototype magnetic, one could 

effectively attract magnetically labeled cells locally against shearing constraints from a 

pulsating environment.  The first step to realizing this aim is to bind magnetic 

nanoparticles to human aortic smooth muscle cells (HASMC) thus rendering them 

magnetic.  Passive uptake and electroporation techniques are utilized to label the cells 

since there is no commercially available magnetic antibody particles for this cell type, 

and binding schemes of antibody to existing nanoparticles, is beyond the scope of this 
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research project.  Electroporation is a technique whereby cells are subjected to a brief 

electrical pulse so that when pores open in the membrane, molecules, particles, etc. may 

enter the cell through the pores and label those cells within the cytoplasm [4].  Further, a 

biocompatible material, bacterial nanocellulose (BNC), is synthesized and later rendered 

magnetic (MBNC) via a thermal magnetic nanoparticle synthesis reaction, and 

subsequently coated to assure biocompatibility for the iron oxide nanoparticles (IONP) 

impregnating the BNC matrix.  The MBNC should attract magnetic HASMC to itself to 

induce proliferation and growth of these cells.  The ultimate goal is to allow the magnetic 

HASMC to proliferate across the aneurysm neck where the static bioactive stent is placed.         

 

Aim #2:  Improve and promote tissue growth and biocompatibility utilizing 

bacterial nanocellulose.  Migration studies for HASMC have been carried out to 

determine how well cells growing on a substrate moved to an “open” area or synthetic 

“wound”.  This helps to show how feasible it is for cells to migrate in vivo across the 

aneurysm neck once they have been magnetically attracted to the static bioactive stent.  

Cellular health must be maintained to assess migration, therefore, cytotoxicity 

experiments are performed against the materials with which cells come into contact:  

BNC and MBNC.  The biocompatability of these constituents is vital in order for the 

static bioactive stent to be tolerated in a blood vessel in vivo.  The CometAssay® is 

employed to detect any DNA damage that may be incurred by the cells as a result of 

exposure to the BNC and MBNC.    
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Aim #3:  Design and development of a dynamic 2D Aneurysm-on-a-Chip™ (AOC) 

Model.  To begin to study aneurysm development, fluid flow patterns must be studied 

using the AOC, which is considered a dynamic form of the bioactive stent prototype.  

Experiments carried out include running simple microspheres flowing in water and 

phosphate buffered saline to fixed HASMC running in PBS.  The AOC device is 

connected to a laptop computer housing the controller software.  Fluid flow analyses are 

performed by observing particles flowing through the AOC under a microscopic field of 

view.  The microscope is attached to a camera coupled to image acquisition software, 

whereby movies and still images are taken as particles flow through the AOC mechanism.  

Parameters measured within the AOC prototype are wall shear stress (WSS) and PIV.   
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CHAPTER 2. BACKGROUND 

2.1 Definition of Aneurysms 

In layman’s terms, aneurysms are pockets of blood (hematomas) that collect outside of 

the layers of blood vessel walls and form balloon-like bulges (dilatations or aneurysmal 

sacs) that weaken those walls [1, 3–8]. While there are different varieties of aneurysms, 

they all share some basic characteristics – they are all defects of the arterial blood vessel 

wall.  To understand these lesions better, it is important to first appreciate the structure 

and function of blood vessel walls.  Blood vessels regulate the blood flow in the body and 

are made up of three layers of tissue: tunica intima, tunica media (made up of smooth 

muscle fibers that widen or narrow the size of the vessel), and tunica adventitia (also 

known as tunica extrema) (Figure 2.1) [11].  These dilatations may occur in any artery or 

vein in the body and are first classified as true or false aneurysms [3, 6, 10].  A true 

aneurysm is bounded by complete blood vessel walls but with altered structure.  For 

example, the most common histologic discovery is a decrease in the tunica media [5].  It 

is important to note also that the blood in true aneurysms remains in the circulatory 

system [8].  False aneurysms (pseudoaneurysms) can occur in any blood vessel of the 

body as well but rarely naturally occur within the skull [13].  They are different from true 

aneurysms in that the vascular lumen does not enlarge, although the diameter of the 
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abnormal blood vessel segment may be increased.  Here, the vascular wall has been 

breached and the aneurysmal sac thus consists of only the outer blood vessel layers [8].  

 

 

Figure 2.1.  The tissue layers of a blood vessel – tunica intima, tunica media, and tunica 
adventitia (adapted from Weinrauch L.A., Zieve D., Patient Education, 2009) [11]. 

 
 

Other classifications of aneurysms can be based on morphology, size, location (posterior 

circulation vs. anterior circulation), etiology [4, 6], and clinical presentation (ruptured vs. 

unruptured) [12].  Morphology is centered on the protruding arterial walls of the 

aneurysm that can take on three different shapes: saccular, fusiform, and dissecting [11–

13] (Figure 2.2).  Saccular aneurysms are spherical and can range from 5-20 cm in 

diameter.  Fusiform aneurysms have a gradual, progressive outpouching that includes the 

complete circumference of the blood vessel.  Fusiform aneurysms vary in diameter up to 

20 cm and may involve the entire aortic arch or large segments of the abdominal aorta.  

Dissecting aneurysms occur when blood enters the wall of the artery and collects in 

between (or dissects) the tunica intima, tunica media and/or tunica adventitia whereby a 

Lumen 
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cavity is created within the vessel wall itself [8].  There are subgroupings of size 

categorizations as well.  “Small” aneurysms are considered to be less than 10 mm, “large” 

is 10-25 mm, and “giant” is 25 mm and above [14].  Interestingly, it has been determined 

that aneurysms smaller than 12 mm in dome size account for more than 75% of 

unruptured aneurysms [14, 15].   

 

 

Figure 2.2.  The three types of aneurysms – saccular, fusiform, and dissecting 
(Endovascular Coiling, Johns Hopkins Medical Center, 2012). 

 

 

2.2 Common Treatments of Aneurysms 

Common aneurysmal treatments include clip ligation and coiling [5].  For example, the 

broader treatment plan for a patient suffering a subarachnoid hemorrhage (SAH) due to a 

ruptured aneurysm is focused on:  (1) treatment of the primary brain injury of the 

hemorrhage itself, (2) the necessary supportive, prophylactic, and interventive therapies 
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for the secondary effects of the bleeding (e.g., cerebral vasospasms), and (3) direct 

treatment of the aneurysm itself [18].  Concerning the treatment of the initial aneurysm 

bleed, randomized trials have led to several therapies being discarded because of the 

serious concern of doing more harm than good, including the use of antifibrinolytic 

agents [19], sublingual nifedipine (a calcium channel blocker), fluid restriction for 

hyponatremia (low sodium ions in the blood), delayed clip ligation, and the use of other 

vasodilators [16–18].  Prophylactic therapies, on the other hand, are available to control 

the effects on the brain after a bleeding episode has occurred.  Vasospasms after SAH are 

a common occurrence and the treatment regimen is complex including the use of oral 

vasodilators and cerebral angioplasty (balloon catheterization) among others [16].  The 

International Subarachnoid Aneurysm Trial (ISAT) performed a study of patients with 

ruptured aneurysms and found no difference in fatality rates between clipping and coiling 

[19, 20], while in the setting of an unruptured aneurysm, the minimally invasive 

procedure of endovascular coiling afforded a shorter recovery time [21, 22].   

 

2.2.1 Coiling Therapy to Occlude Aneurysms 

The primary goal of coiling therapy is to tightly pack an aneurysm with coils to promote 

thrombosis and ultimately endothelialization across the aneurysm orifice [25] to cut off 

the blood flow into the aneurysm sac and strengthen the weakened blood vessel wall. 

Coiling is performed under general anesthesia utilizing fluoroscopic guidance [12, 24], 

and patients are given heparin (an anticoagulant) during catheterization and coil 

placement [26].  Typically, a large catheter (5-7 French or 1.7-2.3 mm in diameter) is 

guided to the aneurysm site via the femoral, internal carotid, or vertebral artery – 



9 

 

depending on the location of the aneurysm.  A microcatheter (1.7-2.3 French or 0.6-0.8 

mm in diameter) is navigated over a microwire (0.014”).  Once the best view that clearly 

delineates the aneurysm neck and surrounding arterial branches is obtained, the 

microcatheter is advanced into the aneurysm.  Coils are then deployed and detached 

through the microcatheter using either a hydraulic or electrolytic mechanism [14].   

 

There are a variety of coils currently in use today and one type of coil, called Guglielmi 

detachable coils (GDC), forms the basis of contemporary endovascular treatment of  

intracranial aneurysms (IA) [27].  Standard platinum coils are also available  and have 

been modified to become biologically active to reduce canalization [26–28].  Matrix coils 

have been reported to be worse than standard bare platinum coils due to less dense 

packing and less complete occlusion of the aneurysm after treatment [19, 27].  Besides 

occluding the aneurysm, a secondary goal behind coiling involves the tight packing of the 

coils to prevent the shift of the embolic sac over time.  This requires filling the large 

volume in the aneurysm sac completely and effectively, as seen in Figure 2.3 [15], and 

may require a large number of coils.  The objectives of this treatment strategy are 

admirable but realistically, coiling does have its drawbacks.  One of the problems with 

coiling lies with the last few coils becoming misplaced due to resistance met by the 

existing coils.  This can cause bulging in the parent blood vessel, or worse, failure to 

deploy at all in the already dense nest of coils resulting in embolization downstream [27, 

29].  As serious a complication as embolization is, the possibility of recanalization of the 

aneurysm attributable to coil compaction is just as critical [21, 24, 26, 28, 30] and 

remains the major limitation of coiling, particularly for wide-necked or larger aneurysms.  
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Indeed, the rate of late aneurysmal regrowth after coil embolization is also of great 

concern and is extremely high (33% or more) for large or giant aneurysms [24, 28, 30].     

 

To facilitate coiling of some aneurysms/pseudoaneurysms, many clinicians deploy stents 

across the aneurysmal neck to act as a supporting bridge or scaffold for the coils and help 

facilitate thrombus formation within the aneurysm [22, 31].  To illustrate, stent-assisted 

coiling of IA has allowed for effective treatment of fusiform or very wide neck 

aneurysms in which other surgical or endovascular treatment strategies have not been 

considered feasible [12, 24, 31].  A coil delivery microcatheter is first introduced into the 

aneurysm sac and then the self-expandable stent is navigated into the parent vessel.  Next, 

the stent is carefully deployed across the aneurysm neck followed by coil placement and 

detachment [12, 24, 31].  Figure 2.4 shows a diagram of a stent (Fig. 2.4.a.) and the 

varieties of stent placements available to treat different blood vessel configurations [33] 

(Fig. 2.4.b.,c.,d.).   
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Figure 2.3.  Illustration of endovascular coiling of a cerebral aneurysm (Endovascular 
Coiling, Johns Hopkins Medical Center; 2012). 

 

 

 

Figure 2.4.  Example of a stent (Panel a) and stent deployment configurations  
(Panels b, c, and d) [33].     
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Remarkably, a stent-assisted coiling procedure can be a multi-stage process where the 

stent is deployed first followed by the introduction of coils 6-8 weeks later.  Moreover, 

high porosity stents have been used as stand-alone treatments in certain cases where coil 

embolization is not permitted [33].  Understandably, while stent-assisted coiling has 

expanded the treatment of IA, the rates of procedure-related neurological complications 

and the incidence of angiographic aneurysm recurrence after employment of this 

technique is not fully understood [26].   Another factor associated with increased risk of 

aneurysmal recurrence includes treatment of ruptured rather than unruptured aneurysms 

[3, 13, 16, 19].  It is for these reasons that the durability and long-term efficacy of coiled 

aneurysms have been questioned [20, 27], and it is why researchers are exploring 

bioactive stent technology.    

 

2.2.2 Clip Ligation as Alternative to Coiling 

Clip ligation is the other option to endovascular coiling and is a surgical procedure where, 

under general anesthesia, the surgeon removes a section of skull (craniotomy) and 

exposes the aneurysm [41–43].  As illustrated in Figure 2.5, a metal clip is placed across 

the neck of the aneurysm sac so that the neck is closed and cut off from the connected 

blood vessel [13, 41].  In one large study, the mortality rate from the clipping of 

unruptured aneurysms ranged from 2.6-10.9% [3, 44].  Some of these risks overlap with 

those seen in open surgery and others are unique to endovascular therapy.  In one study, 

Murayama et al described procedural complications in 69 patients (8.45%) - the most 

common being thromboembolism in 24 patients (2.4%) [27].  In the 1960s, a study was 

performed on randomized trials that showed the benefits of clipping, including the 
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craniotomy, outweighed the risks in some circumstances [36].  Later, Fridriksson et al 

stated that in some studies, the mortality rates correlated to the number of craniotomies 

performed for the treatment of aneurysms.  In one study cohort, he found that devastation 

from the first bleeding episode was the main cause of overall morbidity in 156 of the 355 

(44%) surgically treated patients.  In addition, postoperative complications such as 

septicemia, meningitis, thromboembolism, and myocardial infarction, occurred in 59 

patients which accounted for a poor outcome in 8 (2%) of those 355 cases [38].  Given 

the statistics of both the coils and the clipping methods of aneurysm management, it is 

clear that another approach should be investigated.  Like coiling, the installation of a 

bioactive stent would not require a removal of a portion of the skull, but unlike coiling 

there would not be a risk of coil embolization.  Such a device would allow the body to 

heal not only the weakened blood vessel, but also occlude the aneurysm neck safely and 

effectively.  Foundational studies of a bioactive stent should begin with the design of a 

two-dimensional model that may provide preliminary data about how cells and fluid flow 

can react within an artificial aneurysmal environment.  Lab-on-a-chip technology lends 

itself very well to these types of experiments.    
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Figure 2.5.  Illustration of endovascular clip ligation (clipping) of a cerebral aneurysm 
(Endovascular Coiling, Johns Hopkins Medical Center; 2012). 

2.2.3 Bioactive Stents for Aneurysm Treatment 

 

The market for bioactive stent technology stands around $5 billion in 2010 in the United 

States alone [39].  One reason is that balloon angioplasty has been associated with high 

failure rates while restenosis (recurrent narrowing of an artery after successful dilation) 

remains another problem with bare (uncoated) metal stents [33, 34].  Patency with bare 

stents usually fails because of intimal hyperplasia throughout the stented region [41].  

Acute inflammation, chemokine release, and oxygen free radicals occur in the wall 

adjacent to the abluminal wall [41] make blood vessel wall healing very difficult.  

Slaikeu et al submitted a patent application in 1999 for an implantable medical device 

assembly suitable for stenting.  The patent application proposed to have a stent device 

guided by a microcatheter to track bioactive coils to the aneurysm site, as is the norm.  

The difference was that the stent device would be partially coated with “a covering 

causing an angiogenic response” to aid in the promotion of blood vessel growth at the 

aneurysm neck [42].   



15 

 

 

Another type of bioactive stent that is undergoing effective study is the drug eluting stent 

device.  Drug-eluting nitinol stents have been assessed as an approach to improve patency 

and generally contain antimitotic drugs as well as Serolimus (an immunosuppressant drug) 

and heparin (an anticoagulant) [41], to reduce the risk of intimal hyperplasia.  Further, 

drug-eluting stents have yielded lower restenosis and revascularization rates [43].  While 

the future is wide open for the optimal development of drug-eluting stents, bioactive 

stents hold the promise of improving clinical outcomes by enhancing device integration 

with the surrounding biological environment [30].  Ultimately, the bioactive stent would 

have a coating that would display relevant biomimetic ligands to entice adhesion of 

endothelial cells (EC), reduce inflammation, prevent thrombosis and thus increase 

healing.  For example, one study used CD34 antibody to coat the stent surface so as to 

recruit circulating endothelial progenitor cells (EPC) from the bloodstream to accelerate 

the healing process [30].  The deterrent here, is that the CD34 antibodies not only can 

attach to EPC but to other progenitor cells as well, including smooth muscle stem cells 

which can exaggerate restenosis [30].  A peptide sequence of arginine-glycine-aspartic 

acid (RGD) [37, 38] has been used as an integrin binding motif to promote EC adherence 

and migration, but studies have shown that cardiovascular use of this peptide has not 

been favorable [28, 39, 40].    

 

One design of a bioactive stent device involved a standard stent that was intertwined with 

a novel biomaterial called bacterial nanocellulose (BNC).  Unlike RGD, the BNC allows 

cells to easily bind to it and settle down.  BNC is porous and can be rendered magnetic so 
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that it may attract magnetically-labeled cells to itself.  Figure 2.6 shows a diagram of an 

early basic design of the proposed bioactive stent system.   

 

 

 

Figure 2.6.  Cartoon showing piece of magnetic material (magnetic bacterial 
nanocellulose) forming a nidus at neck of the aneurysm. Magnetic EC would flow 

through microchannels to nidus to begin proliferation across neck.  (Figure courtesy of 
Sandra Arias for presentation to Dr. Jean Paul Allain, 2012).   

 

 

It is important to note that the AOC is a microfluidics device and thus is quite different 

than the model illustrated in Fig. 2.6.  Part of this thesis research was to determine if the 

materials used in the proposed bioactive stent device would be compatible with human 

cells, and that the materials utilized would be able to promote cellular growth and be able 

to attract magnetically-labeled cells.  Further, the synthesis of the biomaterials had to be 

optimized before the realization of a prototype bioactive stent was accomplished.  The 

preparatory work needed for the static bioactive stent device was very necessary and 

pertinent.  The biomaterials, PDMS and BNC/MBNC, could be used in the dynamic 

AOC to analyze fluid flow in future studies.   
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2.3 Aneurysm-on-a-Chip™ Design 

Cells are subject to multiple cues in their environment, including gradients of cytokines, 

secreted proteins from neighboring cells, biochemical, and mechanical interactions with 

the extracellular matrix (ECM), and direct cell-to-cell contacts [39, 46–48].  One 

engineering process called soft lithography [39, 47–49], has put microfluidics within the 

reach of biology-focused academic laboratories [49] and holds great promise for the 

creation of advanced cell culture models [52] for the derivation of the relation between 

cell migration and growth factors [44].  Lab-on-a-chip devices or “micro-total-analysis-

systems” ( TAS) create microsystems incorporating several steps of an assay into a 

single system [53].  The small footprint and low power consumption of integrated 

systems creates opportunities for portable, point-of-care devices that can perform 

analyses hitherto possible only in the research laboratory on a macro scale [47, 51, 52].     

 

The field of microfluidics dates back to the early 1950s when efforts were performed to 

dispense small amounts of liquids in the nanoliter range that provided the basics of ink-jet 

technology [55].  However, in this engineering arena, there is nothing in the literature that 

describes the generation of an aneurysm-on-a-chip in vitro culture model though there are 

many studies that have involved organ-on-a-chip systems.  Examples of organs-on-a-chip 

are the gut chip [54], breast chip [54, 55], liver chip, kidney chip, lung chip, and the body 

chip [57].  To understand this technology, it is prudent to first distinguish the two main 

features that a lab-on-a-chip in vitro model should include:  (1) biocompatibility, and (2) 

biodegradability.  A lab-on-a-chip device must satisfy these two requirements so that 

cellular studies can successfully be conducted.  Secondly, after a suitable material is 
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chosen, the specific cell type that will satisfy the ultimate in vivo model conditions must 

be selected and tests must be performed to ensure that the cells will survive in the 

presence of the selected material as well as proliferate and survive on the material 

surfaces.  Apoptosis assays, cytoskeleton labeling, migration assays, identification of 

certain adhesion molecules, and cell proliferation assays can be employed to elucidate the 

possible mechanisms responsible for successful cellular activities [39, 56].  In summary, 

Figure 2.7 shows the guiding principles and practical issues surrounding the generation of 

a successful TAS system [59].  This was the basic algorithm set used to generate the 

Aneurysm-on-a-Chip™ model.  Using this paradigm, the 2D device used two 

biomaterials:  one was used to generate the microfluidics channels that mimic blood 

vessels and the aneurysm sac, the second substance was generated to ultimately form a 

magnetic interface between the support framework and magnetically enhanced HASMC 

to allow cell proliferation across the aneurysm neck to seal that opening.   

 

 

Figure 2.7.  Guiding principles and practical issues for robust operation of a microfluidic 
perfusion culture system [42].   
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2.4 Characteristics of Biomaterials 

Biocompatible materials (or “biomaterials”) research is an exciting discipline which has 

steadily grown over its approximate half century of existence [58, 59].  Williams defined 

a biomaterial as a nonviable substance used in a medical device intended to interact with 

biological systems [58, 59].  By definition, the goal of early first-generation biomaterials 

was to achieve a suitable combination of physical properties to match those of a living 

host [45, 47, 56].  The second generation of biomaterials was designed to produce a 

controlled action and reaction in the physiological environment while retaining the 

virtues of the first-generation biomaterials.  It should be recognized, however, that living 

tissue responds to external stimuli and adapts to them, while synthetic materials do not.  

Thus, improvements of first- and second-generation biomaterials are limited since man-

made products used for repair/restoration of living tissue represent a compromise [60]. 

This particular shortcoming limits the lifetime of such devices made with these materials 

and presents a challenge for the third generation of biomaterials [59, 61].  Nonetheless, 

there are a number of biomaterials in use regularly in vivo.  As seen in Table 1, examples 

of biomaterials include manmade “organoapatites” (e.g., hydroxylapatite) for use as 

human artificial bone [59, 62], titanium, stainless steel, poly(methyl methacrylate) 

(PMMA), Dacron, Teflon, polyurethane, cellulose, hydrogel, and platinum for 

applications involving the skeletal system, the cardiovascular system, and other organs 

[61].  

 

For in vivo usage, it is important for a material to degrade safely over time after the tissue 

has healed and the device is no longer needed [39].  To satisfy this criterion, synthetic 
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rubber substances, called elastomers have emerged.  Further, there are three classes of 

biodegradable elastomers that have been reported thus far:  (1) hydrogels, (2) elastin-like 

peptides or polymers, and (3) polyhydroxyalkanoates (PHA) [62, 63].  Hydrogels are 

hydrophilic polymer networks that absorb up to thousands of times their dry weight in 

water, are chemically stable and biodegradable; in other words, they can degrade, 

disintegrate, and dissolve [64–67].   In addition, a hydrogel environment is able to protect 

cells and fragile drugs in vivo.  Other advantages of hydrogels are that they can easily be 

modified with cell adhesion ligands, and can be injected in vivo as a liquid that gels at 

body temperature.  While hydrogels are able to protect delicate drugs, disadvantages of 

this type of material include difficulty loading drugs and cells into the material initially, 

and it is difficult to crosslink the biomaterial as a prefabricated matrix in vitro.  Of critical 

importance too, is that hydrogels are not easy to sterilize [67].   

 

Table 1.  Applications of synthetic biomaterials and modified natural materials in 
medicine (adapted from Ratner, Biomaterials Science:  A Multidisciplinary Endeavor, 

2004) [61]. 
 

Application Types of Materials 

Skeletal system (joint 
replacements, bone plates, 
bony defect repair) 

Titanium, stainless steel, PMMA, 
hydroxylapatite, Teflon, Dacron 

Cardiovascular system (blood 
vessel prosthesis, heart valve) 

Dacron, Teflon, polyurethane, stainless steel, 
silicone rubber 

Catheter Silicone rubber, Teflon, polyurethane 
Organs (artificial heart, skin 
repair template, artificial 
kidney) 

Polyurethane, silicone-collagen composite, 
cellulose polyacrylonitrile 

Senses Platinum electrodes, hydrogel, collagen, 
PMMA, silicone-acrylate 
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With their difficulty to successfully retain drugs or crosslink them into the matrix, 

coupled with the problem to render this material sterile, hydrogels are not suitable for a 

magnetic AOC design.  An alternative to hydrogels includes a family of biodegradable 

elastomers called elastin-like polymers (ELP) that have been used in many different 

approaches for controlled drug delivery [70] and are made of repeated sequences found in 

the mammalian elastic protein, elastin - an extracellular matrix protein that confers 

extensibility and elastic recoil to large human blood vessels, lung, ligaments, and skin 

[71].  The Fidkowski group has actually developed a novel biodegradable and 

biocompatible ELP, poly(glycerol sebacate) (PGS), that matches the mechanical 

properties of veins [63, 70].  They state that PGS causes no chronic inflammatory 

response when implanted into live animal models and they have shown that endothelial 

cells adhere and proliferate on unmodified PGS surfaces [72].  Using soft lithography 

methods, this lab team has successfully developed a lab-on-a-chip PGS capillary network 

where part of the lumens has been covered by EC [72].  The drawback in implementing 

this remarkable material for an Aneurysm-on-a-Chip™ apparatus is that it is not 

commercialized yet and therefore cannot be purchased.       

           

PHA, the final category of biodegradable elastomers, are polyesters produced under 

unbalanced growth conditions by microorganisms, and accumulate intracellularly in the 

form of storage granules [67, 69, 71–73].  These materials are thermoprocessable (they 

can be sterilized by autoclaving) and have been used to coat medical devices to improve 

biocompatibility [69] including sutures, guided tissue repair/regeneration devices, bone 

marrow scaffolds, and wound dressings [69, 71].  As attractive as these materials are, the 
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production cost is the main commercialization-limiting step arising from the cost of the 

fermentation substrates and the extraction from the microbial cells [73].  Nevertheless, 

PHA remain appealing because the degradation rate of these materials can be modified 

and controlled by altering the porosity thereby increasing the surface area [69] – obvious 

advantages for drug elution and delivery.   

 

For the AOC 2D model, it should be emphasized that while biocompatibility is required, 

biodegradability is not.  Therefore, the first biomaterial formed microfluidic channels in a 

chip to mock blood vessels as well as mimic different aneurysm forms.  One type of 

substance that can be coated and utilized for this model is polydimethylsiloxane (PDMS).  

For example, there have been studies that have shown PDMS successfully enhanced the 

growth of human mesenchymal stem cells (hMSC) and induced neural-like cell 

differentiation [76] in a 2D environment.  PDMS has therefore demonstrated to be a 

suitable biomaterial for TAS experiments and was the choice material for the 

microfluidic chip AOC mechanism.  Interestingly, there are other appealing qualities of 

this biomaterial that should be discussed further.      

 

2.5 PDMS – Choice Material for BioMEMS Device 

PDMS is a liquid bi-component silicone biocompatible pre-polymer (basically 

transparent rubber [51]) that, when mixed with a cross-linker agent, becomes 

polymerized and rigid.  It is by far the most commonly employed material for 

microfluidic cellular behavior studies [59] due to its adaptability in being a good 

substrate for cell growth, proliferation and differentiation, and for its mechanical stability, 
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biocompatibility, and non-toxicity [47, 49, 74, 75].  Its rigidity can be controlled by 

varying the amount of the cross-linker agent concentration as well as the temperature and 

time of baking (curing) [77].  Further, PDMS can be engineered with different shaped 

structures on which cells may be cultured [49, 54, 57, 74] thus any size or shape of 

microfluidic channel can be created.  Other advantages of PDMS are rapid prototyping, 

cost-effectiveness, ease of visualization (100% optically transparent), good gas-

permeability, it is autoclavable, and it possesses excellent adhesive properties to glass and 

other substrates [49, 57, 76].  PDMS is also inherently hydrophobic, so biocompatibility 

enhancements must be made via surface modifications [57, 73] so that cellular 

attachment may be achieved.  Makamba et al summarized seven major techniques for 

surface augmentations [75, 76]: 

1) Modification by exposure to energy, 

2) Covalent modification, 

3) Chemical vapor deposition, 

4) Phospholipid bilayer modification, 

5) Protein modification. 

Once PDMS is rendered hydrophilic, then cells can be introduced to this material for 

growth studies.  To illustrate, PDMS bioreactors can be fabricated for perfusion culture 

of mammalian/human cells.  Examples of cell cultures in such a TAS system are the 

cultivation of fetal human hepatocytes, mouse osteoblastic cells, and human breast cancer 

cells [54, 76], in addition to the hMSC [76] mentioned earlier.  Table 2 shows a 

comparison of properties of the more common materials used in microfluidic systems 

[59]; hence it must be stated that there are other materials and polymers suitable for the 
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culture of cells such as PMMA, silicon, and polysulfone.  Given the characteristics in the 

red rectangle of Table 2, it is easily understood that PDMS is the only biomaterial that 

lends itself to the requisites for the Aneurysm-on-a-Chip™ because its main traits are 

transparency, biocompatibility, and sterility.  Likewise, it is significant to observe that 

PDMS is fabricated by means of soft lithographic procedures [51] – fabrication processes 

that are necessary for the proper generation and development of a lab-on-a-chip device 

but do not require expensive microelectronics fabrication, injection molding, or laser 

photoablation that must take place inside of an even more expensive cleanroom 

laboratory.    

       

Thus far, the AOC in vitro model design is two-dimensional, utilizing PDMS as the 

biomaterial of choice to mimic blood vessels and an aneurysm.  The second material to 

discuss in this review is that of the scaffold upon which cells need grow.  The ability to 

control the placement of cells in an organized pattern on a substrate is desired for tissue 

engineering applications [79].  One biomaterial that lends itself particularly well to this 

purpose is bacterial nanocellulose (also known as microbial cellulose) can be rendered 

magnetic to attract human endothelial cells and help to begin proliferation. 
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Table 2.  Common biomaterials used for fabrication of microfluidic networks in 
microfluidic perfusion systems (adapted from Slaiku et al, 2001)  [42]. 

 

 

 

2.6 BNC – Choice Material for Bioactive Stent 

Cellulose is a linear polymer of glucopyranose sugar molecules, and synthesized by both 

plants and bacteria.  Different types of microorganisms generate this biomaterial:  algae 

(Vallonia), fungi (Saprolegnia, Dictystelium discoideum), and bacteria (Acetobacter, 

Achromobacter, Aerobacter, Agrobacterium, Pseudomonas, Rhizobium, Sarcina, 

Alcaligenes, Zoogloea), but not all of these entities can secrete the synthesized cellulose 

as fibers extracellularly [80].  One such species of bacteria, Gluconoacetobacter xylinum, 

was first described by Brown in 1886 where he identified a gelatinous mat, formed in the 

course of vinegar fermentation on the surface of the growth broth, as a chemical 

equivalent to cell-wall cellulose.  In other words, G. xylinum produces extracellular 

cellulose in the form of pellicles (gelatinous mats) at the air/liquid interface of the culture 

medium in static culture [80] now known as bacterial nanocellulose (BNC).   BNC 

contains fibers with high strength and high crystallinity and is also biocompatible and 

biodegradable.  It is commonly used in surgical applications such as tissue implants for 
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the abdominal wall, skin, subcutaneous tissue, organs, the digestive tract, and 

cartilaginous tissue [78–80].  In fact, results of various studies indicate that topical 

applications of BNC membranes like the commercial preparation called Biofill, improve 

the healing process of burns and chronic wounds [83].   

             

In the development of both the bioactive stent and any microfluidics system, it is 

understood that cells need to be placed on a scaffold that gives them structure before they 

can be coaxed into proliferation and ultimately form tissues [84].  Cells are able to sense 

substrate texture by changing their morphology, cytoskeleton configuration, and intra- 

and extracellular signaling [44].  BNC is an excellent substance that can act as a 

framework since it resembles electrospun collagen and has remarkable biocompatible 

properties [85–87].  In one study, the RGD peptide was added to dry BNC grafts by 

incubating the BNC for 24 hours at room temperature.  The resultant BNC pieces were 

thus able to promote the enhancement of endothelial cell growth [86].  Bacterial 

nanocellulose also has a very unique surface roughness due to the fibril lattice and the 

porous nature of the arrangement of the fibers [88].  The porosity consists of both micro- 

and nanoporous spaces, which can house a variety of particles such as magnetic 

nanoparticles.  The cellulose fibrils can act as templates for the non-agglomerated growth 

of ferromagnetic nanoparticles [89].      

 

2.7 HASMC – Ideal Cells for Bioactive Stent and AOC Prototypes 

The cellular model for this research should mimic closely the microenvironment within a 

human or animal body and as a result, smooth muscle cells are the logical choice for the 
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aneurysm-on-a-chip apparatus.  Smooth muscle cells (SMC) are the major cell type in the 

tunica media and are widely used in the Tissue Engineered Blood Vessel (TEBV) field 

[86–88].  It has also been shown that these cell types have successfully been cultured for 

up to 8 weeks on BNC pellicles according to results from the alamarBlue® assay [90].  

SMC are able to proliferate and develop a high number of cells, however, when 

implanted into a host, a quiescent, differentiated and contractile phenotype is preferable 

[86, 88].  Vascular smooth muscle cells cultured in vitro typically revert from a 

contractile phenotype to a synthetic phenotype.  Pulsatile strain and shear stress stimulate 

vascular smooth muscle tissue development and induce the vascular SMC to retain the 

differentiated phenotype.  This property can be measured by studying -actin levels 

compared to static cultured cells and tissue [86, 89].  Interestingly, Gregory Lanza’s 

research team found that tissue factor-targeted nanoparticles (NP) could bind with high 

avidity to smooth muscle cell membranes in vivo [94].   

 

2.8 Various Assays to Identify Cellular Mechanisms 

There are three important processes that should be evaluated during the examination of 

the static and dynamic bioactive stent apparatuses.  These properties include:  (1) 

cytotoxicity of HASMC by the device materials, (2) migration properties of HASMC, 

and (3) F-actin detection of the cells growing on the biomaterials used.  Cytoxicity 

studies begin with the single cell gel electrophoresis assay (CometAssay®).  This is a 

state-of-the-art technique for quantitating DNA double strand breaks, oxidative DNA 

base damage and repair from in vitro samples of cells as a direct result of exposure to a 

test material [91].   
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In order to begin to assess how well these substances perform in recruiting cells, 

migration studies are carried out to determine how effectively cells travelled and 

multiplied on those biomaterials.  Commercially available cell migration kits are used to 

assess the distance trekked from the seeding area to the neck region.  As seen in Figure 

2.8,  some common cellular migration assays are:  A) Transwell Migration Assay – cells 

travel through the pores in the membrane, B) In Vitro Wound-Healing Assay – cells are 

seeded on top of a thin extracellulose matrix (ECM) and a pipette tip is used to scratch 

the surface to produce a “wound”, C) Cell Exclusion Zone Assay – cells are seeded on 

either side of a barrier which generates a “wound”, D) Fence Assay – cells are seeded 

inside a fence (Teflon ring) where the area outside of the fence is the “wound”, E) 

Microcarrier Bead Assay – cells are bound to carrier beads and migrate off onto the 

bottom of the well, F) Spheroid Migration Assay – same as the bead assay, but cells are 

contained within a spheroid and the spheroid with the cells begins to spread out, G) 

Horizontal Capillary Assay – cells are seeded in a well and move to an adjacent well 

under a cover slip, H) Capillary Tube Migration Assay – cells (leukocytes) move within a 

capillary tube [95].  One of the most popular assays, the Transwell Migration Assay, 

utilizes the Boyden Chamber, where cells are seeded onto polycarbonate filters 

containing 8 m pores.  The material to be tested is placed outside of these filters and 

cells migrate through the pores to the material.  Distances can be measured and scored 

and migrated cells can be counted via light microscopy methods [40, 96].   
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Finally, a measure of cellular adhesion and health is the development of filopodia, which 

are a cell’s main sensory tool.  Filopodia have been associated with the sensing of both 

chemoattractant gradients and topographies of different growth surfaces.  Fluorescent 

phallotoxins may be used to stain filamentous actin bundles that drive the filopodia as the 

filopodia encounter a chemoattractant (inorganic or organic substance that attracts cells).  

One of these chemoattractants, actin, accumulates in a direction predictive of a future 

turn if a cell is to experience contact guidance  and adhesion [64].  To assess actin levels 

during migration, Phalloidin may be coupled to a dye molecule and flow cytometry and 

confocal microscopy can be used to quantify it [99, 100].   

 

 

Figure 2.8 [95].  Schema of popular migration assays:  A) Boyden Chamber Assay, B) 
Wound Healing, C) Cell Exclusion Zone, D) Fence, E) Microcarrier Bead, F) Spheroid 

Migration, G) Horizontal Capillary, H) Capillary Tube Migration 
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2.9 Hemodynamics and Aneurysm Formation 

In order to understand the underlying mechanisms of aneurysm formation, progression, 

and rupture, studies in hemodynamics (blood flow) and wall shear stress (WSS) can be 

used to identify the relationships between blood fluid pressures, vascular lesions, and 

endovascular treatment efficacy [1, 31, 99, 100].  Progress in medical imaging 

technology and improvements in computer analyses have enabled computational fluid 

dynamics (CFD) analysis to predict hemodynamics in aneurysms with increased accuracy.  

Angiography image data can be converted to three-dimension (3D) vessel geometric data 

for simulations, therefore CFD analysis based on real aneurysm geometry has progressed 

in recent years [104].  At present CFD is the basic technology used for providing 

estimations of the hemodynamic flow behavior in IA [106].  While this technology is 

hopeful, conversely, statistically significant results in patient-specific experiments have 

not been achieved because the studies in image-guided CFD modeling have been limited 

to small numbers of aneurysms [105].  Another hindrance in the study of fluid flow was 

stated by Kumar and Naidu who said that the pulsatile nature of the problem further 

complicates arriving at a satisfying solution through analytical studies [1].  In spite of the 

difficulties, CFD data has been obtained in similar patient cases showing that ruptured 

and unruptured aneurysms had statistically different qualitative hemodynamic 

characteristics [100, 102].  Each aneurysm explored was found to have its own unique 

flow pattern, ranging from a simple single repetitive vortex to chaotic changing multiple 

vortices.  Cabral et al therefore reasoned that an unstable flow pattern might be 

associated with aneurysm progression and rupture because of the potential for elevated 

mean WSS (MWSS) [100, 102].  Further examinations led to the discovery that 
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concentrated inflow streams and WSS distributions with elevated MWSS and low 

aneurysmal viscous dissipation are statistically associated with a clinical history of prior 

aneurysm rupture.  It was determined that these preliminary results favor theories of 

aneurysm progression based on high-flow (high WSS) effects [105].  For a dynamic 2D 

Aneurysm-on-a-Chip™ bioactive stent model, there is a simple single inlet (i.e. inlet port) 

used with a single outlet port combined with an “aneurysmal sac” between the two ports.  

The fluid flow is measured using computational algorithms designed to analyze the flow 

of fluid entering the sac, contained in the sac, and exiting the sac.  The 2D AOC trial 

product was therefore synthesized to be redesignable and modular to provide different 

configurations for simulating various aneurysm types and fluid designs.     
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CHAPTER 3. AIM 1:  ENHANCE CELLS AND BACTERIAL NANOCELLULOSE 
FOR ULTIMATE ATTRACTION TO A STATIC BIOACTIVE STENT 

3.1 Introduction 

The magnetic protocol for the original bioactive stent was to eventually consist of a 

magnetic stent device that would have a magnetic field strong enough to be able to attract 

magnetically labeled cells to allow cells to settle down and attach, thus beginning to seal 

the aneurysm defect.  The first step to realizing this aim was to internalize magnetic 

nanoparticles to HASMC thus rendering the cells magnetic.  The subsequent step was to 

render the BNC magnetic enough to attract the magnetic HASMC.  Passive uptake and 

electroporation techniques were utilized to label the cells since there are no commercially 

available magnetic antibody particles for this cell type, and binding schemes of antibody 

to existing nanoparticles, were beyond the scope of this research project.  Electroporation 

(EP) provided a very effective and rapid method of allowing for the internalization of 

particles into a cell after a gentle electric shock, while passive uptake had proven 

effective for the internalization of magnetic particles within 24 hours of cell seeding.  

Scheme 1 is the description of the magnetic labeling of the HASMC with iron oxide 

nanoparticles (IONP) with characterization of biocompatability on the cells after the 

process has been performed.  Scheme 2 describes the both the synthesis of BNC and 

magnetic BNC (MBNC) that culminates in the generation of two static bioactive stents. 
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In all experiments using cells, Human Aortic Smooth Muscle Cells (HASMC, Cat. #C-

007-5C, Gibco® Life Technologies, Carlsbad, CA) were grown under normal culturing 

conditions (37.0°C, 95% air, 5% CO2) according to the standardized Gibco® protocol 

(http://tools.invitrogen.com/content/sfs/manuals/HASMC_man.pdf) until the cells 

reached confluency.  Growth medium used was Medium 231 supplemented with Smooth 

Muscle Growth Serum (SMGS, Cat. #M-231-500, Gibco® Life Technologies).  Cells 

were harvested and density and viability were determined using the Countess® 

Automatic Cell Counter (Life Technologies, Carlsbad, CA) pursuant to the 

manufacturer’s instructions.  HASMC were then seeded for experiments while cells were 

healthy and in log phase of growth.   

 

3.2 Materials and Methods 

3.2.1 Scheme 1:  Magnetic Labeling of Cells and Apoptosis Testing 

3.2.1.1 Magnetic Tagging of HASMC Via PU 

HASMC were first allowed to internalize using the gentle passive uptake (PU) process 

[40, 50, 101].  Human aortic smooth muscle cells were harvested at a density of 1.0x106 

cells/ml with a viability of 87% and seeded in a 6-well tissue culture plate (Cat. #08-772-

1B, Fisher Scientific, Hanover Park, IL) at a density of 1.0x105 cells/ml and incubated for 

24 hours using different concentrations of 30 nm SPION (Cat. #SHP-30-0010, Ocean 

Nanotech LLC, Springdale, Arkansas):  6 μg/ml, 8 μg/ml, 12 μg/ml, and 16 g/ml in 

nanograde water.  The procedure was repeated at least four times to guarantee assay 

reproducibility.  Cells were harvested followed by the evaluation of successful magnetic 



34 

 

labeling determined by scanning electron microscopy (SEM) and Perls Prussian Blue 

reaction [102, 103].   

 

3.2.1.2 Electroporation of HASMC With SPION 

The second method of magnetic internal labeling is via electroporation (EP).  It was 

necessary to determine that the HASMC could survive the EP process, so Trypan Blue 

Exclusion (Trypan Blue solution, Cat. #C10314, Life Technologies) analyses [104] were 

executed.  To begin with, the EP process was carried out utilizing a BTX ECM 830 

Square Wave Electroporator (see Figure 3.1, Genetronics, San Diego, CA), with low 

voltage and low pulse parameters as illustrated in Table 3 below.  Aliquots of 500 μl of 

cell suspension at a density of 6x105 live cells/ml were placed into electroporation 

cuvettes (refer to Fig. 3.1, Panel A, Cat. #640-45-0126, BTX Harvard Apparatus, 

Holliston, MA), and pulsed in phosphate buffered saline (PBS) without calcium or 

magnesium (Cat. #17-516F, Lonza, Walkersville, MD) containing 2 μl of 2 μg/ml SPION.   

The electroporated HASMC were left undisturbed for 15 minutes after pulsing under 

normal culture conditions, and then spun down in PBS so as to remove any free 

nanoparticles (NP).  Afterwards, the supernatant was then aspirated, and the cell pellets 

were resuspended in propagation media, and seeded in a 6-well tissue culture dish (Cat. 

#07-200-82, Fisher Scientific).  Subsequently, the cells were incubated under normal 

culturing conditions and harvested at 24 h, 48 h, and 120 h time points.  The viabilities 

for each time point were then determined using Trypan Blue. 
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Figure 3.1.  Electroporation equipment: Panel A shows sample cuvettes inserted into 
sample chamber in Panel B.  Panel C shows BTX ECM 830 Electroporator controller 

with samples loaded inside sample chamber (red arrow). 
 

 
 

Table 3.  Electroporation conditions for HASMC pulsed with SPION for viability 
determination. 

 
Sample Field Strength (V/cm) Pulse Length (μs) No. of Pulses 

1– Untreated Cells --- --- --- 
2 500 100 4 
3 400 100 4 
4 200 100 4 
5 200 200 4 

 
 
 

3.2.1.3 Determination of Iron Content in HASMC 

After magnetic labeling with the SPION, the iron content within the cell samples was 

determined.  Fe inside of the cells was quantified following the protocol proposed by 

Sébastien Boutry et al and based on the Perls’ Prussian blue reaction [101, 103] whereby 

an intense color blue develops with increased iron oxide content .  EP was performed at 

500 V/cm at 100 s with 4 pulses for each sample at the following concentrations:  6 

g/ml, 18 g/ml, 24 g/ml, and 32 g/ml.  These values were chosen to increase the 

A. 

B. 

C. 
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number of concentrations to test given the number of cells available.  A 96-well tissue 

culture plate (Cat. #29442-058, VWR Scientific, Chicago, IL) was used to seed 50 l of 

electroporated cells/well (18 wells for each concentration.)  After a 24-hour incubation 

period, the cells were washed three times in 300 μl Dulbecco’s phosphate buffered saline 

(DPBS, Cat. #D8662, Sigma-Aldrich, St. Louis, MO).  The cell suspensions were next 

incubated overnight at 37°C in 125 μl of 5N HCl (Cat. #9539-03, J.T. Baker, 

Phillipsburg , NJ) to induce a more complete acid digestion.  The acid was removed and 

the wells were washed three times with PBS followed by the addition of 125 μl of 5% 

potassium hexacyanoferrate (II) trihydrate (Cat. # P3289, Sigma-Aldrich) was for 15 min. 

at room temperature to yield the resultant Perls’ Prussian blue reaction.  Fe was measured 

by the color intensity of Prussian blue in the samples and measured at a wavelength of 

630 nm using a microplate spectrophotometer (VersaMax, Molecular Devices, Sunnyvale, 

CA).  A standard curve was generated to estimate the iron content per cell (analyzed 

using a UV/VIS spectrophotometer set at 690 nm (Spectronic GENESYS UV/VIS 

Scanning Spectrophotometer, Thermo Fisher, Waltham, MA)) in each of the tested 

samples.  The equation for the standard curve generation was the following [106]: 

 

The iron internalized by the HASMC for both PU and EP was quantified using a 

microplate reader as described previously.  The graph seen in the Results section, Figure 

3.13, was generated using  the statistical software Origin Pro™ 8.6 (OriginLab, 

Northampton, MA).  Transmission electron microscopy (TEM) was accomplished on the 

samples as well with a FEI/Philips CM-100 TEM system (FEI, Hillsboro, OR).       
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3.2.1.4 Measurement of Possible DNA Damage by CometAssay® 

HASMC was pulsed with commercial SPION and tested for potential DNA damage after 

120 h of incubation.  The CometAssay® was performed (Cat. #4250-050-K, Trevigen 

Inc., Gaithersburg, MD) according to manufacturer’s protocols, and populations of 

untreated and hydrogen peroxide treated cells were utilized as negative and positive 

controls, respectively.  The nucleic acid dye SYBR® Green I, was used in this assay to 

intercalate to and fluorescently label the DNA contained in the electrophoresed samples.  

Cells that do not undergo any DNA damage in the presence of the analyte, will show a 

fluorescent round green nucleoid, while DNA damaged cells will have long comets – 

positive samples will have nucleoids (the head of the comet) followed by tails which 

contain fragmented DNA material (percentage of DNA in the tail).  In this experiment, 

results were visualized using an epifluorescent Nikon Diaphot microscope (Nikon 

Instruments Inc.) at 10X power.  The microscope was fitted with a Nikon 990 Coolpix 

camera and optical filters optimized for the fluorescent dyes.  DNA damage was 

quantified using CometScore™ software (Tri Tek Corp., Sumerduck, VA, 

http://www.autocomet.com/products_cometscore.php).  As can be seen in Figure 3.2, 

there are a number of parameters that this software can measure to determine the extent 

of DNA damage upon Comet Assay samples.   
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Figure 3.2.  Parameters used by Comet Score software program to analyze  
Comet Assay Results [107]. 

 

The DNA tail (tail length) is the distance of DNA migration from the body of the nuclear 

core and is used to evaluate the extent of DNA damage.  The Olive Moment parameter is 

a measurement of fluorescence intensity corresponding to the amount of genetic material 

present in the tail in relation to that found in the comet head and is thus defined as:  Olive 

Tail Moment = Tail Length x % Tail DNA, where “% Tail DNA” is define by the 

fluorescence intensity in the comet tail [108] automatically calculated by the software.  

An increased Olive Moment indicates more DNA migration away from the nucleoid head, 

and therefore correlates to more genotoxic effects produced by the tested analyte [64].  

To evaluate a sample, images are taken of the Comet Assay sample slides and the file is 

opened in the software.  The user draws a box around the comet that includes both the 

head and the tail.  A second box is drawn to define the head.  The contrast of the comets 

to the background is increased by the user and then the software calculates the analysis.  

Subsequent paired T-tests were carried out to test for differences between means of the 
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negative control, test specimens, and the treated control cells (Origin Pro™ 8.6, 

OriginLab, Northampton, MA).   

 

3.2.2 Scheme 2:  Synthesis of BNC/MBNC and Static Bioactive Stent Prototypes 

3.2.2.1 Preparation of Standard BNC 

BNC pellicles were prepared in-house by culturing the bacterial strain, 

Gluconoacetobacter xylinus (Cat. #10245, ATCC, Manassas, VA).  The bacteria excrete 

the bacterial nanocellulose (BNC) during proliferation and pellicles form at the air-liquid 

interface of the culture.  The shape and size of the pellicle can be controlled by using 

different growth vessels (i.e. test tubes, flasks).  The thickness of the pellicles can be 

altered by changing the culturing times – the longer the bacteria are allowed to statically 

grow, the thicker and less porous the pellicles become [82].  First, 500 ml of Mannitol 

liquid growth medium was made according to ATCC’s instructions (2.5 g Yeast Extract 

(Cat. #Y1625-250G, Sigma-Aldrich), 1.5 g Bacteriological Peptone (Cat. #P0556-1KG, 

Sigma-Aldrich), 12.5 g D-Mannitol (Cat. #M120-500, Fisher Scientific), and a volume 

amount of nanograde water) and autoclaved.  Next, 500 ml of Mannitol agar was made 

(same recipe for the liquid medium but with the addition of 7.5 g Bacteriological Agar 

(Cat. #A5306-250G, Sigma-Aldrich)) and autoclaved.  After the agar was allowed to cool 

to 56°C in a water bath, agar plates (Petri Dish, Cat. #89038-968, VWR Scientific, 

Chicago, IL) were aseptically poured and allowed to solidify.  The solid plates and liquid 

media were stored at 4°C until needed. 
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Synthesis of the BNC pellicles began with the preparation of the primary bacterial culture 

whereby 5 ml of liquid Mannitol medium was aseptically placed in a 14 ml sterile culture 

tube (Cat. #60818-725, VWR Scientific).  This size of culture tube has an outer diameter 

of 17 mm, which yields that size of BNC pellicle.  The media was inoculated by 

aseptically scraping some frozen bacteria and mixing the inoculum into the media and 

vortexing briefly.  This culture was allowed to statically grow (no aeration or shaking) in 

an incubator set at 30°C for 24 hours.  Even though a very small fragile pellicle formed at 

the liquid-air boundary, this was not needed and was discarded.  For stock G. xylinus 

bacterial plates, a loopful of the fresh bacteria was obtained aseptically from the 24-hour 

culture and used to streak a Mannitol agar plate.  This was repeated until several plates 

were streaked.  All inoculated plates were incubated for 72 h at 30°C until small round 

whitish colonies were visible.  From a stock plate, two or three single colonies were 

aseptically picked to inoculate a fresh tube of 5 ml of liquid Mannitol media and this 

culture was allowed to grow statically for 72 h at 30°C.  Several tubes were inoculated to 

provide several pellicles.  The resultant pellicles were lifted out of the media and treated 

with 1N NaOH (sodium hydroxide) solution at 80°C for 1 h to kill any live bacteria.  The 

pellicles were then rinsed at least 3 times with 20 ml sterile nanograde water to remove 

the dead bacteria.  Pellicles were rinsed two more times with 20 ml sterile PBS to bring 

the pH toward 7.0 and they were allowed to remain in 5 ml fresh sterile PBS at room 

temperature until ready for analysis or for use with cellular experiments.  Figure 3.16 in 

the Results section shows an example of a BNC pellicle (see red arrow) in Mannitol 

medium. 
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3.2.2.2 Preparation of Magnetic BNC 

3.2.2.2.1 Magnetic Nanoparticle Synthesis Reaction 

It was thought that if the BNC could be rendered superparamagnetic and placed at the 

neck of the aneurysm, then magnetically-labeled stem cells, smooth muscle cells, and/or 

endothelial cells could be attracted to the neck region so as to attach to the material to 

begin to close off the aneurysm.  With this in mind, the BNC needed to have iron oxide 

nanoparticles (IONP) impregnated into it, and the only way to accomplish this was to 

first synthesize the IONP.  The creation of such nanoparticles was accomplished by the 

optimized coprecipitation reaction of the iron oxide NP into the existing BNC matrix.  

The chemical equation for the reaction is: 

FeCl
2
•4H

2
O + 2FeCl

3
•6H

2
O + 8NH

4
OH  Fe

3
O

4 
+ 8NH

4
Cl + 20H

2
O [109]. 

The reaction set up is seen in Figure 3.3.  Into a 250 ml three-necked glass round-bottom 

flask (Fig. 3.3.A, Cat. 89090-808, VWR Scientific), containing 50 ml nanograde water.  

Under stirring conditions, 1M solutions of iron (III) chloride hexahydrate (FeCl3•6H2O, 

Cat. #236489-5G, Sigma-Aldrich) and iron (II) chloride tetrahydrate (FeCl2•4H2O, Cat. 

#44939-50G, Sigma-Aldrich) were prepared in nanograde water and added to the flask in 

a 2:1 stoichiometric ratio:  3.5 ml iron (III) and 1.6 ml iron (II).  The reaction mix was 

heated gradually at 84°C under a nitrogen atmosphere (to prevent oxidation of the final 

product, Fig. 3.3.B) with continued vigorous stirring.  The BNC scaffold is introduced 

into the reaction mix to promote amalgamation of ferrous ions on the surface of the BNC 

fibers.  Next, 0.1M ammonium hydroxide (NH4OH, Cat. #318620, Sigma-Aldrich) was 

added incrementally to 8.5 ml total to chemically drive the reaction and form magnetite 

particles [110] and the entire solution was stirred for 30 min.  When the NaOH is 
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introduced, the ferrous salts begin to precipitate and grow in size.  The solution was then 

gradually heated to 84 C to avoid aggregation of the nanoparticles.  After the addition of 

the ammonium hydroxide, the color of the solution changed from orange to black.  The 

solution was then subsequently heated to 104°C for 1 h to complete the synthesis.  The 

resultant magnetic nanoparticle (MNP) solution was then held in place using a 6 Gauss 

magnet (check Figure 3.4), after which the reactant mix was decanted  to begin the wash 

steps.  The MNP were washed several times with nanograde water by first decanting the 

supernatant with the magnet in place, followed by removal of the magnet.  200 ml of 

nanograde water was added to the MNP and the solution was stirred with a plastic 5 ml 

pipet.  The magnet was put back into position to pull the MNP out of solution and the 

supernatant was decanted again.  The process was repeated until the final solution was 

clear and the pH was near neutral.  Dynamic light scattering was used to determine the 

size of the consequential MNP and the zeta potential was determined using the Zeta Sizer 

Nano ZS system (Malvern Instruments, Inc., Westborough, MA).   
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Figure 3.3.  Synthesis apparatus for MBNC.  (A) 3-necked flask, (B) N2 gas inject, (C) 
water-filled condenser, (D) heating mantle, (E) magnetic stirrer/hot plate.  

 
 

 

 

Figure 3.4.  Panel A shows the IONP in solution after reaction.  Panel B shows how the 
IONP are easily separated by exposure to magnetic field.  

 

A. B. 

A. 

B. 
C. 

D. 

E. 
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3.2.2.2.2 Generation of MBNC 

Once the IONP reaction was optimized and performed, the reaction was set up again, but 

this time it was to accommodate the addition of BNC.  The MNP reaction was carried out 

the same way as described above, and a new pellicle was grown as depicted.  Prior to the 

addition of the NaOH, the translucent, slimy BNC pellicle was placed into the reaction 

vessel as seen in Figure 3.5.  The NaOH was added incrementally as before and the 

reaction was carried out.  The precipitation of the MNP resulted in complete saturation of 

the particles into the BNC matrix.  The magnet was placed against the 3-neck flask to 

pull the IONP out of solution.  The reaction solution was decanted off and 200 ml of 

nanograde water was added to the reaction vessel and the magnet was removed to allow 

the MBNC pellicle to float free.  The MBNC pellicle was then removed with tweezers 

from the 3-neck flask and placed in a glass vial filled with water – this was the first wash.  

The pellicle was washed several more times with nanograde water until the pH reached 

neutral, as measured by a pH test strip (Cat. #P4786-100EA, Sigma-Aldrich).  The pHed 

MBNC pellicle was finally removed from the initial glass vial and placed in 5 ml fresh 

nanograde water at room temperature until ready for experimentation (see Figure 3.6, 

green arrow points to area of IONP impregnation).  
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Figure 3.6.  Magnetic BNC pellicle resuspended in water.  Green arrow points to one area 
where there are imbedded SPION. 

 

 

Scanning electron microscopy (SEM) analysis (refer to Figure 3.20) was performed on 

the samples in the Life Science Microscopy Facility (LSMF) at Purdue (Purdue 

University, West Lafayette, IN) on the Nova NanoSEM™ system (FEI, Hillsboro, OR), 

Figure 3.5.  BNC pellicle before impregnation of IONP (red circle).  Pellicle is clear and 
slimy before the reaction. 
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respectively, to show how the SPION attach to the individual fibrils.  In order to further 

prove that the particles seen in Fig. 3.20, really were iron oxide NP, SEM analysis was 

performed on the Phenom ProX Desktop SEM (NanoScience Instruments, Chicago, IL) 

that has the capability of simultaneous energy dispersive spectroscopy (EDS) analysis 

(see Fig. 3.22).  For the Nova NanoSEM system, standard sample preparation techniques 

were performed by the LSMF personnel.  The MBNC samples analyzed by the Phenom 

ProX were air dried inside a biological safety cabinet for 48 h under UV light exposure.  

The sample being analyzed was then mounted onto the sample holder (Figure 3.7, red 

arrow) for analysis. 
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Figure 3.7.  MBNC sample under SEM/EDS system.  Red arrow points to sample in 
sample holder.  Black spots on sample are SPION.  The scale bar is 200 m. 

It is important to understand that while the BNC itself is biocompatible, the IONP are not.  

 

3.2.2.3 Preparation of Static Bioactive Stents 

Nitinol stents were generously provided by Fort Wayne Metals (equal atomic weight 

percentage of nickel and titanium, Fort Wayne, IN) on request by PhD candidate, Emily 

Walker (School of Materials Engineering, Purdue University, West Lafayette, IN).  To 

grow a BNC pellicle onto the stent, the stent was first sterilized in an autoclave for 30 

minutes.  After the stents were allowed to cool, they were placed into a tube of sterile 

Mannitol medium.  In one tube the stent was oriented horizontally, and in the other tube 

the direction was vertical.  A loopful of live G. xylinus inoculated the media and the tubes 
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were allowed to grow for 120 h at 30°C.  After the incubation period was completed, 

pellicles were visible as seen in Figure 3.16 in the Results section.   

 

3.3 Results 

3.3.1 Scheme 1:  Magnetic Labeling of Cells and Apoptosis Testing 

3.3.1.1 Magnetic Tagging of HASMC Via PU 

SEM images of magnetic HASMC by passive uptake (PU) shows successful 

internalization of the particles within vacuoles as depicted in Figure 3.8, Panel A, blue 

arrow.  Passive uptake process allowed for the IONP to be taken into the cytoplasm and 

engulfed by the vacuole rendering this cell magnetic.  The cells successfully took up the 

SPION, however, this process was slow.  Electroporation offered a quicker method of 

magnetic labelling and was included in the research, but optimization of the parameters 

had to be performed.  Once the method was proven viable for the cells, this was the 

preferred method to magnetically tag the HASMC throughout the rest of the study. 
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3.3.1.2 Electroporation of HASMC with SPION 

It was important to perform viability counts post electroporation to begin to determine if 

both the process itself as well as the SPION could be reasonably tolerated by the 

HASMC.  As can be seen from the Trypan Blue Assay viability data in Table 4, all 

samples at 120 h (120 hours) post EP showed good viability with the highest viability 

corresponding to 200 V/cm with 100 s pulses (87.5% viable cells).  Upon visual 

inspection, cells at this time point exhibited healthy monolayers as seen in Figure 3.9 

(visual inspection was performed using brightfield illumination with a Nikon inverted 

Diaphot fluorescent microscope fitted with both 10X and 20X objectives (Nikon 

Instruments, Melville, NY); images were taken using a Nikon Coolpix 990 digital camera 

mounted onto the microscope).  Looking at the viability data graphically, as seen in 

Figure 3.10, the higher field strength setting (Sample 2 - 500 V/cm, red diamond) showed 

 
 

  
 

Figure 3.8.  SPION internalized by PU into HASMC.  Panel A shows SPION within 
vacuole (blue arrow).  Panel B shows close up of internalized SPION. 

Panel B:  SPION inside HASMC 
vacuole.  Scale bar is 40 nm. 

Panel A:  SPION inside HASMC vacuole 
(blue arrow).  Scale bar is 0.2 m. 
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to have the greatest impact on cell viability at 24 hours (~64% viable cells).  The cell 

viability remained above 75% post EP at the 48 hour and 120 hour time points (48h and 

120h) as seen in Sample 3 – 400 V/cm, green diamond, Sample 5 – 200 V/cm, light blue 

diamond, and Sample 2, red diamond.  Sample 4 (200 V/cm, 100 s pulses, light blue 

diamond) dramatically increased over the three days from the 48 h time point.  A more 

gradual increase was observed for Sample 3 (green diamond) over the same time period, 

while Sample 5 (light blue diamond) held viability at ~83% for the same time period.  

Both the Sample 2 (red diamond) and the untreated control (Sample 1 – black diamond) 

decreased over this time window.  These inconsistencies show why it is important to 

optimize this system to achieve the best electroporation conditions to maximize the 

SPION uptake while keeping the cells as viable and healthy as possible.  Having stated 

that, the up and down trends seen in the electroporated samples can be accounted for by 

the recuperation period needed for the cells after EP, and that the Trypan Blue dye may 

be leaking out during that recovery time.  For these experiments, the take home message 

is that at the end of a 5-day growth period, post EP, the HASMC were growing very well 

and tolerated the EP process. 
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Figure 3.9.  NP-seeded HASMC at 5 days (120 h) post EP with SPION:  Panel A.  
Untreated HASMC.  Panels B, C, D, E are HASMC at 120 h time point.  For all 

parameters, cells look visually healthy. 
 

 

Table 4.  HASMC Cell Viabilities at 24 Hours, 48 Hours, and 120 Hours Post 
Electroporation. 

 

Sample Viability (%) 
24h 48h 120h 

Sample 1– Cells untreated (Negative Control) 76.33 88.50 80.67 
Sample 2– 500 V/cm, 100 μs 63.67 83.50 78.33 
Sample 3– 400 V/cm, 100 μs 79.00 77.83 82.67 
Sample 4– 200 V/cm, 100 μs 85.50 72.00 87.50 
Sample 5– 200 V/cm, 200 μs  79.00 82.00 82.00 

A. B. C. 

D. E. 
Panel A: Negative control 
Panel B: 500 V/cm, 100 s 
Panel C: 400 V/cm, 100 s 
Panel D: 200 V/cm, 100 s 
Panel E: 200 V/cm, 200 s 
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Figure 3.10.  HASMC viabilities at 24 h, 48 h, 120 h post EP with SPION.  All treated 
cells are ~77% viable and above at 120 h time point.  

 

3.3.1.3 Determination of Iron Content in HASMC 

A standard curve was generated first with which to compare the samples (refer to Figures 

3.11 and 3.12).  Figure 3.11 shows the Prussian blue staining standards and the increase 

in blue color which directly corresponds to the iron content within the samples.   

Four concentrations of iron oxide were employed to generate the standard curve.  Iron 

content was calculated per the equation given in the Materials and Methods section for 

the Perls Prussian Blue reaction and tabulated for both PU and EP HASMC samples.  

Results were tabulated as seen in Table 5.   
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Figure 3.11.  Perls Prussian Blue staining for different concentrations of iron oxide 
digested in 300 l of acid.  Panels A through D show the blank through the highest iron 

concentration.   
 

 

 

Figure 3.12.  Standard curve of known concentrations of iron for the Perls Prussian Blue 
assay.  Samples (refer to Fig. 3.11 above) were analyzed by spectrophotometry at 630 nm.    
 

 

 

 

 

 

 

A. Blank B. 239 μM C. 448 μM  D. 716 μM 
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Table 5.  Iron content for magnetic HASMC as measured by Perls Prussian Blue. 
 

Sample n Mean Fe (μM/ml) 
 

Negative Control 
 

18 
 

0.04 
 

--- 
 

Passive Uptake    
6 μg/ml 18 0.19 2.91x10-4 
8 μg/ml 18 0.08 1.49x10-4 
12 μg/ml 18 0.10 2.11x10-4 
16 μg/ml 18 0.04 1.49x10-4 

 
Electroporation    

16 μg/ml 18 0.03 7.37x10-5 
18 μg/ml 18 0.01 -3.41x10-5 
24 μg/ml 18 0.01 -2.51x10-5 
32 μg/ml 18 0.07 1.44x10-4 

 

 

 

Figure 3.13.  Graphical representation of values listed in Table 5 for iron detected within 
magnetic HASMC.  “U” stands for HASMC that used PU to internalize SPION.  “E” 

stands for electroporated HASMC. 
 

 

The data in Table 5 and Figure 3.14 reflect that HASMC passive uptake is effective in 

internalizing the SPION with the highest uptake at 6 g/ml:  2.91x10-4 M/ml.  The EP 
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samples showed the best Fe content at 32 g/ml:  1.44x10-4 M/ml while the two middle 

iron samples (18 and 24 g/ml) were negligible, indicating that the EP process was not 

successful.  It could be that the cells actively pumped out the IONP during proliferation.  

The highest concentration of electroporated iron oxide nanoparticles show very similar 

results compared with the passive uptake 1.49x10-4 M/ml. 

 

3.3.1.4 Measurement of Possible DNA Damage by CometAssay® 

For completeness, another set of experiments were carried out to include a positive 

control (30% H2O2, as mentioned previously).  At a density of 2 μg/ml of commercial 

SPION, no statistically significant differences were found between the negative control 

and the samples – compare the percentage of DNA in the comet tail and the Olive 

Moment (Tables 6 and 7, respectively).  Figure 3.14 shows representative results of 

nucleoids of HASMC after staining with SYBR® Green I dye.  Compact nucleoids are 

evident for all the tested samples and no evidence of DNA fragmentation per visual 

inspection (Figure 3.14, Panels B, C, D and E) when compared with the negative control 

(Panel A).  Only the positive control exhibits a long tail as a result of hydrogen peroxide 

treatment (Panel F).  In Fig. 3.14, the nucleoid diameters range between 25 and 35 μm for 

all samples (Panels A, B, C, D and E), while positive control tails reached lengths of up 

to 121 μm showing the genotoxic effect of the hydrogen peroxide treatment. 

 

The results shown in Tables 6 and 7 are graphed in Figure 3.15.  For percentage of DNA 

in Tail (Fig. 3.15, Panel A), the data for pulsed cells with SPION reflect 0-5% DNA 
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damage correlating very well with the negative control (Panel B).  The positive control 

possesses above 10% to 25% of DNA in the tail.  Taken together, the data reflect that 

electroporated HASMC tolerate both the EP procedure under the different parameters, as 

well as proliferating nicely with the internalized SPION out to 120 h post electroporation. 

 

Table 6.  Summary of Percentage of DNA in Comet Tail for Pulsed HASMC with SPION. 
 

Sample 
 % DNA in Tail 

EP n Mean Standard 
Error (±) 

p 
Value 

 
1 - Untreated Cells  

 
-- 

 
50 

 
  2.40 

 
0.42 

 
--- 

2 500 V/cm, 100 s 50   1.98 0.34 0.45† 
3 400 V/cm, 100 s 50   2.36 0.45 0.95† 
4 200 V/cm, 100 s 50   2.92 0.64 0.48† 
5 500 V/cm, 200 s 50   2.19 0.36 0.67† 
6 - Positive Control -- 50 17.92 1.18 3x10-18 

 
DNA percentages for HASMC electroporated with SPION.  † - no statistically significant 

differences (p>0.05).   
 

 

Table 7.  Summary of Olive Moments for Pulsed HASMC with SPION. 
 

Sample 
 Olive Moment 

EP n Mean Standard  
Error (±) 

p Value 

 
1 - Untreated Cells  --  

50 
 

1.07 
 

0.19 
 

--- 
2 500 V/cm, 100 s 50 0.86 0.15 0.37† 
3 400 V/cm, 100 s 50 1.22 0.25 0.68† 
4 200 V/cm, 100 s 50     1.58  0.39 0.23† 
5 500 V/cm, 200 s 50  1.12 0.19 0.86† 
6 - Positive Control -- 50 22.82 1.93 2.67x10-15 

 
Olive Moment values for HASMC electroporated with SPION.  No statistically 

significant differences (†, p>0.05) between negative control and samples. 
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Figure 3.14.  CometAssay® results for HASMC with SPION.  Panel A:   Negative 

control, Panels B, C, D, E - Pulsed HASMCs with SPIONs, Panel F:  Positive control.  
Data reflect that HASMC tolerates EP and SPION internalization. 

 

 

 
 

Figure 3.15.  Percentage of DNA damage (Panel A) and Olive Moment (Panel B) of 
pulsed HASMC with SPION.  CometAssay® samples are equal to negative control (S1). 
 

 

 

A. B. 

A. B. C. 

D. E. F. 

Negative Control 500 V/cm, 100 s 400 V/cm, 100 s 

200 V/cm, 100 s 200 V/cm, 200 s Positive Control: 30% H2O2 
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3.3.2 Scheme 2:  Synthesis of BNC/MBNC and Static Bioactive Stent Prototypes 

3.3.2.1 Preparation of Standard BNC 

BNC pellicles were easily produced after 72 h of incubation as seen in Figure 3.16 below.  

As can be seen in the image, the pellicle takes the shape of the container it is growing in 

and occurs at the boundary of air and liquid medium.  In Fig. 3.17, the BNC scaffold is 

showing pores that are large enough to allow cells to pass through (selected pores were 

~3.8 m in diameter, while other pores (red arrow) are significantly larger).  These pores 

are large enough to add SPION to and thus the 3-day incubation period was determined 

to be the optimal growth period for the BNC samples.  The next step was to render the 

standard BNC magnetic.  The succeeding section discusses those results.  

 

 

 

 Figure 3.16.  Bacterial nanocellulose obtained after 3 days of culture.  Red arrow points 
to the pellicle growing at the interface of the air-liquid boundary. 
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Figure 3.17.  SEM of cross-section of BNC showing pores throughout the scaffold.  Scale 
is 5 m.  Pore sizes selected:  A. 3.8 m, B.  3.85 m.  Red arrow points to pore that is 

~5 m by eye.   
 

 

3.3.2.2 Preparation of MBNC 

3.3.2.2.1 Magnetic Nanoparticle Synthesis Reaction 

In order for the MBNC to be ferromagnetic – able to attract magnetic cells without an 

external magnetic force – the minimum critical size for the NP is 100 nm in diameter 

[111].  This parameter has been satisfied as evidenced by Figure 3.18.  The mean 

hydrodynamic diameter of the coated MNP was found to be ~100 nm via DLS (dynamic 

light scatter) measurements.  It is important to understand that uncoated IONP yielded by 

the reaction aggregate together as seen in Figure 3.19.  This phenomenon is unacceptable 

in biological systems and describes why it is so important for the biocompatible filming 

of the iron oxide nanoparticles be performed even while they are embedded within the 

BNC mesh.  The more monodispersed these NP are, even while attached to BNC fibrils, 

the better off for any in vitro or in vivo test system.  

A. 

B. 
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Figure 3.18.  Mean DLS size measurement of coated MNP.  Average hydrodynamic 
diameter is ~100 nm. 

 

 

 

Figure 3.19.  SEM of uncoated IONP in water.  Without a biocompatible coating, the 
MNP easily agglomerate to each other.   
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3.3.2.2.2 Synthesis of MBNC Sample 

Uniform dispersion of IONP is accomplished by the reaction given in Section 3.2222.1 of 

this document.  Figure 3.20 shows a magnified SEM image of the MBNC fibers.  The 

picture displays the individual BNC filaments incrusted with the nanoparticles.  

Measurements were taken of the diverse diameters of the coated fibrils ranging from 29.3 

nm to 129.6 nm.  Moreover, the paramagnetism of the MBNC was proven when a sample 

of it was exposed to a rare earth magnet (6 Gauss or 0.6 mT) and it immediately was 

attracted to magnet.   

 

 

Figure 3.20.  SEM image revealing the IONP coating on the BNC fibers.  There are a 
variety of fibril widths:  29.3 nm, 37 nm, 39.7 nm, 80 nm, and 129.6 nm.   

 

 

The MBNC was also scrutinized to verify iron content within the matrix.  Concurrent 

SEM/EDS (energy dispersive spectroscopy) analysis showed that there was Fe and O 
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located within the matrix and on the fibers themselves.  In Figure 3.21,  there is one 

embedded nanoparticle that is 8.91 m in diameter.  This NP proved to be an iron oxide 

NP (see Figure 3.21) as determined by EDS.  Figure 3.22 indicates the presence of 

elemental iron (~6.3 keV, ~0.6 keV) comprising the IONP seen in Fig. 3.21.  This proves 

that the reactions rendering the BNC magnetic, was successful.  The peak seen at 7 keV 

is background energy that could be a contaminant as a result of sample processing.  

Nevertheless, the peak at 6.3 keV positively proves that the confirmation of MNP into the 

BNC framework was efficacious.    

 

 

Figure 3.21.  MBNC under SEM/EDS analysis.  Dark spot:  IONP with diam. of 8.91 m.   
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Figure 3.22.  EDS analysis of  IONP within MBNC (refer to Fig. 3.21).  Fe peaks appear 
at ~0.6 keV and ~6.3 keV.  (Peak at 7 keV is background energy.)   

 

 
An important characteristic of the BNC is porosity.  The size and density of the pores 

determines the ability for blood and other fluids to pass through the BNC.  Attention to 

pore sizes after MNP impregnation is of extreme importance.  Figure 3.23 is an example 

of a pore within a MBNC sample analyzed by SEM.  The example pore size is 14.32 m2 

and is more than enough for the standard 10 mm sized cell.  With pore diameters ranging 

from 8.91 m to 14.32 m after impregnation of IONP, the MBNC should be porous 

enough to allow for the flow of fluids throughout its matrix.       

 

       

~6.3 keV 

~0.6 keV 
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Figure 3.23.  NanoScience SEM analysis of a representative pore of a 72 h MBNC 
sample.  Pseudocolor analysis is used to highlight pore.  Pore size is 14.32 m2.   

 
 
  

3.3.2.3 Preparation of Static Bioactive Stents 

Figure 3.24 shows the 24 h BNC pellicles grown onto the Nitinol stent scaffolds.  These 

are the static bioactive stent devices generated after all testing was completed for the 

bacterial nanocellulose material.  Panel A shows a vertical stent with BNC, while Panel B 

shows the stent oriented horizontally.     
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Figure 3.24.  Static bioactive stents in Mannitol media.  Panel A:  Red bracket shows 
BNC growing at air/liquid boundary and through vertical stent scaffold. 

Panel B:  Red bracket shows BNC growing at air/liquid boundary of horizontal stent 
scaffold. 

 

 
3.3.3 Brief Summary of Results 

Magnetic labeling of the HASMC with 30 nm SPION was performed by two different 

pathways:  passive uptake and electroporation.  HASMC was rendered magnetic by both 

methods successfully as determined by iron concentration studies, SEM and viability 

assays.  While PU was successful at all concentration (6-16 g/ml) out to 120 hours post 

uptake, a method was needed that would prove quicker and thus EP was utilized.  Four 

pulses at 500 V/cm and 100 s duration proved to yield ~81% viable cells after 120 hours 

post pulse, while 4 pulses at 200 V/cm and 100 s duration slightly increased viability to 

~88%.  Perls Prussian Blue assay showed that EPed HASMC at 32 l/ml SPION 

provided an internal iron concentration of 1.44 x 10-4 M/ml (compare to PU at 1.49 x 

10-4 M/ml for 16 l/ml SPION density).  Subsequent CometAssay® results confirmed 

that the PU, EP, and living with the internalized SPION, were all conditions that were 

tolerated well by the HASMC with no DNA damage. 

 

A. B. 
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BNC and MBNC were synthesized to render pore sizes in the mesh of ~4-14 m in 

diameter.  The pore size is very important because cells need to be able to flow through 

the BNC/MBNC matrices to begin to close the aneurysm neck.  The sizes generated are 

large enough to allow for cellular flow.  Further, the iron oxide nanoparticle synthesis 

was optimized prior to rendering the BNC magnetic.  The resultant hydrodynamic 

diameter of the MNP was 100 nm which is the critical size needed for a material to be 

ferromagnetic.   

 

3.4 Discussion and Conclusions 

There were some challenges to the magnetic labeling of the cells.  First, the cells grew 

rather slowly and did not come up to confluency for 4 days after each split.  This made 

the amount of cells needed for viability assays and for SPION density testing difficult.  

Furthermore, these cells are only good for 16 to 18 passages before senescence, so all 

assays had to be planned very carefully before the cells were no longer within their log 

phase of growth.  This was the reason why the PU experiments were performed with 

lower SPION densities compared to the electroporated specimens at the higher 

concentrations.  With the slower growth rate of these cells, it was decided to take the 

viability assays out to 5 days to determine if the perturbation of the uptake and 

internalization of the SPION on the HASMC would be detrimental.  This helped to 

reduce the number of splits the cell populations had to endure.  Secondly, it was also 

rather difficult to keep the CometAssay® procedures consistent each time the tests were 

performed in the beginning.  Sometimes the agarose detached from the slides after the 

electrophoresis step and had to be retrieved from the Coplin jars.  Sometimes the sample 



67 

 

slides floated off the electrophoresis chamber surface and that would cause issues with 

the orientation of the slides during electrophoresis.  These problems were dealt with and 

solved over the many times the assays were run so that ultimately solid results were 

obtained.        

 

The synthesis of the bacterial nanocellulose was relatively easy to perform and perfect, 

but to find the size of pellicle needed for the static bioactive stent had to be determined.  

The 12 mm x 75 mm culture tube turned out to be the best receptacle for the bacterial 

growth (24 h incubation).  The pellicles yielded were easily transferred into the magnetic 

IONP synthesis reaction to obtain MBNC.  The BNC reaction was also used to generate 

pellicles that were grown into the nitinol stents to make up the static bioactive stent 

prototypes.  While the growth was done successfully, there was a problem with the 

pellicles staying on the stents themselves.  The pellicles grew through the nitinol mesh, 

however, once the static bioactive stents were removed from the liquid medium, it was 

found that the pellicles were just loosely hanging onto the nitinol stents.  When washes of 

the devices were attempted, the BNC pellicles sloughed off easily into the tubes.  This 

version of prototype is obviously not going to work.  The BNC pellicles must be “glued” 

in place somehow, such as by electrospinning or polymer sleeve braiding [112], so as to 

permanently bind the biomaterial to the nitinol mesh.    

 

Overall, the results yielded repeatable synthesis of magnetic bacterial nanocellulose 

embedded with SPION that was compatible with HASMC.  An interesting note is that 

while the BNC stent prototype does not have to necessarily be biodegradable for in vitro 
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work, it is this property that is highly desirable for any in vivo implantable device.  It has 

also been shown in the literature that biodegradability is a property that shows up in 

cellular work as evidenced by the efforts of the Freed group (worked with synthetic 

biodegradable polymers) [113].  This biomaterial is magnetic in the presence of a 

magnetic field and can be grown to any size or shape needed.  Further, the samples that 

were made for this project have optimal pore sizes for fluid flow and cellular migration.  
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CHAPTER 4. AIM 2:  IMPROVE AND PROMOTE TISSUE GROWTH AND 
BIOCOMPATIBILITY UTILIZING BACTERIAL NANOCELLULOSE 

 

 

4.1 Introduction 

Bacterial nanocellulose (BNC) and magnetic bacterial nanocellulose (MBNC) had to be 

tested to ensure that the HASMC would grow on these biomaterials successfully.  The 

first step was to confer biocompatability on the MNP infusing the MBNC scaffold.  Citric 

acid, PEG, and PEI were used to coat the MBNC and apoptosis assays were performed to 

determine an DNA damage to the HASMC that were growing on the biomaterial.  

Proliferation was studied by looking at the presence of F-actin.  F-actin staining is used to 

both characterize HASMC and to measure the health of mammalian culture systems.  

Fluorescent phalloidin was utilized to label F-actin found in the cytoskeleton of the cells 

seeded onto the BNC and MBNC.  In addition to propagation, it was important to study 

how cells actually migrate from one place to another.  Specifically, manufactured lesions 

were used to follow the progression of cells from an area surrounding the “wound” into 

that space to fill it in – i.e. healing the “injury”.  This is an important factor in the 

function of the static bioactive stent because once the cells are attracted to the stent, it is 

imperative that they begin to dam up the aneurysm neck (i.e. the wound or lesion).  Once 

the neck is completely closed, then the blood supply is cut off into the aneurysm sac and 

the aneurysm is healed.  Wound healing assays were therefor performed to visualize and 
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quantify the effectual HASMC migrations.  In addition to these investigations, HASMC 

attraction to the biomaterials was observed in an effort to establish evidence that the 

BNC/MBNC were able to attract the cells ferromagnetically.  Brightfield micrography 

was used to observe how the cells surrounded these biocomponents in vitro.    

 

4.2 Materials and Methods 

4.2.1 Scheme 1:  Cellular Growth and Migration Assays 

4.2.1.1 HASMC Proliferation Tests 

4.2.1.1.1 F-Actin Detection Studies 

Before the migration assays could be performed, it was important to determine that the 

HASMC would grow on the analytes, thus simple growth tests were performed for the 

presence of actin.  The magnetic bacterial nanocellulose (MBNC) sample was placed 

onto a sterile glass coverslip and allowed to dry for 24 h at room temperature.  

Afterwards, the MBNC coverslip was placed into a well of a 24-well tissue culture plate.  

HASMC were seeded in a T-25 tissue culture flask at 1x106 cells/ml and allowed to 

proliferate until 70-80% confluence (by eye) was achieved.  Cells were harvested and 

seeded onto the MBNC coverslip at a seeding density of 1x105 cells/ml and allowed to 

incubate for 72 h.  The coverslips were next transferred into sterile glass Petri dishes.  

This step was necessary, because the Phalloidin dye contains methanol that could leach 

out contaminants from the plastic of the tissue culture dish and interfere with the staining 

process.  Alexa Fluor® 532 Phalloidin is a high-affinity F-actin probe (Cat. #A22282, 

Life Technologies, Inc.)  that will light up with a green fluorescent color when attached 

to the actin in a live, healthy, proliferating cell [114].   DAPI (4’,6-Diamidino-2-
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Phenylindole, Cat. #D1306, Life Technologies, Inc.)  is a counterstain that binds to the 

adenine-thymine (A-T) bundles of DNA and provides a deep blue fluorescence when 

bound to the nucleus of a cell.  Both dyes were prepared according to manufacturer’s 

directions.  Following the PBS wash, the cells were fixed with 500 l 7% methanol-free 

formaldehyde solution (Cat. F8775-25ML, Sigma-Aldrich) for 10 minutes at room 

temperature (methanol can disrupt actin during the fixation process).  Samples were 

washed and 500 l of 0.1% Triton™ X-100 (Cat. T8787-50ML, Sigma-Aldrich) was 

added to them for 5 minutes at room temperature to permeabilize the cells.  Again, the 

cells were washed and 200 l of 1% bovine serum albumin (Cat. A3311-10G, Sigma-

Aldrich) was added to them for 30 minutes at room temperature to stop the 

permeabilization reaction.  A PBS wash step was performed and 200 l of the Alexa 

Fluor® 532 Phalloidin stain was added to each sample and incubation proceeded for 20 

minutes at room temperature in the dark.  A PBS wash was done and 300 l of 300 nM 

DAPI counterstain was added to each sample.  Samples were incubated for 30 minutes in 

the dark at room temperature.  After staining, the samples were washed with PBS again 

to reduce background and visually analyzed via fluorescent microscopy using a Nikon 

Optiphot upright fluorescent microscope (Nikon Instruments, Inc.) fitted with correct 

optical filters for the Phalloidin dye (532 nm excitation and 555 nm emission) and DAPI 

(358 nm excitation and 461 nm emission) and a Nikon Coolpix 990 camera (see Figure 

4.3).   

 

To compare the growth of HASMC alone (no MBNC substrate), F-actin labeling was 

performed again.  This time 100 nm Acti-stain™ 488 Fluorescent Phalloidin (Cat. 
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#PHDG1, Cytoskeleton, Inc., Denver, CO) was utilized according to manufacturer’s 

instructions.  Cells were grown to 3 x 105 cells/ml density at 92% viability and harvested.  

Cells were seeded into a 35 mm FluoroDish™ (Cat. 70682, Ted Pella, Inc., Redding, CA) 

at a density of 104 cells/dish and allowed to grow to confluency over 48 hours.  Next, 

HASMC were washed with PBS at 37°C followed by fixation using 1 ml 3.7% 

paraformaldehyde solution for 10 minutes at room temperature followed by a PBS wash 

for 30 seconds.  Cells were permeabilized for 5 minutes with permeabilization buffer (0.5% 

Triton X-100 in PBS) at room temperature followed by a wash with PBS for 30 seconds.  

F-actin staining was performed last by adding 200 l 100 nm Acti-stain™ to the fixed 

cells for 30 minutes at room temperature in the dark.  At the end of the incubation period, 

cells were washed three times with PBS to wash off excess dye and reduce any 

background staining.  Nuclei were counterstained with 200 l 3 M propidium iodide (PI, 

Cat. P3566, Life Technologies, Grand Island, NY) for 15 minutes at room temperature in 

the dark.  Cells were washed three times with PBS and stored in 1 ml fresh PBS and used 

for confocal microscopy (refer to Figure 4.5 in the Results section).  Confocal 

microscopy was performed on an Olympus FV1000 Microscope (Olympus America, 

Center Valley, PA) using the 488 nm argon ion laser to excite the Acti-stain™ and the 

515 nm argon ion laser to excite the PI (green color is Phalloidin and orange color is the 

nucleus, check out Fig. 4.5), and a 40X fluorescence objective.  To determine that the F-

actin filaments were stained throughout the cell and not just sporadically, 3 m image 

slices were taken as can be seen in Fig. 4.5.       
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4.2.1.1.2 HASMC Attraction Experiments 

HASMC were studied to see if BNC and MBNC could naturally attract them; this is a 

key to attracting cells to a bioactive stent in vivo.  HASMC were harvested at 3x104 live 

cells/ml at 83% viability from two T-25 tissue culture flasks.  BNC and MBNC analytes 

were aseptically placed in a 24-well tissue culture plate (Cat. 08-772-1H, Fisher 

Scientific, Batavia, IL).  It is crucial to note that to keep the BNC and MBNC pieces from 

floating away, they were glued in place by a 50 l drop of CyGEL™ (Cat. #CY10500, 

Biostatus Limited, Leicestershire, UK).  CyGEL™ is a “thermoreversible gel” that is 

compatible with live cells as an immobilization agent.  It is solid at room temperature and 

above, but liquid at 4°C.  The cold CyGEL™ was applied to the bottom of the wells and 

then the BNC and MBNC pieces were placed on top.  The CyGEL™ was allowed to 

warm up to room temperature whereupon it solidified and held the analytes in place.  

HASMC were then harvested at 3x104 cells/ml with 83% viability from two T-25 tissue 

culture flasks (Cat. #TP90025, MidSci, Inc., St. Louis, MO).  Cells were seeded into the 

wells at 1x104 cells/ml away from the BNC and MBNC samples.  The sample were 

cultured under normal conditions for 48 h and examined daily under bright field 

illumination with a Nikon inverted Diaphot microscope with a 20X objective (Nikon 

Instruments, Inc.).  In vitro cell images were taken on Day 2.   

 

4.2.1.2  Wound Healing Assays with IONP Uptake 

4.2.1.2.1 Scratch Assays 

It was essential to determine cellular migration with magnetically labeled cells thus the 

Wound Healing Assays were carried out in 24-well tissue culture vessels.  Before 
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working with the cells, a black Sharpie was used to draw a bisecting thin line for each 

well on the outside bottom of the wells to act as a pattern for the creation of the “wound” 

(Figure 4.1).   

 

 

Figure 4.1.  24-well plate that has been scored (vertical black lines) in preparation of the 
wound healing assay (scratch assay). 

 

 

The HASMC was rendered magnetic to determine how migration would behave - 

impeded or normal - with SPION present in the cells.  For the SPION passive uptake, 

cells were seeded in a T-25 tissue culture flask at 1x106 cells/ml and allowed to 

proliferate until 70-80% confluence (by eye) was achieved as stated previously.  The 

HASMC were incubated with 20 l of SPION for 24 h under normal culture conditions.  

The cells were harvested and seeded into wells of a 24-well tissue culture plate at a 

density of 1x105 cells/ml and allowed to incubate under normal conditions for 72 h to 

allow a nice monolayer to form on the bottom of each well.  The “wound” was made after 

gently and slowly scratching through the cellular monolayer with a fresh sterile 200 l 
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pipette tip vertically down the center of the well following the line drawn on the 

underside of the well.  Wells were gently washed twice with fresh propagation media to 

remove any loose cells and debris.  Cells were then incubated for a total of 36 h and fed 

during this period.  To confirm that SPION were taken up into the cells, at each six hour 

interval, the cells were fixed in situ with 10% Formaldehyde Buffered Solution (Cat. 

#BDH0502-1LP, VWR Scientific) and stained with the Iron Stain Kit (Cat. HT20-1KT, 

Sigma-Aldrich) according to manufacturer’s protocol.  This is known as the Prussian 

Blue reaction where deposits of iron stain an intense blue color when treated with acid 

ferrocyanide.  Samples were viewed under brightfield microscopy using a Nikon Diaphot 

microscope (Nikon, Inc., Melville, NY) and under a 10X objective. 

 

4.2.1.2.2 CytoSelect 24-Well Wound Healing Assays 

The CytoSelect™ 24-Well Wound Healing Assay kit (Cat. #CBA-120, Cell Biolabs, San 

Diego, CA) was additionally used to visualize the wound healing process.  In a 24-well 

tissue culture plate (Cat. #08-772-1, Fisher Scientific), CytoSelect™ wound healing 

inserts were placed into the wells to form a barrier in which cells would not grow, i.e. the 

“wound”.  The inserts provide a stable consistent 0.9 mm wound gap between cells.  The 

CytoSelect™ wound healing inserts were aseptically placed into the wells.  The HASMC 

were added to each side of the wound in each well at a concentration of 0.5x106 cells/ml 

and allowed to grow for 48 hours under standard culture conditions until a monolayer 

was formed around the barriers.  It is important to note that during this time, the HASMC 

passively took up the SPION as well (as described previously in Section 3.2.1.1 of this 
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text).  After incubation, the inserts were aseptically removed to begin the healing process 

and allow for cellular invasion into the “wound”.  Wells were gently washed twice with 

fresh propagation medium to remove any detached cells.  Fresh medium was added 

during the incubation time of 36 hours.  At each six hour interval, cells were fixed in situ 

and stained with the Iron Stain Kit as explained before and visualized under brightfield 

microscopy.  To enumerate migrated cells within the wound area, particle analysis was 

performed with Image J software (NIH, Washington, DC).  Figure 4.2 shows the initial 

set up in the tissue culture plate.  The blue arrow points to a representative well where the 

CytoSelect insert has been placed to make a vertical “wound” 9 mm in diameter. 

 

 

 

Figure 4.2.  CytoSelect Kit Setup.  Blue arrow points to a well containing the CytoSelect 
insert responsible for making “wounds” where cells are not allowed to grow until the 

insert is removed.  The insert makes a very distinctive 9 mm width area of non-growth 
straight down the middle of each well.  
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4.2.2 Apoptosis Assays 

4.2.2.1  Coating MBNC for Biocompatability 

Magnetic nanoparticles are not biocompatible without some type of coating to make them 

so [107–111].  The solution to the problem is to overlay the entire MBNC matrix with a 

biocompatible agent.  After MBNC synthesis was accomplished, the pellicles were 

washed and pHed to 6.7.  In separate 100 ml Erlenmeyer flasks, pellicles were placed in 

36 ml PBS followed by the addition of either 4 ml 1% poly(ethylene glycol) (PEG 1000, 

Cat. #sc-203182, Santa Cruz Biotechnology, Inc., Dallas, TX) solution in nanograde 

water, or 1% poly(ethyleneimine) (PEI, Cat. #482595-100ML, Sigma-Aldrich) solution 

in nanograde water, or citric acid (CA, ) .  The solution was stirred at room temperature 

for 2 h and found to have a pH of 6.5-7.0 after the mixing step.  The coated MBNC was 

washed several more times with PBS and then exposed to UV irradiation for 24 h to 

sterilize the material.  SEM was performed to validate the covering of the MBNC fibers 

as can be seen in Figure 3.20 in the Section 3.3.2.2.2 of this report.  CometAssay® 

studies were carried out to determine which biochemical would be the most suitable to be 

used for the biocompatability of the MBNC throughout the rest of the research project. 

 

For the CometAssay®, HASMC were grown as described earlier and harvested at 

8.2x105 cells/ml at a viability of 85%.  Visual inspection of the HASMC was conducted 

during the 5 day incubation period under bright field illumination utilizing a Nikon 

inverted Diaphot fluorescent microscope with 10X and 20X objectives (Nikon 

Instruments, Inc.) and fitted with a Nikon Coolpix 990 digital camera.  At 48 hours, the 
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CometAssay® was performed according to manufacturer’s recommendations and the 

results were compared to the nontoxic effects of HASMC growing alone under normal 

culturing conditions.  Positive controls were cells induced into apoptosis by treatment 

with Etoposide (CometAssay® Control Cells for Alkaline Comet Assay, cat. # 4256-010-

CC, Trevigen, Inc., Gaithersburg, MD) and hydrogen peroxide (10 μl of 30% hydrogen 

peroxide solution in water added to 100 μl of cell suspension and incubated for 30 min).  

These Etoposide Control Cells have different levels of DNA damage produced by 

exposure to different concentrations of Etoposide, which induces double stranded and 

single stranded DNA breaks.  Control Cells show incremental increases in percent DNA 

in the tail when the alkaline Comet assay is performed.  CC0 Cells correspond to healthy 

cells, followed by increases in single-strand damage in populations CC1, CC2, and CC3 

Cells [115].  Cells treated with hydrogen peroxide exhibit a similar effect to the ones 

treated with Etoposide.  After electrophoresis, Comet slides were stained with SYBR® 

Green I Nucleic Acid Gel Stain (Cat. #S-7585, Life Technologies, Inc.)  then visualized 

using an epifluorescent microscope (Nikon Eclipse 80i, Nikon Instruments, Inc.) at 10X 

and 20X power with optical filters selected for 488 nm excitation and 520 nm emission.  

Fluorescent imagines were captured using a Micropublisher 5.0 RTV digital camera 

(QImaging, Surrey, British Columbia, Canada) mounted onto the microscope.  The DNA 

damage was quantified using CometScore™ software (Tri Tek Corp.) followed by 

subsequent paired T-tests (Origin Pro™ 8.6 software) to ascertain differences between 

the negative control (CC0), and  treated control cells, and CC0 samples and HASMC 

samples for each BNC coating type – PEI, PEG, and CA. 
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4.3 Results 

4.3.1 Scheme 1:  Cellular Growth and Migration Assays 

4.3.1.1 HASMC Proliferation Tests 

4.3.1.1.1 F-Actin Detection Studies 

As can be seen in Figure 4.3, F-actin fibers are visible in the control and MBNC samples 

(green, Panels A-D) while the nuclei are labeled with the blue DAPI dye. The cells look 

healthy and have attached to the BNC fibers.  The Phalloidin dye stains the BNC a bit, 

providing background staining (compare Figure 4.3 to Figure 4.4) seen in the images.  

Regardless of the background staining of the F-actin, the presence of this protein proves 

the HASMC were actively growing and successfully synthesized a monolayer on top of 

the MBNC surface, helping to confirm the biocompatability of this biomaterial.   

 

Confocal images were taken of HASMC cells (see Fig. 4.4) where the F-actin was 

successfully stained with the Acti-stain™ 488 Fluorescent Phalloidin and counterstained 

with PI for the nuclei.  The presence of the F-actin, again confirms that the HASMC are 

healthy and actively proliferating.  Filopodia can be seen (yellow arrows) in Fig. 4.4 

indicating that the cells were actively migrating.   
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Figure 4.3.  HASMC growing on MBNC.  Panels A, B are HASMC on glass coverslip as 
negative control.  Panels C, D are cells growing on MBNC.  Alexa Fluor® 532 Phalloidin 

(green) shows F-actin fibers of healthy cells.  Blue color (DAPI) corresponds to nuclei 
(red arrows). 

 

 
Figure 4.4.  HASMC stained with Acti-stain™ 488 Fluorescent Phalloidin for 

cytoskeleton labeling (green), and counterstained with PI for nuclei detection (orange, 
yellow arrows). 
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From the staining results, it is apparent that the HASMC are propagating nicely and these 

results compare very well to HASMC that are growing in the presence of MBNC  as seen 

in Fig. 4.3.  It is important to note that the HASMC shown in both Figs. 4.3 and 4.4 

reflect the smooth cellular membrane and round nuclei – both properties indicative of 

proper cellular development and good condition.  To confirm that the HASMC contained 

healthy morphology throughout the cytoskeleton and not just on the surface, confocal 

microscopy was performed as seen in Figure 4.5.  From 22.5 m up to 45 m in 

thickness, the F-actin stained successfully to show that the phalloidin was not just 

staining on the surfaces of the cells, but through the entire intracellular matrix.     

 

  

  

Figure 4.5.  HASMC confocal images showing depth of F-actin staining (yellow arrows).  
Panel A:  Lowest Z-slice at 22.5 m depth, followed by progressive slices in Panels B 

and C, topping off at 45 m slide in Panel D.   
 

A. B. 

C. D. 
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4.3.1.1.2 HASMC Attraction Experiments 

HASMC were seeded in tissue culture wells away from the BNC and MBNC samples, as 

described beforehand, to see if these analytes would be biocompatible enough to attract 

these cells to them.  Figure 4.6 shows the HASMC morphology after two days in contact 

with the test specimens.  The negative control, Panel A, features HASMC growing in the 

absence of test material under normal culture conditions, while Panel B shows cells 

growing in close proximity to the unmodified BNC sample.  As can be seen in Fig. 4.6, 

Panels B and D, the cells migrate towards both types of biomaterials (red arrows) and 

they begin to proliferate along the edges of the analytes.  Magnetic HASMC look stressed 

(Panel C) compared to the negative control cells (Panel A).  This may be due to the 

passive uptake of SPION.  Nevertheless, the cells were growing and migrating toward the 

MBNC.  It is also interesting to note that the magnetic HASMC follow the edge of the 

MBNC perfectly (purple line, Panel D) – this could be due to a slight magnetic attraction 

(i.e. ferromagnetism) given off by the MBNC that attracts the magnetic HASMC towards 

itself. 
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Figure 4.6.  In vitro Wound Healing Assays.  Cell migration progression clearly is seen 
through time course (Panels A-D), beginning at the 12 h time point and ending at 48 hour 

time point.  Red arrows show cell attraction.  Purple line shows possible ferromagnetic 
attraction.    

 
 
 

4.3.1.2 Wound Healing Assays with IONP Uptake 

4.3.1.2.1 Scratch Assays 
In Figure 4.7, Panel A, we see the initial wound.  The scratch is the open area between 

the sides of the cellular monolayer.  As we progress through the time points (Panel B, 6 h 

time point, shows no cells migrating into the “wound”), we see that the cells begin to 

actively migrate towards the center of the “wound”.  Panel C (12 h time point) has 10 

infiltrating cells, and Panel D increases slightly to 16 cells at 18 h.  At 24 h of incubation, 

Panel E indicates that 35 cells moved into the “wound” area while the 30 hour time point 

in Panel F shows 57 cells were counted within the same area.  In all panels, we see a dark 

pinkish stain on all cells indicating that the iron staining is positive for the presence of 

internalized iron oxide NP. 

A. B. 

C. D. 
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Figure 4.7.  HASMC Scratch Assay Results.  Panel A shows the initial “wound”.  The 
progression of infiltration of cells into the wound is visualized in Panels B – F.  The 

wound is “healed” at 30 h (Panel F).    
 

4.3.1.2.2 CytoSelect™ 24-Well Wound Healing Assays 

The CytoSelect™ 24-Well Wound Healing Assay kit (Cell Biolabs) was additionally 

used to visualize the wound healing process, since the “wound” generated in this type of 

assay was made by a standard sized insert.  Figure 4.8 Panel A shows cells in a well 

before the insert is placed – i.e. before the “wound” was created.  Panels B through F 

show infiltration of healthy cells into the wound area.  Further, in Panels C and D, the 

blue arrows point to examples of HASMC that have taken up the SPION.  We see that the 

magnetic HASMC were successful in closing the wound at the 30 hour time point.  This 

demonstrates that not only do the cells journey to fill in the gap, but they do so effectively 

with the internalized IONP. 

 

A. B. C. 

D. E. F. 

A. 0 h B. 6 h: 0 infiltrating cells C. 12 h: 10 infiltrating cells 

D. 18 h: 16 infiltrating cells E. 24 h: 35 infiltrating cells F. 30 h: 57 infiltrating cells  
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Figure 4.8.  CytoSelect Wound Healing Assay.  Panel A:  HASMC at 6 h showing 68 
cells coming into wound.  Panels B through F show how cells successfully migrate to 

close “wound”.  Blue arrows in Panels C point to examples of cells stained with Prussian 
Blue indicating IONP internalization. 

 

 

4.3.2 Scheme 2:  Apoptosis Assays 

4.3.2.1 Coating MBNC for Biocompatability 

With the IONP synthesis reaction optimized, biocompatability had to be addressed.  

Since MNP are not biocompatible, it was important to render these NP as such by coating 

them with CA, PEG, and PEI.  While all three coatings were successful in conferring 

biocompatibility to the MBNC, the data relate that PEI is actually the best reagent to use 

with the lowest DNA damage.  MBNC was successfully generated and coated for 

biocompatability as evidenced by SEM imaging and EDS.  Once the synthesis reactions 

were perfected, the preparation of bioactive stent devices was attempted.  BNC was 

grown into the scaffolds of sterile nitinol stents after 24 hours of incubation.  Table 8 

Panel A: 6 h-68 infiltrating cells 
Panel B: 12 h-149 infiltrating cells 
Panel C: 18 h-122 infiltrating cells 
Panel D: 24 h-100 infiltrating cells 

A. B. C. 

D. E. 
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shows the results of these assays by including comet images of duplicate samples.  The 

exposure of HASMC to coated MBNC resulted in little DNA migration (Table 8, Panels 

E, F, and G) when compared to the positive controls (Panels B, C, and D), and more 

resembled the CC0 negative control results (refer to Panel A).  Nonetheless, it can be 

surmised that all three types of biocompatible reagents matched more closely to the 

nucleoids of the negative control than to those of the positive controls.  Out of the three 

tested samples (Panels E, F, and G), it would seem that the pegylation of the MBNC 

showed to be more toxic to the HASMC than either PEI or CA.  Table 9 summarizes the 

statistical results of the CometAssay® for the DNA percentage found in the comet tails.  

The data clearly suggests that PEI is the gentlest coating to use on the MBNC with 2.43% 

of tail DNA compared to the negative control of 1.64%.  It is interesting to note that all 

three coatings, were well below the positive controls of 13.2%, 12.2%, and 22% for CC1, 

CC2, and CC3, respectively.  Table 10 summarizes the Olive Moment results for the 

samples.  As discussed previously, the Olive Moment parameter is a measurement of 

fluorescence intensity corresponding to the amount of genetic material present in the tail 

in relation to that found in the comet head.  Again, the Olive Moments corroborate the 

results seen in the % DNA in the tails.  Figure 4.9 shows the data in graph form.   
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Table 8.  CometAssay® Results for Biocompatible Coatings on MBNC 
 

Sample Comet Results (duplicate samples) 

Panel A:  Negative Control CC0 Cells 

 

Panel B:  Positive Control CC1 Cells 

 

Panel C:  Positive Control CC2 Cells 

 

Panel D:  Positive Control CC3 Cells 

 

Panel E:  Citric Acid-Coated MBNC 

 

Panel F:  PEG-Coated MBNC 

 

Panel G:  PEI-Coated MBNC 
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Table 9.  Summary of Percentage of DNA in Comet Tail From HASMC Growing with 
MBNC with Various Biocompatible Coatings 

 

Sample % DNA in Tail 
n Mean Standard Error (±) p Value 

 
CC0 (Negative Control) 

 
35 

 
1.64 

 
0.40 

 
--- 

Citric Acid-Coated 35 3.15 0.55 0.05† 
PEG-Coated 35 3.02 0.72 0.13† 
PEI-Coated 35 2.43 0.54 0.30† 
 
Positive Controls 

    

CC1 35 13.19 1.17 7.04x10-10 
CC2 35 12.24 0.57 4.43x10-16 
CC3 35 21.95 1.22 7.12x10-17 

 
†No statistical significance to the negative control – indicates no toxic effects (T-test, 

p<0.05). 
 
 
 

Table 10.  Summary of Percentage of DNA in Comet Tail from HASMC Growing with 
MBNC with Various Biocompatible Coatings 

 

Sample Olive Moment 
n Mean Standard Error (±) p value 

 
CC0 (Negative Control) 

 
35 

 
0.46 

 
0.12 

 
--- 

Citric Acid-Coated 35 0.99 0.17 0.02 
PEG-Coated 35 1.11 0.25 0.04 
PEI-Coated 35 0.82 0.17 0.12† 
 
Positive Controls 

    

CC1 35 6.04 0.61 6.17x10-10 
CC2 35 5.72 0.28 3.28x10-18 
CC3 35 14.16 1.24 1.31x10-12 

 
†No statistical significance to the negative control – indicates no toxic effects (T-test, 

p<0.05). 
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Figure 4.9.  Graphical CometAssay® results for Tables 9 and 10.  Panel A shows the 
DNA percentages and Panel B represents the Olive Moments.  PEI is the best choice for 

biocompatible coating of MBNC.   
 

 

4.3.3 Brief Summary of Results 

The seeding and healthy proliferation of HASMC on MBNC has been successful 

according to apoptosis assays as well as visual examination.  Fluorescently-labeled F-

actin (by Phalloidin 488) was shown by confocal microscopy to be found throughout the 

intracellular matrix of the cells which proves that these cells are fit and exist fruitfully on 

these biomaterials.  Moreover, citric acid, PEG, and PEI were tested for biocompatibility 

against the HASMC.  These reagents were needed to confer harmonious conditions upon 

the embedded MNP residing in the MBNC.  Without these coatings, the iron oxide 

nanoparticles would be toxic to any cell type.  It was proven that while all three reagents 

were considered biocompatible, PEI was shown to be the best (compare PEI at 2.43% 

comet tail DNA to ~13.2% for CC1 positive control) thus this biochemical was used 

throughout the rest of the project.  HASMC were also shown to migrate very well toward 

A. B. 
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BNC and MBNC and control studies of these cells using wound healing assays provided 

data exhibiting how well vigorous HASMC move upon a growth surface.  A 

representative scratch assay showed the number of 57 infiltrating cells at the 30 h time 

point.  In a representative standardized CytoSelect analysis, 100 cells moved to fill in the 

“wound” area at 24 hours.   

 

4.4 Discussions and Conclusions 

The human aortic smooth muscle cells (HASMC) had to be propagated on the new 

biomaterials generated and they had to be characterized before and afterwards to show 

that they remained unchanged.  F-actin is present in healthy HASMC and is used as a 

marker for HASMC characterization [116].  In the cellular experiments, it was shown 

that F-actin is present throughout the entire cytoskeleton of the cells when they are 

healthy and continually proliferating.  Fluorescent confocal results were equally vibrant 

for cells grown on the typical tissue culture flask surface compared to both BNC and 

MBNC.  These data, together with the previous CometAssay® outcomes, show that BNC 

and MBNC are very biocompatible with the HASMC.  Magnetically labeled HASMC 

exhibited slight attraction to what appeared to be ferromagnetic MBNC (no external 

magnetic field present).  This characteristic is needed in vivo to attract magnetic cells to 

the aneurysm neck nidus to close the neck off from the aneurysmal sac.  It was difficult to 

measure the ferromagnetic activity with the lack of instrumentation.  The magnetometers 

used yielded sporadic results that were very inconclusive.  The in vitro evidence was the 

only data that could show the ferromagnetism of the MBNC.   
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Iron oxide nanoparticles (IONP) are not biocompatible without special types of coatings.  

Therefore, citric acid, PEG, and PEI were tested to coat the MBNC after synthesis.  

According to the apoptosis assays, all three biochemical were successful in conferring 

biocompatibility, however, PEI was the one with the least amount of toxicity and was 

thus used throughout the rest of the project to overlay the MBNC.  The coating step for 

the MBNC was relatively easy to accomplish, requiring no high temperature or harsh 

chemical reactions.  With the successful apoptosis studies, the intriguing evidence that 

ferromagnetism existed, and the successful repeatability of the MBNC synthesis, it was 

concluded that the MBNC was ready for the integration into the static bioactive stent and 

the Aneurysm-on-a-Chip® device.  Unfortunately, since standard BNC could not be 

successfully integrated into the nitinol stents, this next logical step in the project, was not 

attempted.    
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CHAPTER 5. AIM 3:  DESIGN AND TESTING OF A DYNAMIC 2D ANEURYSM-
ON-A-CHIP™ MODEL 

5.1 Introduction 

This portion of the research centers on the generation of a bioMEMS prototype that could 

be a potentially powerful tool in aneurysm treatment – the Aneurysm-on-a-Chip™ 

(AOC).  The two dimensional (2D) bioMEMS (biological micro-electrical mechanical 

system) mechanism is considered a dynamic bioactive stent.  It is comprised of 

polydimethylsiloxane (PDMS)  - a polymer used to generate the microfluidics channels to 

mimic the blood vessel and the aneurysm sac.  A pathology-on-a-chip device such as the 

AOC, must help to bridge the gap between the microfluidic world and the macro-world.  

Hence, the PDMS chip is coupled to a set of pumps controlled by software for the 

pumping action of the fluid through the device.  There is a simple single inlet (i.e. inlet 

port) used with a single outlet port combined with an “aneurysmal sac” between the two 

ports.  Sample particles/cells suspended in a liquid are injected into the chip and fluid 

flow is measured offline using computational algorithms designed to analyze the 

movement of sample entering the sac, contained in the sac, and exiting the sac.  Particle 

Image Velocimetry (PIV) and wall shear stress (WSS) was evaluated using a third party 

software program.  The 2D AOC trial product was synthesized to be redesignable and 

modular to provide different configurations for simulating various aneurysm types and 

fluid designs.  Scheme 1 describes the AOC design and the generation of the PDMS chip, 
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itself.  Scheme 2 provides the computational algorithmic analyses of particles and cells 

flowed through the device.   

 

5.2 Materials and Methods 

5.2.1 Scheme 1:  Aneurysm-on-a-Chip™ Design and Synthesis 

5.2.1.1 Mask Design of AOC Chip Device 

A tri-layered chip design was proposed by Microfluidics Innovations, Inc. (Ravi Thakur, 

MI Intern, Microfluidics Innovations, West Lafayette, IN).  The idea is to have one chip 

with three tiers that have separate functions.  Working together, the three layers allow for 

sample flow through the device.  Figure 5.1 is the diagram of the AOC model. 

 

 

Figure 5.1.  The three layers comprising the AOC device:  top layer – pneumatic sample, 
middle layer – elastomeric valves, bottom layer – fluid control. 

 

 

The Control Layer (bottom layer) is for valves operated by software for fluid flow.  The 

elastomeric valve layer is a thin membrane providing actual valve action.  The top 

Pneumatic Sample Layer 

Fluidics Control Layer 
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pneumatic layer is where the sample is flowed through the device.  The mask design was 

based on a 5”x5” square mask that was contrived for a 4” diameter wafer, using 

AutoCAD software (Autodesk, Inc., Farnborough, Hampshire, England).  The tri-layer 

design is represented functionally in this diagram (see Figure 5.7 in the Results section).  

Once the design was finalized, the .cad file was submitted electronically to Michael 

Courtney, Process and Equipment Owner for Photolithography (Birck Nanotechnology 

Center, Purdue University, West Lafayette, IN) for generation of the glass photomask – a 

special glass plate with a patterned emulsion of a metal thin film on one side that was 

also provided by Mr. Courtney).  

  

5.2.1.2 Preparation of Silicon Wafers 

A box of 4 in. diameter silicon wafers was purchased (100 mm thick, single polished side, 

Cat. #2887, Wafer World, Inc., West Palm Beach, FL) for the project.  A clear plastic 

wafer box for washing and storage was also purchased (Cat. #2940, Wafer World).  For 

the ultra-cleaning step, the wafers were boxed up and transported into the Scifres 

Nanofabrication Laboratory (25,000 sq. ft. Class 1, 10, and 100 bay-chase cleanroom, 

Birck Nanotechnology Center, Purdue University).  Once inside the cleanroom, the wafer 

box was placed inside an acid fume hood with the wafers facing polished side up.  The 

wafers were rinsed with nanograde water 3 times by allowing the water level to gently 

submerge the wafers.  It is important to not allow the wafers to come into direct contact 

with the water stream, and the wafers themselves or the inside of the wafer box cannot be 

touched with gloved fingers.  This precise handling is to ensure there are no foreign 
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contaminants introduced to the polished side of the wafers.  The water is gently poured 

out of the wafer box and the Piranha solution is added at a 1:1 ratio of 400 ml 30% H2O2 

(hydrogen peroxide, Cat. #H1009-500ML, Sigma-Aldrich) to 400 ml H2SO4 (sulfuric 

acid, Cat. #320501-205L, Sigma-Aldrich).  In order to avoid a violent thermal reaction, 

the hydrogen peroxide was added first followed by the sulfuric acid.  The wafer box was 

gently swirled to mix the components and the wafers were exposed to the Piranha 

solution for 10-15 min. at room temperature.  After the Piranha step, the wafers were 

drained of the cleaning cocktail and rinsed with 6 changes of nanograde water for 20 min.  

as described before.  The wafers were pulled out one by one with wafer tweezers (Cat. 

#TDI 6WF-SA, TDI International, Inc., Tucson, AZ) and blow dried with a nitrogen gun.  

The ultra-cleaned wafers were laid out onto a metal tray covered with aluminum foil and 

hard baked at 120°C for 15 min. in a lab oven (Isotemp Forced Air Lab Oven, Cat. #13-

247-737, Thermo Fisher).  The wafers were removed from the oven and allowed to cool 

prior to the next phase of processing. 

 

The wafer to be used for the mask, was centered (placed polished side up) onto a 4 in. 

chuck fitted onto a spin coater system (Cat. #SCS 6800, Specialty Coating Systems, 

Indianapolis, IN) housed inside of a solvent fume hood.  A quarter-sized dollop of SU-8 

2000 epoxy negative photoresist emulsion (Cat. #2050, Microchem Corp., Newton, MA) 

was placed onto the center of the wafer.  The wafer was first spun at 500 rpm for 10 s at 

an acceleration speed of 100 rpm/s, followed by a secondary spin at 3,000 rpm for 30 s at 

an acceleration speed of 300 rpm/s.  This yields a 50 m thin film of SU-8.  The coated 

wafer was placed onto a hot plate and soft baked for 65°C for 3 min. followed by a 
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second bake at 95°C for 8 min.  The wafer was allowed to cool prior to its exposure to 

the photo mask.  

 

5.2.1.3 Synthesis of PDMS Chip 

5.2.1.3.1 Pattern Development on Wafer  

This part of the project was actually performed by Microfluidics Innovations, Inc. which 

is part of the total microfluidics system package, though this was also done by the 

investigator herself.  The next protocol was done in duplicate and the first step was to 

perform the alignment of the mask to the silicon wafer.  The alignment of the mask to the 

wafer is similar to photo processing.  The mask aligner positions the photo mask over the 

SU-8 coated wafer.  The SU-8 is very UV sensitive and is thus it becomes illuminated 

(“exposed”) by the high-intensity UV lamp (350-400 nm) through the mask whereby the 

microchannel pattern is transferred to the light-sensitive SU-8 thin film (“printing”) 

through the transparent areas (“pattern”) of the mask.  To do the alignment, the square 

glass photo mask was placed into an automatic Suss MA 24 mask aligner system (SUSS 

MicroTec, Inc., Sunnyvale, CA).  The SU-8 was exposed to UV at 23 mJ/cm2 for 15 s.  

After alignment, the post exposure bake was done at 65°C for 10 min. on a hot plate.  A 

second bake was implemented at 95°C for 15 min.  At this point, the pattern was visible 

on the wafer.   

 

To further develop the photoresist, the exposed wafer was submerged in a large 190 mm 

x 100 mm glass crystallizing dish (Cat. #23000-19100, Kimble/Kontes, Vineland, NJ) 

containing 200 ml SU-8 3050 Developer solution (Microchem Corp.) for about 3 min.  



97 

 

The wafer was removed from the developer and rinsed with 70% isopropyl alcohol (Cat. 

#A459-4, Thermo Fisher).  The wafer was re-dipped in developer for another 3 min. 

followed by the alcohol rinse.  This was repeated over and over until any white film on 

the wafer was completely removed.  The processed wafer was dried with a nitrogen gun.  

The wafer was inspected with the Alpha-Step profilometer (KLA Tencor, Milpitas, CA) 

to check for proper channel dimensions and to make sure that there were no obvious 

surface defects.  The wafer was then hard baked at 120°C for 5 min. on a hot plate and 

cooled before placing into a clean wafer holder for transport out of the cleanroom. 

 

5.2.1.3.2   PDMS Chip Fabrication   

To prepare the surface of the patterned wafer for the PDMS fabrication, the processed 

wafer was placed inside a solvent fume hood.  The wafer was stood at about a 45° angle 

on the inside of a desiccator.  A solution of trichlorosilane was prepared by adding 500 l 

of 97% trichloro(3,3,3-trifluoropropyl)silane solution (Cat. #452807-5ML, Sigma-

Aldrich) into a clean 4 ml glass vial (Cat. #60941A-4, Kimble/Kontes).  The vial of 

trichlorosilane was placed beside the wafer in the desiccator and the lid was placed on top 

of the desiccator.  House vacuum was applied slowly and the desiccator was sealed off.  

The wafer was allowed to stand under vacuum for 30 min. at room temperature to allow 

the trichlorosilane vapors to coat the wafer making for a cleaner surface.  The wafer was 

removed from the desiccator, and using double-sided sticky tape, the wafer was taped 

with the coated side up, onto the bottom of a 6 in. clean glass Petri dish bottom (Cat. #07-

250-076, Thermo Fisher).  The Petr dish top was added to the bottom to keep the wafer 
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clean until ready for the PDMS pouring step.  The finished wafer is depicted in Figure 5.3.  

The blue box shows the controller layer of the PDMS chip design.  It is important to 

understand that the other patterns on the wafer were for another project, but placing 

different patterns on one wafer for different tasks is a common practice because 

individual PDMS chips can be cut out and applied to various apparatuses. 

 

In a 5 1/4 in. plastic weighing boat (Cat. #08-732-117, Thermo Fisher), a 10:1 ratio or 50 

g of elastomer to 5 g primer (SYLGARD® 184 Silicone Encapsulant, Cat. #184 SIL 

ELAST KIT 0.5KG, Ellsworth Adhesives, Germantown, WI) was added and slowly 

stirred with the bottom of a 15 ml polystyrene conical test tube.  It is very important 

during this process to not touch the bottom of the plastic dish so as not to cause 

impurities from the plastic to contaminate the mixture.  The PDMS solution was mixed 

very slowly (to avoid bubble formation) for 10 min.  Foil was placed over the top of the 

PDMS solution so that it could sit undisturbed for 30-40 min. to allow any bubbles to pop.  

The PDMS was then slowly poured over entire the patterned wafer.  The wafer with the 

PDMS was allowed to stand for 30 min. to allow any bubbles to collapse.  Just as before, 

after the standing time, a sterile 200 l microliter pipet tip (Cat. #53503-290, VWR 

Scientific, Chicago, IL) was used to pop any remaining bubbles.  The PDMS-coated 

wafer was hard baked at 150°C for 1.5 h.  This step cures the PDMS and allows for the 

formation of the microchannels to form on what is now the bottom of the PDMS layer.  

The PDMS covered wafer was allowed to cool completely before the chips were cut out.   
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To make the chips (bottom and top layers of the tri-layer chip), a single edge straight 

razor blade (Cat. #S17302, Thermo Fisher) is placed at approximately a 45° angle and 

then pressed into the PDMS polymer down to the wafer.  A rectangular piece of polymer      

is then traced around with the razor and then gently lifted off the wafer surface.  This 

produces a PDMS chip with the microchannels on the bottom side.  Chips were cut out 

for both the bottom and top layers of the AOC.  The middle elastomeric valve layer was 

generated next.  The first thing was to clean a large 3” x 2” glass microscope slide (Cat. 

#260439, Ted Pella, Inc.) in the Branson barrel etcher with the following settings:  

vacuum pressure is 1 torr, RF is 200 W, exposure time is 30 s to 1 min., room air intake 

for oxygen plasma generation.  Approximately 500 l of the SylGard PDMS mixture was 

placed in the middle of the glass slide sitting on top of the sample chuck in a spin coater 

(Specialty Coating Systems).  The spinner was programmed as follows:  Ramp = 5 

sec/Dwell = 30 sec/Speed = 1100 rpm.  The spinner was run for one cycle.  After the spin 

coating step, the resultant middle PDMS layer is around 100 m thick (refer to Figure 5.4 

where orange arrow points to a corner of the membrane).  This membrane must be thin 

because it is used to keep the control layer away from the sample layer to provide the 

valve actions.  The membrane is baked in foil for 10-15 minutes at 100°C for curing on a 

hot plate.     
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Figure 5.2.  100 m thick PDMS layer spun onto large glass microscope slide.  This will 
comprise the middle elastomeric valve tier of the Aneurysm-on-a-Chip™ mechanism.   

 

 

The oxidation of PDMS with plasma is necessary to bind the chips to each other.  

Oxidation changes the surface chemistry and produces silanol terminations (SiOH) on its 

surface.  In addition, this helps make PDMS hydrophilic – a characteristic rendering the 

polymer biocompatible.  With this in mind, the chips and membrane were oxidized by 

using a hand-held Corona Treater (Model BD-20AC, Cat. #12051A-10, Electro-Technic 

Products, Chicago, IL).  Immediately after plasma charging, the control layer was hand-

pressed onto another plasma-cleaned glass slide with the microchannel side up, and then 

the PDMS membrane was lifted off its glass slide and subsequently pressed gently by 

hand on top of the control layer.  Every effort was made to ensure that the two layers 

were completely sealed against each other without any bubbles.  The top sample layer 

was oriented with its microchannel side down and using a Nikon upright brightfield 

microscope (Eclipse ME600 microscope, Nikon Instruments, Inc.) fitted with a 4X 

objective, it was aligned onto the membrane and pressed gently into place, again making 

sure there were no bubbles.  The AOC PDMS tri-layered chip was now ready to be 

integrated with the solenoid valve hardware.      
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5.2.1.4 Modular Design of AOC    

The system set up involved the use of the Nikon Eclipse ME600 microscope (Nikon 

Instruments, Inc.) fitted with cameras to take live videos and images.  A 4X objective was 

employed to view the “aneurysm sac”.  To obtain the images and generate movies, 

MetaMorph® Research Imaging Software (Molecular Devices, Downingtown, PA) and 

ImageJ Image Processing and Analysis software (NIH, Washington, D.C.), were used 

respectively.  The bioMEMS AOC chip was attached to a controller box built by 

Microfluidics Innovations as visualized in Figure 5.3.  The box houses the solenoid 

valves that are used to control the elastomeric valves of the microfluidics chip.  The valve 

set up is itself connected to the bioMEMS chip via a manifold (see red arrow of Figure 

5.4) that has inlets into the chip where the valve control takes place.  The manifold is 

connected to the controller box by Tygon® ND 100-65 medical tubing with an ID of 

1/16”, and the vacuum/pressure connections are secured with 1/8” ID tubing (Cat. 

#54623 and #54626, respectively, www.usplastic.com, U.S. Plastic Corp., Lima, OH) as 

shown in Figs. 5.3 and 5.4. 
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Figure 5.3.  Microfluidics Innovations Controller Box showing fluidics ports connected 
to the manifold and bioMEMS chip (red arrow). 

 

 

 

Figure 5.4.  Close-up of manifold connected to microfluidic lines (tubing).  These lines 
are responsible for pressure and vacuum going into the bioMEMS chip.   
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The controller box is coupled to a Dell Inspiron laptop PC (Dell Computer Corp., Round 

Rock, TX) running Windows Vista (Microsoft Corp., Redmond, WA) with the Assay 

Mark controller software (Microfluidics Innovations, LLC, West Lafayette, IN) installed 

on it.  The software is proprietary; however, the graphics user interface (GUI) is shown in 

Figure 5.5.  The basic GUI window that pops up after initialization shows the button to 

connect the laptop to the controller box.  For all experiments, the “Manual Mode” option 

is selected.  After the run mode is selected, then the valve GUI (Figure 5.6), pops up and 

the user may select whether or not the solenoid valves are open or closed, reversed or 

forwarded.  Input sample ports (Circles A-E) are where the sample is introduced into the 

PDMS  microchip, and output ports (Circles X, Y, and Z in Fig. 5.6) are where the 

sample can either be sent to waste or collected for further analyses.   

 

 

Figure 5.5.  Assay Mark opening GUI.  “Connect” button is used to connect the controller 
box to the laptop.  The “Manual Mode” button is selected for normal operations.  
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While there are 40 valves and 8 ports, in reality only valves 1, 2, 3, 6, 7, 8, 15, 16, and 17 

are actually operated in the Aneurysm-on-a-Chip™.  The red highlights in Fig. 5.6 point 

to the position of the valves on the GUI.  The software is clickable, so clicking on any of 

the valves on the GUI will actuate the corresponding valves in the valve box which in 

turn actuate the elastomeric valves on the PDMS chip.  The valves manipulating the 

bioMEMS AOC device are valves 6, 7, and 8 for the bottom layer, valves 1, 2, 3 for the 

middle layer, and valves 15, 16, and 17 for the top layer of the chip.       

 

 

Figure 5.6.  Valve control GUI showing samples input ports A-E, output ports X, Y, Z, 
and valves V1-V40.  Red outlines highlight the valves actually utilized in the AOC 

device. 
 

 

To summarize the entire AOC setup, the different parts of the overall design are:  (1) 

Biological sample, (2) PDMS bioMEMS microfluidic chip, (3) imaging device – 
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microscope and camera, (4) fluidics controller apparatus, (5) software for programming 

fluidics controller.  Each individual component can be taken offline easily for 

maintenance and diagnostics as needed.  Since the total schema is modular, each 

individual component can be removed from the integrated system to be easily modified 

and upgraded.            

 

5.2.2 Scheme 2:  Computational Algorithmic Analyses of Samples Flowed Through 

AOC Prototype 

5.2.2.1 Leak Testing 

In the first attempt to use the AOC, the aneurysm sac configuration seen in Figure 5.10, 

Panel C (see Results Section) was used.  100 l of yellow food coloring (Canary Yellow 

Color, Esco Foods, Inc., San Francisco, CA) was added to 100 l of nanograde water in a 

small test tube.  2 l was pipetted into a sample port on the bioMEMS chip.  The pump 

speed was 250 mS per stroke and 10-20 nl of solution is pushed through the 

microchannels with each stroke.  To create a pulsatile environment, there is a 132 mS 

interval between valve actuations.  Pressure was set at ~10 kPA and the vacuum was set 

at ~ -40 kPA.  An 8 mm Pen Shape 300X USB Digital Microscope (AliExpress – 

www.aliexpress.com, Alibaba Co., Ltd., Hangzhou, China) was implemented to view the 

microchannels and “sac” areas to ensure that the water did not stray out of the 

microchannels – a sign that the top layer of the AOC was not sealed properly.  Once the 

hardware was set up, the “Start” button on the GUI (refer to Fig. 5.8) was pressed and the 

colored water was pushed through the AOC.  The purpose of this experiment was to 

make sure that there were no leaks in the device and that the sample could be pushed 
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through the entire channel and come out the exit port.  The colored water was rinsed out 

with 10 l of nanograde water.  The colored water trials were performed several more 

times successfully and a representative image is Figure 5.11.  Since there were no leaks 

and the chip was easily cleaned (verified via microscope), it was time to use polystyrene 

microbeads in nanograde water to prepare for the bead assay.      

 

5.2.2.2 Testing with Microspheres 

The next set of tests utilized 7 m polystyrene microspheres (Cat. #PS06N/5856, Bangs 

Laboratories, Inc., Fishers, IN) in nanograde water.  It is very noteworthy to mention that 

3% bovine serum albumin (BSA) was utilized for all fluid flow assays.  10 l of BSA 

was run through the microchannels to ensure that no beads and cells would clump 

together and cause fluid flow difficulties.  For the experiments, 100 l of beads were 

diluted into 100 l of water and 2 l of this solution was pipetted into one of the 

microchip’s sample ports.  All the same settings were used as described for the colored 

water experiments.  A vector graph was developed to view the fluid flow of the 

microspheres.  The graphic output will be discussed later.  The software used for this 

experiment was generated by Dr. Steven Wereley (Professor, School of Mechanical 

Engineering, Purdue University).  Dr. Wereley provide the analysis. 

 

In another set of analyses, three different flow speeds were used:  1 mS, 10 mS, and 100 

mS.  An air bubble was introduced into the sac to determine what impact it might have on 

the flow, if any.  The bubble was actually a happy coincidence, as it occurred after the 
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PDMS top layer had to be pulled off the middle layer to thoroughly clean the 

microchannels of microspheres that were stuck along them from the previous assays.  

When the chip was reassembled and pressed by hand, a bubble was seen after colored 

water was sent through to check for leaks.  The size of the bubble was about 450 m in 

length by 150 m wide.  It was decided to keep the bubble in place and not pop it so as to 

see what an obstruction would do to the flow of particles.  All other settings were the 

same as before for the bead runs.  In addition, photomicrographs were taken using 5MP 

color digital CCD camera (USB3.0, real-time live video, AmScope.com, Irvine, CA) 

camera and particles were counted in the sac region using the particle count plugin in the 

ImageJ (NIH) software.  The plugin uses an edge detection subroutine where a .TIF 

image is converted into an 8-bit image and then the edges are detected to find the 

particles.  The threshold is set so that the microspheres can be detected.  A bit map 

boundary is next set for the counting region and a histogram is generated for each 

photograph to enumerate the counts and statistics within the bounded region.  

Microspheres and colored water were successful.  The next logical step was to flow the 

HASMC. 

 

5.2.2.3 Computational Algorithmic Analyses on HASMC 

5.2.2.3.1 PIV Analysis 
Initially, to run the cells, HASMC were grown as usual and harvested at about 90% 

confluency with a density at 1x105 cells/ml.  The size and density of particles must be 

carefully considered to ensure that the particles will closely follow the direction of fluid 

flow.  Therefore, to increase the amount of sample, the same polystyrene microspheres 
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used previously were added to provide a total density of 1 x 107 particles/ml.  One 

problem from the previous experiments was that some particles appeared as smears (see 

Figure 5.12) and could not be resolved to obtain individual units.  To solve this problem, 

a Nikon Eclipse ME600 microscope (Nikon Instruments, Inc.) with a 4X objective was 

used as stated earlier, but this time the microscope was fitted with a Photometrics 

CoolSNAP™HQ camera (Photometrics©, Tucson).  This camera allowed for the 

elimination of smears and streaks and resolution of individual particles flowing through 

the bioMEMS device.  The following were the imaging specifications:  image resolution 

was 512 x 512 pixels, frame rate was 500 frames/s, interframe time was 2 mS, pixel size 

was 3.33 x 3.33 m2, and a binary mask was applied to the images for efficient 

computation.  The inlet velocity of the microchannel into the “aneurysm sac” was 

5092.96-10185.92 m/s. 10 l cells/beads in PBS was introduced into the bioMEMS chip 

and the system was run at the same settings as before, but with a 30 mS pump speed.  For 

particle image velocimetry (PIV)) analysis, a total of 6,359 images were taken and the 

pictures chosen to report on were Image #2215 and #2216.  This pair of pictures was 

selected because they showed the particles clearly moving throughout the “sac”.   

  

PIV (particle image velocimetry) is a flow measurement method that computes the 

velocity field of a sample flowing through a contained area [117].  It works by using a 

pattern recognition algorithm on paired consecutive images to establish the shift of 

particles inside the fluid flow.  To do this, images must be separated by minor time 

intervals since this allows for temporal statistics to be obtained over a spatial region.  

Two subsequent images are selected as pairs for analysis and an interrogation area is 



109 

 

designated – in this case, the area is inside the “sac”.  Within the interrogation area, a grid 

is used to determine the location of the particles.  The cells of the grid are “windows” and 

window resolution provides the spatial resolution (number of pixels devoted to comprise 

a digital image) of the velocity vectors when the results are computed.  The grid size 

specifies the center-to-center distance between adjacent cells of the grid.  The correlation 

between the interrogation areas in both images is computed and displacement is 

determined from the location of the correlation peak.  It is important to observe that the 

cells can overlap if the grid size is less than the window size.  For the data given in this 

typescript, the PIV specifications were:  window resolution was 32 x 32 pixels 

(containing 15 particles), grid resolution was 8 x 8 pixels [118], interrogation overlap 

(compensation since grid size is less than window size) was 75% vertically and 

horizontally between the paired images, correlation type was robust phase correlation 

(RPC) [119].  The subpixel correlation peak location is the three point Gaussian estimator 

[117] which uses a function to fit correlation data.  This method uses only 3 adjoining 

values to estimate a component of displacement [117].   

 

In PIV, it is essential to comprehend that Bernoulli’s equation is used to obtain velocity 

components  where U is the velocity of the vortex flow and V is the fluid flow speed 

[117].  Vectorgraphs (quiver plots) are derived from the calculations and they display 

velocity vectors as arrows with components (U, V) at the points (X, Y).  The equations 

for the velocity components as functions of X, Y, and Z coordinates are: 



110 

 

. 

In addition to the previous defined variables, Umax is the maximum velocity of the vortex 

flow, W is the interrogation window, 0 = /4 and is assumed so that V = 0 at the upper 

left corner of the observation area, and W = 0 at the lower left corner [117].  The matrices 

X, Y, U, and V must all be the same size and contain corresponding position and velocity 

components.  By default, the arrows are scaled so as not to overlap each other.  Quiver (U, 

V) draws vectors specified by U and V at equidistant points in the X-Y plane.  In 

summary, the first velocity vector is described by U(1), V(1) and is presented at the point 

X(1),Y(1).   

 

To analyze the collected images, a software program Prana Windows v1.0.1 Beta [120] 

was used [114–118].  Prana is a MATLAB® freeware PIV tool that implements the RPC 

kernel for PIV analysis.  Robust Phase Correlation (RPC) is used to detect displacement 

of image patterns and is a modified form of the standard General Cross Correlation (GCC) 

method.  GCC determines the translational shift of the flow by convoluting the inputs 

from the two pair of images while RPC adds a spectral filter to GCC.  The spectral filter 

uses a novel algorithm to analytically model the signal-to-noise ratio and also 

computationally amplifies it [121, 122].  Outputs of the PIV program provide 
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vectorgraphs of particle flow showing arrows pointing in the direction of flow for each 

resolved particle.   

 

5.2.2.3.2 WSS Analysis 

For WSS calculations, MATLAB® the quiver plots were achieved by inputting the 

following command line:  “quiver(X,Y,shearstressx,shearstressy)”, without the quotes.  

In the representative trial given in this manuscript, a total of 6,359 images of flowing 

cells and beads were captured and saved for evaluation offline.  Only images that 

reflected the most turbulent movement of particles were chosen for analysis.  For WSS 

determination, there were a total of 621 X vectors and 621 Y vectors for a total of 1,242 

vectors.  The vectorgraph provided in this report is for the outward edges of the flow 

(WSS_x_6336.mat, WSS_y_6336.mat) to observe how the particles behaved at the outer 

boundaries of the “aneurysm sac”.  The output vectorgraph was saved as a JPEG file.    

 

 

5.3 Results 

5.3.1 Scheme 1:  AOC Design and Synthesis 

5.3.1.1 Mask Design of AOC Chip Device 

Figure 5.7 shows the finalized mask design for the Aneurysm-on-a-Chip™ system.  The 

bottom stratum (fluidics control layer, refer to Fig. 5.1) is represented by the red box.  

This section of the chip is actually connected to the pneumatic valves box through tubing.  

The middle elastomeric valve layer (check out to Fig. 5.1) is highlighted by the orange 
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arrows.  The PDMS membrane making up the middle sheet moves up and down as 

controlled by the fluidics control layer (i.e. the pneumatic valves).  The top tier 

(pneumatic sample layer) is represented by the green arrows.  The green arrows 

specifically point to the three configurations of aneurysm design.  Sample is introduced 

into the device at this level and travels through the microchannels symbolized by blue 

lines in the picture.  It is of note that the microchannels that are made are rectangle-

shaped and ~5 mm in length.   

 

 

 

Figure 5.7.  Mask design of AOC device.  Red box is control layer:  open circles - valves, 
squares - spacing on mask design, orange arrows - elastomeric valves, green arrows - 
“aneurysms”.  Squares on upper left are input ports, squares on upper right are output 

ports.  Blue lines are the microfluidic channels.    
 

5.3.1.2 Preparation of Silicon Wafers 

The entire box of Si wafers was taken through the wash steps, while the mask was 

Elastomeric 
Valves 

“Aneurysms” 
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actually exposed on duplicate wafers.  This was a necessity because during the first 

cutting of the PDMS chips, one of the wafers was cracked and rendered unusable.  All 

Piranha-cleaned wafers remain in the cleanroom until ready for further processing which 

picks up at the mask exposure stage. 

 

5.3.1.3 Synthesis of PDMS Chip 

5.3.1.3.1 Pattern Development on Wafer 

The pattern on the duplicate wafers was developed successfully as seen in Figure 5.8.  

The blue square bounds the bottom controller layer of the AOC bioMEMS chip.  The 

other patterns represent other aneurysm configurations that could be used for other 

analyses, but not on the current AOC PDMS chip.  It is common to place patterns from 

different devices/systems on one wafer, since there is a lot of real estate there and wafers 

do cost time and money to process.  Patterned wafers are stored at room temperature and 

can be used over and over again as long as they are handled with clean gloved hands and 

are not cracked or chipped across the pattern needed to be employed.  To generate new 

chips over used patterns, liquid PDMS polymer just needs to be poured over the pattern 

and allowed to cure. 
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Figure 5.8.  Developed pattern on coated silicon wafer.  The blue box highlights the 
region showing the bottom control layer of the tri-layer AOC design.  The other patterns 

are for supplementary experiments.   
 

 

5.3.1.3.2 PDMS Chip Fabrication 

When the individual PDMS layers were aligned and pressed together they became one 

unit – the AOC bioMEMS chip as depicted below in Figure 5.9.  While a bit difficult to 

see, the aneurysm sac, and ports of the top layer are nicely aligned over the 

microchannels and valves of the bottom tier.  The “invisible” middle layer now comprises 

the membranes of all the valves in the structure.  For a better view of elastomer valves 

and the aneurysm sac, please see Figure 5.11 below.  There are actually three 

configurations of “aneurysms” on the same chip that should be mentioned. 
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Figure 5.9.  Assembled tri-layer PDMS AOC chip under microscope.  Top layer:  Black 
arrows – inlet/outlet ports, black oval – fusiform “aneurysm”.  Bottom layer:  Green 
arrow – microchannel, green box -  valves.  Orange arrow – microscope objective. 

   

 

Figure 5.10 shows three different PDMS configurations of PDMS “aneurysms” that are 

used to flow material.  In Fig. 5.10 Panel A, the orange lines represent a bifurcated blood 

vessel with each microchannel at 25 m diameter, while the blue line where the two 

channels converge to form a neck region is 50 m across.  The single microchannel on 

the opposite side of the aneurysm sac is 100 m in width (yellow line).  Finally, the 

vertical diameter of the aneurysm sac represented by the vertical purple line is 450 m 

across and the horizontal diameter represented by the green line is 800 m in length.  In 

Panel B, the yellow line signifies an aneurysm neck that is 100 m across, the blue line 

shows a microchannel that is 75 m in diameter, and the purple and green lines for the 
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vertical and horizontal diameters across the sac are 350 m wide.  Looking at Panel C, 

there are single microchannels leading into and out of the sac at about 75 m in size (blue 

lines) while the vertical diameter of the sac is 300 m (purple line) and the horizontal 

length is 800 m.  The oval shape of two of the “aneurysms” seen in Panels A and C is a 

mockup of the fusiform aneurysms that have a gradual, progressive outpouching.  The 

round “aneurysm” represents berry aneurysms.  The dimensions for the AOC were 

determined so as to allow 10 m cells to flow through the channels to simulate the actual 

live human blood vessel.   

 

 

   
 

Figure 5.10.  Three configurations of “aneurysm sacs” in the AOC microfluidic chip. 
Lines  

 
 

5.3.1.4 Modular Design of AOC 

The Aneurysm-on-a-Chip™ was fabricated to be modular – to use different PDMS chips, 

different microscopes, and different samples containing particles in solution.  The entire 

apparatus can easily be broken down into 4 parts:  1) PDMS chip, 2) manifold, 3) valve 

controller hardware box, and 4) software installed on laptop.  The software is also 

A. B. C. 

“Fusiform aneurysm” with two 
microchannels entering “sac” “Saccular aneurysm” “Fusiform aneurysm” 
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designed to allow for the adjustment of pump strokes and pump speeds.  The direction of 

fluid flow can also be reversed in software.  The complete system can easily be moved 

from one lab and set up in another.  While the larger Nikon microscope with high-speed 

camera cannot fit into a biological safety cabinet (BSC), the smaller pen-shaped 

microscope can easily be placed inside a BSC along with the hardware box connected to 

the PDMS chip for BSL2 assays.   

 

 

5.3.2 Scheme 2:  Computational Algorithmic Analyses of Samples Flowed Through 

AOC Prototype 

5.3.2.1 Leak Testing 

Figure 5.11 shows the yellow water inside the AOC.  Panel A shows the entire 

microchannel highlighted in yellow where the aneurysm sac (purple oval) can easily be 

seen.  In Panel B, the yellow water is seen being pumped out – a nice feature that can be 

exploited to recover sample for further testing and analysis.  Further, the fact that the 

water is evident in the output port (black arrow) proves that the valve system works (red 

oval).  It is equally important to note that the yellow water is completely contained within 

the microchannels.  There is no evidence of the sample leaking through any other part of 

the chip – definite proof that the tri-layer design is robust and the sealing technique is 

efficacious.  Incidentally, the bottom and top layers can be distinguished easily in this 

figure (blue arrows).   

 

It is important to talk about the manifold (yellow arrows in Panels A and B of Fig. 5.11).  

This component is an integral piece of the AOC system.  As can be seen in Fig. 5.4 in the 
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Materials and Methods section, the manifold is the metal holder connected to tubing for 

the air and vacuum lines to push liquid through the microchannels.  This single 

component facilitates the introduction of sample into the bioMEMS chip and by simply 

opening the screws, the chip can be removed and another one easily reinserted.  This 

setup eliminates the need to insert microtubing for sample introduction directly into the 

sample port of the chip and the implementation of syringes and syringe drives for moving 

the fluid along the microchannels.  Each tubing is connected to a solenoid valve inside 

the drive controller box (Fig. 5.10), and since the pressure and vacuum is actuated in 

software, the tubing that is not activated remains simply inert.  This feature eliminates the 

necessity of connecting and disconnecting tubing on other PDMS chip archetypes, or 

trying to plug up unnecessary existing tubings not required for an experiment.     
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Figure 5.11.  PDMS AOC bioMEMS chip leak test.  Panel A shows yellow water inside 

device:  red circle – valves, purple circle – aneurysm sac.  Panel B is output port with 
liquid drop coming out.  Yellow arrows in both panels point to the manifold. 

 

5.3.2.2 Testing with Microspheres 

The microspheres experiments were performed to test the system.  Specifically, it was 

important to determine how well the beads flowed through the aneurysm, what problems 

 

 

A

B



120 

 

might be encountered, and how well the camera could resolve the individual particles.  Dr. 

Steve Wereley (School of Mechanical Engineering, Purdue University) provided the 

analysis seen in Figure 5.12 - a vector graph of the beads as they are flowing inside the 

“aneurysm sac”.   

 

 

Figure 5.12.  Vector graph of microsphere flowing from left (inlet) to right (outlet).  Red 
arrows show how the particles are travelling both toward the outer edge of the “sac” 

(green boxes) as well as straight through the “sac”.   
 

 

The second set of trials involved the beads but three different pump speeds as described 

formerly.  Figure 5.13 shows the 7 m microspheres flowing through the sac of the AOC.  

Panel A is 1 mS pump speed, Panel B is 10 mS, and Panel C is 100 mS.  The clear area 

seen at the bottom of each image is an air bubble (yellow ovals, Panels A, B).  The 

experiments were to see how well particles would flow with an obstruction (air bubble) 

and to determine how many particles could be contained within the sac.   
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Figure 5.13.  Particle counts inside the “aneurysm sac”.  Panels A, D, and E are 
photomicrographs of microspheres flowing through aneurysm sac at pump speeds of 1 

mS, 10 mS, and 100 mS, respectively.  Panels B, E, and H are the threshold masks of the 
photomicrographs.  Panels C, F, and I are the particle counts and statistics calculated 

from the threshold masks.  Yellow ovals show bubbles in Panels A, B. 
 

 

The edge detection program of the ImageJ plugin provided the following data.  For a 

pump speed of 1 mS, a total of 365,752 beads were counted.  By increasing the pump 

speed by a factor of 10, a total of 371,226 particles were counted, and increasing the 

speed by another factor of 10 (100 mS) yielded 397,096 microspheres.  Overall the trend 

was increasing the bead count by approximately 20,000 units for each increase.  There 
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were no aggregation of particles and each time the beads freely flowed through the device.  

Even with the obstruction, the experiments proved that the device worked.  The one 

drawback was that the counts were not entirely accurate because ImageJ could not 

resolve any individual particles seen inside the blurred streaks of flowing microspheres.  

The only way to get around this issue is to use a high speed camera.  Even though the 

analysis had a lot to be desired, it did provide substantiation that the device was operating 

properly with little issues that frequently occur in microfluidics devices such as 

agglomeration of particles leading to the plugging up of microchannels.  Further, with the 

increase in the pump speed, the seal of the three tiers of the PDMS bioMEMS device held 

and no leakages or outflows occurred.  

 

5.3.2.3 Computational Algorithmic Analyses on HASMC 

5.3.2.3.1 PIV Analysis 

Beads and HASMC were run through the fusiform “aneurysm” as communicated earlier.  

Figure 5.14 shows the combined images 2215 and 2216 with the direction of flow 

indicated from right to left. 
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Figure 5.14.  Combined Images #2215 and #2216.  HASMC and microspheres are 
flowing inside fusiform “aneurysm”.  The direction of flow is indicated by the green 

arrow. 
 

 

To elucidate the fluid flow patterns from the paired images, PIV analysis yielded the 

vectorgraph seen in Figure 5.15 below as generated by MATLAB® Prana software.  The 

blue arrows indicate the travel of the particles imaged.  It appears that there may be no 

cells or beads in the area bounded by a red circle.  This was evident in all acquired 

images; the density of particles decreases at the input port, and increases at the output 

port as particles are pushed together toward the exit.  The results show that the cells flow 

easily through the device and the straightforward pattern of flow shows that the fusiform 

configuration with the sample exhibits no turbulent flow.  What this does not show is the 

wall shear stress forces.     
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Figure 5.15.  MATLAB® PIV vectorgraph of HASMC and Microspheres (refer to Fig. 
5.14 above).  Green arrow shows direction of flow from input to output.  

 

 

5.3.2.3.2 WSS Analysis 

MATLAB® was used to generate the quiver plot as represented in Figure 5.16.  The 

purple line is the direction that the fluid is flowing.  The black arrow is pointing to an 

area where there are two vectors that are flowing backward.  This would cause some 

turbulence.  This was evident in several vectorgraphs.   

 

Input Output 
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Figure 5.16.  MATLAB® WSS quiver plot for HASMC/microspheres assay.  Arrow is 
pointing to region of reverse flow.  Purple line depicts direction of fluid flow. 

 

 

5.3.3 Brief Summary of Results 

Results thus far were from the fusiform aneurysm configuration with single input and 

output.  The soft lithography process was perfected to allow for successful PDMS chip 

manufacturing.  Testing of the bioMEMS device was pursued logically:  first testing to 

ensure there were no leaks and all components worked together, to running polystyrene 

microspheres, and culminating in running fixed HASMC mixed with the beads.  PIV 

results showed that the general flow of the cells/beads was efficacious from input to 

output.  This may be because the microchannels and “sac” were first rinsed with 3% BSA 

to avoid the problem of particle clumping.  It must be reiterated that there was a clear 

Reverse flow 

Input 
Output 
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space in the sac where there appears to be no particles.  This was observed in all acquired 

images and could be the result of the pulsatile flow.   

 

The WSS shows that there was some back flow around the edge and this showed up in all 

the images acquired.  The berry aneurysm configuration was tried with beads only and it 

immediately clogged.  The bioMEMS chip had to be disassembled, cleaned, and 

reassembled to attempt the flow experiment again.  The same result occurred and the chip 

had to be recleaned.  The other fusiform “sac” with the bifurcated microchannel, had 

issues with a clog at the input port.  Attempts to clean have not been successful.  Overall, 

the fusiform sac configuration proved to be useful in analyzing fluid flow.   

 

 

5.4 Discussion and Conclusions 

The PDMS bioMEMS AOC device was generated using basic soft lithography 

techniques.  Wafers were processed and masks made inside a Class 100 cleanroom area 

while the PDMS chip synthesis was performed on a lab bench in a standard laboratory 

setting.  It is imperative that during the mask making step, the environment be extremely 

clean and that the PDMS process be carried out carefully to avoid bubbles and 

contamination for plastic containers and the mixing tube.  It is equally important to 

understand how fragile the patterned wafer is and that it can be fractured during the 

cutting step, when one is trying to cut the PDMS chip resting on top of the desired pattern.  

It is also imperative that once the Corona plasma step be done,  the immediate pressing of 

the layers must be performed for complete sealing together of the polymer tiers.   
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The entire AOC device is modular and can be unassembled and reassembled with relative 

ease.  The device can be used with most any type of microscope and the software can be 

installed and used on Windows Vista and Windows 7 platforms.  Microfluidics 

Innovations is a company that manufacturer’s the hardware box containing the solenoid 

valves.  The company not only provides the box, but also the tubing connections and the 

manifold that is specifically designed for the PDMS chip the customer has designed.  The 

tubing can be disconnected completely from the box and manifold, but this is not 

necessary once things are assembled.  The manifold and tubing can be autoclaved if 

needed.  The ease of which the PDMS chip can be changed out is a plus because the 

manifold is just loosened by the screws, then the old chip is slid out and the new one is 

installed.  The microchannels are viewed using standard microscopy techniques and as 

long as a high-speed camera is utilized, then effective fluid flow measurements may be 

achieved.   

 

The high-speed camera was needed to resolve the streaks seen in earlier experiments.  

Once that was accomplished then the PIV and WSS could be calculated and vectorgraphs 

produced.  The PIV and WSS measurements show that particles flow without clumping 

or aggregation even with pulsatile flow.  The WSS, however, shows that there was some 

reverse flow that could be problematic if the density of particles were increased.  It is this 

type of data that may be useful in predicting aneurysms in human patients.  While the 

flow patterns could be established, there was an area in each image where no particles 

could be detected.  This may be an artifact from the pulsing motion of going forwards 
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and then backwards.  The particles seem to be grouping together more toward the output 

after the push forward.  This too, may be an issue in a human blood vessel.  
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CHAPTER 6. CONCLUSIONS 

6.1 Comprehensive Summary 

Aneurysms are usually treated with coils, stents, or clipping.  While these are effective 

methods of treatment, all carry advantages and disadvantages.  It has long been held that 

the development of a bioactive stent device be made that would allow cells to be 

recruited to it so that the neck of the lesion be sealed off.  The bioactive stent should be 

made of a biocompatible material that would not only enhance the cells’ abilities to 

proliferate, but would also be able to recruit cells to itself.  In this vein, the static 

bioactive stent using bacterial nanocellulose (BNC) was developed.  The static device 

does not disclose whether the cells are capable of being recruited successfully or not 

giving the constraints of the aneurysm and blood vessel environment.  For this part of the 

puzzle, the active Aneurysm-on-a-Chip™ (AOC) was created.  The AOC is a proof-of-

concept device that can show how particles (cells) can potentially move inside a 

microchannel (i.e. blood vessel) and throughout the “aneurysm sac”.  The AOC must be 

able to provide analytical proof that particles are flowing in one direction and without 

hindrance.  On the other hand, the AOC must show if the particles/cells are flowing in a 

turbulent pattern.  Fluid dynamics are important in the development of “initiation, growth, 

and rupture of” aneurysms as a result of computational fluid dynamics (CFD) modeling 
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and patient study [123].  Therefore, the AOC is able to provide preliminary data on fluid 

flow within a bioMEMS environment.   

 

The work presented in this dissertation demonstrates proof-of-concept of both type of 

bioactive stents:  the active and the dynamic stent devices.  The static bioactive stent 

prototype is comprised of a standard nitinol stent acting as a scaffold to a covering of 

BNC – a natural, biocompatible fibrous matrix already used in wound healing.  BNC is 

already used in would healing and is easy to make and can be configured to render any 

size and shape needed along with any pore size required.  With the integration of 

magnetic NP, the pore sizes can still be kept to accommodate fluid flow and the 

movement of cells through the BNC matrix.  The static prototype has been shown to 

successfully provide a suitable growth substrate for the human aortic smooth muscle cells 

(HASMC) by evidence of strong F-actin detection and high viability counts that 

characterize this cell type.  The BNC was rendered magnetic by the successful 

impregnation of iron oxide nanoparticles (IONP) that were themselves coated with PEI, 

PEG, and citric acid to confer biocompatability.  To see if there were any ferromagnetic 

properties of the MBNC, magnetically labeled HASMC were shown to proliferate around 

the edge of a piece of MBNC.  While not complete evidence of the fact, this preliminary 

data is intriguing because it shows the great possibility of providing a substance that can 

actively attract cells to itself – one of the goals of the bioactive stent system.  The BNC 

was shown to grow in the presence of the nitinol stents in both the horizontal and vertical 

configurations; however, the BNC was not fully incorporated into the stents and was 

easily removed.  This is not acceptable.  A bioactive stent made of a nitinol stent and 
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BNC or MBNC must remain intact during deployment into the human body and during 

placement.   

 

Soft lithography methods were employed to generate the bioMEMS AOC prototype.  

Microfluidic Innovations (MI) was the company who helped design the hardware portion 

of the system:  the valve controller box and the software that controls it.  MI’s software 

has the ability to control all valves, allow for forward and reverse flow, and determine 

fluid flow speed.  All components of the AOC are modular and can be assembled and 

reassembled with ease and swiftness.  Most any microscope can be accommodated and 

the latest Windows platforms will support MI’s software.  Different PDMS chips can be 

interchanged easily, and the PDMS chips, manifold, and tubing can all be autoclaved for 

sterility.  In regards to the scientific value of the instrument, the dynamic AOC was 

successful as it provided proof of fluid flow properties for HASMC mixed with 

polystyrene microspheres within the device.  The mixture was flowed and movies and 

images captured.  Particle image velocimetry (PIV) Vectorgraphs were generated and 

analyzed to provide graphic evidence of the particles movement entering the “sac” region, 

exiting the “sac”, and flowing through the “aneurysm sac”.  The images taken showed 

that during pulsatile flow, the sample particles did not agglomerate or stick together and 

remained monodispersed.  Further, the wall shear stress (WSS) quiver plots reflected that 

there was back or reverse flow of  the particles.  This is a very important piece of 

information since it is flow patterns such as this that can be detrimental to a weakened 

blood vessel in the human body.       
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6.2 Future Work 

6.2.1 Improvements to the Current Static Bioactive Stent Device 

The use of BNC in the static bioactive stent system is logical because it is already 

biocompatible and used in medical practice.  It is easy to make and can grow on a sterile 

nitinol mesh.  The major drawback is that the BNC does not remain incorporated into the 

NiTi matrix.  The BNC always grows on the boundaries of the air-liquid interface, so to 

embed the BNC throughout the entire NiTi stent would require a different method of 

incorporation.  Electrospinning, layer-by-layer growth assembly, or polymer sleeve 

braiding [112] are all methods that would need to be tried so that the BNC remains 

“glued” in place into the nitinol mesh and allow for NBC to fill the spaces between the 

NiTi mesh pores.  These procedures would have to be proven effective both BNC and 

MBNC biomaterials.  In addition to the incorporation of the two types of materials to 

each other, sterility must be conferred, so UV irradiation and autoclaving must be tested 

to see which of these methods would confer sterility without compromising device 

integrity.   

 

6.2.2 Improvements to the Current Dynamic AOC System 

First, it should be understood that the soft lithography process as well as the PDMS chip 

synthesis is optimized and repeatable.  These procedures have been in place and used 

many years.  The hardware and software are also very well produced and tested.  

Therefore, the focus of improvement must lie upon the design of the mask.  As 

mentioned before, there were three designs of “aneurysm” that were produced, only one 

configuration, however, was utilized for this research.  The reason is that the other two 
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designs had some flaws.  The berry aneurysm design immediately had clogging problems.  

The microspheres aggregated around the sharp corners of the “sac” that were located on 

either side of the “aneurysm neck”.  In real life, there are no sharp corners in any blood 

vessel or aneurysm, so this is not a good design for a berry aneurysm.  The bifurcated 

fusiform motif also was tried with beads; however, clogs with the twin entry ports were a 

problem.  While the tri-layer chip was easily disassembled, cleaned, and reassembled, the 

PDMS chip was troublesome in the realigning step as it had to be performed under a 

microscope.  While this was acceptable for a non-sterile unit, if things had to be run 

under aseptic conditions and within a biological safety cabinet (BSC) and 

accommodating the existing high-speed camera, this could not be done with the present 

setup.  The addition of the high-speed camera on top of a standard microscope is taller 

than the inside of a BSC.  Another modular design may need to be considered, such as 

the use of and EVOS® imaging system (Life Technologies, Inc.), where the microscope 

and computer are combined into one nice compact benchtop unit.  The EVOS® FL 

Imaging System can perform both fluorescence and brightfield imaging and the monitor 

folds down so that the entire piece of equipment fits inside a BSC.  Combining the 

EVOS® with the MI unit would provide a powerful way to image particles flowing 

through the AOC device, provided the pump speed was set very low to avoid streaking in 

the captured image.  If a small high-speed CCD camera were to be added to the 

configuration, then the problem is solved and sterile conditions with actively growing 

cells (instead of dead fixed ones) could be obtained and studied.   
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The combination of the static device with the dynamic system could not be tested using 

the current design.  The first idea was to use a piece of BNC-covered NiTi stent and place 

it into the neck region of the PDMS chip aneurysm conformation.  With such small 

dimensions in the microchannels, this was impossible to do without completely occluding 

both the “sac” and microchannels.  Pieces of BNC could be utilized by themselves in the 

stent’s place, however, there would be no way to secure the BNC and during flow, it 

would either be stuck in a microchannel downstream, or simply not budge and 

completely block the microchannels in situ.  Another scheme that was considered was to 

place HASMC directly across the aneurysm neck region by themselves, since cells have 

been shown to grow in place in PDMS chips successfully.  However, this could not be 

executed because there was no way to place a bolus of cells exactly into the neck area.  If 

the chip were to be taken apart to add the cells by pipet, then this would have required a 

microscope to be placed into a BSC and the operation be performed under sterile 

conditions.  It would be impossible for this since the microscopes available were too 

large to fit into a biohood.  Even if this step were completed successfully, then to press 

the PDMS layers back together would require the death or damage of the cells.  The 

solution to this would be to develop an inlet port just for the cells, however, the port 

diameter would have to equal 50-75 m in diameter (the sizes of the neck regions)  and 

there would still be no way to make sure that the cells would not migrate from the initial 

seeding spot into the “sac” and microchannels.  A complete redesign must take place to 

take into account all the listed anomalies.  One way to answer all the problems would be 

to make a more micro model via 3D printing so that there would be no sharp corners, 

cells could easily be seeded, and stents could be utilized.  The problem here would be that 
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things would no longer be at the microscale, but more on the macroscale.  Having said all 

of this, it is still noteworthy to state that should the complications be resolved, then a true 

dynamic bioactive stent system would be greatly appreciated to reveal flow patterns and 

potential difficulties in predicting aneurysms and/or treating existing ones in animal 

models and ultimately human patients. 

 

 

6.3 Concluding Remarks 

Aneurysm formation, detection and treatment are crucial today for military personnel and 

the general population.  If there could be a solid way to predict and prevent aneurysms 

before rupture, thousands of lives could be saved.  The work presented in this dissertation 

has endeavored to establish a working aneurysm model that could aid in studying fluid 

flow within a bioMEMS device that could provide data meaningful to real life trauma.  

Within this manuscript, proof-of-concept of the Aneurysm-on-a-Chip™ has been 

demonstrated as a dynamic stent device in conjunction with a static bioactive design 

using bacterial nanocellulose.  The knowledge that can be gained from further testing and 

model of a true prototype able to both predict aneurysm development and bioactively 

treat existing aneurysms, could save lives and render the “silent killer”  (aneurysm 

rupture) impotent. 
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