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ABSTRACT 

 

Regenerative medicine involves formation of tissue or organ for replacement of a wounded or 

dysfunctional tissue. Healthy cells extracted from the patient are expanded and are seeded on a 

three-dimensional biodegradable scaffold. The structure is then placed in a bioreactor and is 

provided with nutrients for the cells, which proliferate and migrate throughout the scaffold to 

eventually form a desired to tissue that can be transplanted into the patient’s body.  Inability to 

monitor this complex process of regeneration in real-time makes control and optimization of this 

process extremely difficult. Histology, the gold standard used for tissue structural assessment, is 

a static technique that only provides “snapshots” of the progress and requires the specimen to be 

sacrificed. This inefficiency severely limits our understanding of the biological processes 

associated with tissue growth during the in vitro pre-conditioning phase. Optical Coherence 

Tomography (OCT) enables imaging of cross sectional structure in biological tissues by 

measuring the echo time delay of backreflected light. OCT has recently emerged as an important 

method to assess the structures of physiological, pathological as well as tissue engineered blood 

vessels.  

The goal of the present study is to develop an imaging system for non-destructive monitoring of 

blood vessels maturing within a bioreactor. Non-destructive structural imaging of tissue-

engineered blood vessels cultured in a novel bioreactor was performed using free-space and 

catheter-based OCT imaging, while monitoring of the endothelium development was performed 

using a fluorescence imaging system that utilizes a commercial OCT catheter. The project 

included execution of three specific aims.  

Firstly, we developed OCT instrumentation to determine geometrical and optical properties of 

porcine and human skin in real-time. The purpose of the second aim was to assess structural 
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development of tissue-engineered blood vessels maturing in a bioreactor. We constructed a novel 

quartz-based bioreactor that will permit free space and catheter-based OCT imaging of vascular 

grafts. The grafts were made of biodegradable PCL-collagen and seeded with multipotent 

mesenchymal cells. We imaged the maturing grafts over 30 days to assess changes in graft wall 

thickness. We also monitored change in optical properties of the grafts based on free-space OCT 

scanning.    

Finally, in order to visualize the proliferation of endothelial cells and development of the 

endothelium, we developed an imaging system that utilizes a commercial OCT catheter for 

single-cell-level imaging of the growing endothelium of a tissue-engineered blood vessel.  

We have developed two modules of an imaging system for non-destructive monitoring of 

maturing bioengineered vascular grafts. The first module provides the ability to non-

destructively examine the structure of the grafts while the second module can track the progress 

of endothelialization. As both modules use the same endoscope for imaging, when operated in 

sequence, they will produce high-resolution, three-dimensional, structural details of the graft and 

two-dimensional spatial distribution of ECs on the lumen. This non-destructive, multi-modality 

imaging can be potentially used to monitor and assess the development of luminal bioengineered 

constructs such as colon or trachea.  
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Chapter 1 - Introduction 
 

1.1 Background 

1.1.1 Cardiovascular Disease 

Cardiovascular disease is one of the leading causes of death in the western world [1]. 

Atherosclerosis, one of the severe forms of vascular disease, involves narrowing of the vessel 

lumen due to plaque buildup. The exact causes of plaque formation are still unknown, however, 

factors such as high blood pressure and high cholesterol are thought to be causing injuries to the 

vessel endothelium thereby initiating a cascade of events that lead to local accumulation of fatty 

substances, cholesterol, calcium, and fibrin [2]. As the disease progresses, there is a reduction in 

the rate of coronary blood flow. In addition, there is also an alteration in the fluid dynamics, 

caused by interaction with the disease. In its advanced stages, atherosclerotic artery may cause 

myocardial infarction (heart attack). Treatment of cardiovascular disease often requires 

reconstruction of vascular tissue. This vascular condition is treated with a coronary artery bypass 

graft (CABG), in which a healthy native blood vessel from patient’s body (typically from the leg, 

arm or chest) is used to create a bypass around the atherosclerotic region in the artery in order to 

restore normal blood flow and volume (Fig. 1.1). 

However, removing healthy blood vessels from their normal positions in the vasculature is less 

than desirable and in some cases not possible [3]. In several cases, such native vessels are 

unavailable because they were harvested earlier or may not be healthy enough for creating 

bypass grafts. Tissue engineering techniques to produce a healthy blood vessel using patient’s 

own cells is a promising approach for developing viable alternatives to autologous vascular 

grafts. 
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Fig. 1.1: Coronary artery bypass graft using a small diameter native blood vessel, 

such as saphenous vein or internal mammary artery. (Adapted from 

http://en.wikipedia.org/wiki/File:Blausen_0466_Heart_Bypass_Surgery.png, 

under creative commons - GNU Free Documentation License) 

	  

1.1.2 Regenerative Medicine 

Regenerative medicine is an emerging multidisciplinary field involving biology, medicine, and 

engineering working together to improve quality of life. It aims to replace a wounded, defective 

or degenerative tissue by regenerating a similar one in a laboratory and transplanting it for 

integration with the patient’s body as the native tissue [4,5]. One of the important aspects of 

regenerative medicine is tissue engineering. In this process, the tissue of interest is fabricated by 

culturing healthy organ-specific living cells and seeding them on a biodegradable scaffold in a 

strictly controlled environment. These cells are provided with appropriate biochemical agents to 

promote growth and differentiation. Scaffolds are an important aspect of regenerating tissue and 

serve as a synthetic extracellular matrix (ECM) to organize cells into a three-dimensional 
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architecture. In the sterile environment of a bioreactor, cells and scaffold undergo extensive 

remodeling to generate an organ or tissue of interest [4]. Regenerative medicine thus has the 

potential of providing the next generation of healthcare in permanent and effective treatment for 

many areas of unmet medical need such as stroke, heart disease, diabetes and neurological 

disorders.  

Tissue regeneration is a highly complex and dynamic process. It entails extensive remodeling of 

both the implanted materials and cells along with host tissues in the body. During the preparation 

of engineered constructs prior to implantation, significant changes occur in both cells and 

scaffolds [6]. For example, cells may be seeded onto a natural or synthetic matrix and are 

allowed to proliferate and migrate over many days in a bioreactor. Upon complete cellularization 

of the scaffolds, the tissue-engineered constructs may be subjected to preconditioning in order to 

ensure their proper function once they are implanted into the patient’s body and are subjected to 

natural conditions such as temperature, pressure and flow.  

 

1.1.3 Vascular Tissue Engineering 

As discussed earlier, surgical procedures such as CABG or peripheral bypass surgery involve 

using native blood vessels such as saphenous vein to create a vascular bypass around 

atherosclerotic region in order to restore normal blood flow. Vascular tissue engineering aims to 

generate artificial blood vessels that can be used as grafts, in the event that the native blood 

vessels are unavailable for the surgery. During the process of vascular tissue regeneration, a 

biodegradable scaffold is seeded with endothelial, smooth muscle cells and fibroblasts [7] or 

stem cells in some cases [8]. The scaffold is a crucial aspect of the tissue-engineered blood 

vessel, as it needs to be biocompatible for supporting cell attachment and proliferation. In 

addition, it also needs to be mechanically strong to withstand the extended time in the bioreactor 

while the vessel is developing as well as to stay patent upon transplantation [9,10]. Several 

different approaches have been used in developing the scaffold material for the blood vessel. 

Biodegradable scaffolds have been developed to prevent chronic inflammatory response in the 

patient.  Common synthetic biodegradable materials include expanded polytetrafluoroethylene 

(ePTFE), poly-L-lactide (PLLA), Polycaprolactone (PCL) among others. Recently, PCL-

collagen scaffolds have been described to have mechanical properties similar to native blood 
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vessels. They have been demonstrated to be able to withstand the physiological conditions 

necessary both in vitro in the bioreactor as well as in vivo in a rabbit aorto- iliac bypass model 

[11].  

For vessel regeneration, patient’s own healthy cells are extracted through a small biopsy. These 

cells are further expanded in a laboratory under regulated sterile conditions and are then seeded 

on a sterile scaffold. This construct of scaffold seeded with cells is placed in a bioreactor where, 

using biochemical agents such as cell media and growth factors, the cell proliferation and 

migration is promoted. The smooth muscle cells form the vessel wall that gives it the shape, size 

and strength for carrying blood through the conduit, while the endothelial cells form a confluent 

monolayer of endothelium providing a functional barrier between the vessel wall and the blood it 

carries [12,13]. Cellularization of this scaffold results in a bioengineered vascular graft that is 

further preconditioned for in vivo conditions and then transplanted into the patient’s body (Fig. 

1.2).  
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Fig. 1.2: Schematic describing principle of vascular tissue engineering.  

	  

1.1.4 Methods for Vascular Grafts Development Evaluation  

Complete development of a vascular graft may take several weeks as the cells migrate 

throughout the scaffold thickness while proliferating. Beyond cellularization, the graft also 

requires preconditioning to train the vessel for in vivo conditions it would experience upon 

transplantation. A successful, transplantable graft will possess functional and structural 

properties similar to those of a native vessel. It is important to determine the extent of vessel 

maturation as it allows for better process control. Various methodologies have been implemented 

for vascular graft development assessment. The most reliable and widely used method involves 

histology of the vascular graft. It involves removal of the graft from the bioreactor, and fixing, 

sectioning and staining with various chemical agents to estimate geometrical and functional 

development. Additional techniques include PicoGreen assay to count cell number or 3-(4,5-
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dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) 

assay to estimate cell viability based on cell metabolic activity. However, these techniques are 

invasive and are sample-destructive. Additionally, they only provide developmental details at 

specific time points, thus making snapshot-based assessments.  

Non-destructive methods that can be used for assessment of vascular graft development are 

typically imaging based. These methods attempt to visualize the structure of the graft or detect 

and map the presence cellular activity.  

X-Ray, CT and PET: Imaging technologies such as X-Ray and positron emission tomography 

(PET) offer very large penetration depths and have thus been widely implemented in clinical 

applications. However, the typical resolution of CT between 50 - 200 mm, and PET between 1- 2 

mm [14]. Thus, while these modalities can be used for anatomical imaging of the bioengineered 

vascular grafts, they cannot provide cellular-level details. Additionally, x-ray and CT modalities 

use ionizing radiation, which may interfere with the cell-cell and cell-scaffold interactions.  

Magnetic Resonance Imaging (MRI): MRI imaging is based on the property of nuclear magnetic 

resonance of atoms within the specimen. While this modality uses no ionizing radiation for 

structural investigation, the resolution offered by MRI is between 10-100 mm and hence is 

unable to obtain structural information with sufficient cellular-level details.  

Based on the discussion of techniques available for structural and functional assessment of 

developing bioengineered constructs, it is clear that an important limitation in the process of 

tissue engineering is the capability to monitor the development in vitro and in vivo. With the 

growth and development of the field of tissue engineering it is an urgent necessity to develop 

technologies that can non-invasively and dynamically monitor this process. Many of the 

currently available methods for assessment of the bioengineered construct are invasive and non- 

dynamic, requiring the sacrifice of the construct to assess its properties. Despite the huge 

potential to deliver new treatments by “manufacturing” desired organs, regenerative medicine 

faces some key challenges such as monitoring the progress of the tissue under development in 

real-time. As the field of tissue engineering expands there will be an increasing need for 

dynamic, non-invasive methods to assess the growth, quality and efficacy of the engineered 

tissues and organs prior to their surgical implantation. 
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1.1.5 Optical Coherence Tomography 

OCT is an emerging technology that uses non-ionizing electromagnetic radiation for high-

resolution (<15 µm), cross-sectional imaging of specimens. OCT depicts cross-sections through 

biological tissues based on the echo time delay of back-reflected light [15]. It is an optical 

analogue of ultrasound technology wherein it uses low-coherence light for tissue interrogation. 

OCT operates on the principle of low-coherence interferometry. It offers various benefits such as 

being label-free, contactless, non-invasive modality that generates depth-resolved cross-sectional 

images of a specimen. OCT permits the visualization of in vivo tissue microstructure in real-time. 

Since it derives the depth profile of the specimen based on the back-reflected light, the axial 

(depth) resolution depends on the light source, while the lateral resolution is determined by the 

beam spot size. Two-dimensional OCT images are then generated by typically scanning the 

probe beam over the sample. Originally developed for high-resolution imaging of the eye, the 

modality has been found to be extremely useful in scientific research and in clinical applications. 

In basic scientific research, the OCT is viewed as a tool for non-destructive optical biopsy and 

may be used as an alternative to histology when gross tissue microstructure examination is 

required. OCT has become extremely valuable in a wide range of clinical specialties including 

ophthalmology, cardiology, dermatology, gastroenterology, and tissue engineering [16,17]. 

Special endoscopic probes have been developed to use OCT in high-resolution, intraluminal 

imaging of blood vessels, such as coronary artery [18,19].  

Instrumentation driving the OCT modality is classified in two main categories: Time-domain 

OCT (TD-OCT) and Frequency-domain OCT (FD-OCT). Early research, development and 

commercialization of OCT were based on time-domain instrumentation; however, frequency-

domain OCT is rapidly replacing the TD-OCT due to the superior sensitivity and rapid image 

acquisition rate offered by FD-OCT. 

  

Time-domain OCT: First demonstrated in 1990, TD-OCT includes a Michelson interferometer, 

with a sample in one of the arms of the interferometer and a reference mirror in the other. Light 

from the source is split by a 95:5 coupler with 5% of the light going to the reference path and 

95% going to the sample path. The light incident on the sample undergoes partial backscattering 

due to the presence of discrete and/or continuous reflection sites at different depths within the 
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sample. The reference mirror is moved continuously to scan different depths in the sample. 

When the optical path difference between two arms is within the coherence length of the light 

source, the light reflected from the reference mirror and the light backscattered from the sample 

coupled together and generate interference signal. The most commonly used low coherence 

source is the superluminescent diode (SLD) because of its low coherence length (5-20 µm), low 

cost and easy availability [20]. 

 

Fig. 1.3: Schematic of the time-domain OCT setup.  

 

Frequency-domain OCT (FD-OCT): Frequency domain OCT (FD-OCT) analyzes the spectrum 

of the interference signal in order to acquire the depth information. In this modality, the 

frequency of the acquired signal represents the depth of the layer and the amplitude represents 

the reflectivity of that layer. FD-OCT can be classified into two types: Spectral domain OCT 

(SD-OCT), which uses a broadband light source and a spectrometer to acquire the interference 

signal and swept source OCT (SS-OCT), which uses a high speed tunable, narrow linewidth 
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(long coherence length) laser source. FD-OCT does not require a mechanically moving reference 

mirror to generate the time delay therefore; it shows great improvement in the imaging speed, 

sensitivity and resolution of the system [13-15]. Recently, ultrahigh resolution OCT systems with 

resolution of about 1 µm and video-rate acquisition have been demonstrated [16]. 

 

Fig. 1.4: Schematic of the frequency-domain OCT setup.  

 

Comparing TD-OCT and FD-OCT: In TD-OCT, the reference mirror needs to be moved 

continuously since only photons with matching pathlengths between sample and reference arms 

are recorded at any given time. This results in low detection sensitivity. In FD-OCT on the other 

hand, photons backreflected from all depths are recorded. Reflections originating from different 

depths within a sample are recorded as fringes with different frequencies. A Fourier 

transformation is then used to transform the data from k-space to z (depth) space. As mirror is 

kept stationary and all the depths are recorded at the same time, the scanning speed is greatly 
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improved. While TD-OCT can maintain sensitivity regardless of scanning depth, the sensitivity 

of FD-OCT degrades with depth. 

Limitations of OCT: Two major limitations of OCT are its inability to extract cellular and 

molecular signatures specifically and sensitively, and its relatively large endoscopic probes, 

which are unsuitable for long-term non-invasive in vivo studies.  

 

1.1.6 OCT in Vascular Imaging  

OCT has been used by researchers as a tool to understand the morphology of blood vessels both 

in physiological and pathological conditions. OCT has been utilized in several studies for the 

assessment of atherosclerotic plaque by measuring structural features of the arterial wall such as 

the thickness of the intima and media [21,22].  Several studies have also successfully used OCT 

as a method to evaluate the deployment of coronary stents and the response of vascular tissue to 

these stents [23,24]. OCT has emerged as an important high-resolution technology that can be 

effectively utilized to visualize high-risk plaque in patients with coronary artery disease. Both 

porcine and human in vivo studies have been performed to determine the utility of OCT in 

clinical diagnosis. Although the penetration depth of OCT is smaller in comparison the much 

higher resolution obtained by OCT makes it an attractive alternative for current technologies 

such as IVUS.   

Recently, OCT has been successfully applied to study the structural and functional properties of 

engineered tissue noninvasively. This allows observation of changes in the tissue and aids with 

improving the design of engineered tissues. New endoscopic OCT systems and analysis 

techniques have been developed to visualize the growth and response of the cellular lining within 

a cell-based bioengineered vascular substitute [25]. More recently, OCT has also been used to 

image tissue engineered vascular constructs. Several studies have been performed where the 

bioengineered construct was removed from the bioreactor for imaging. Yang et al. used poly-l-

lactic acid scaffolds that were seeded with MG63 bone cells, which were removed from the 

bioreactor for OCT imaging [26].  Barton et al. (2000) imaged a vascular construct consisting of 

smooth muscle cells seeded on a polyurethane scaffold, which was also removed from the 

bioreactor for imaging [27].  Mason et al. (2004) performed OCT imaging of a tubular phantom 



11	  
	  

constructed from sodium alginate hydrogel combined with human adult mesenchymal stem cells 

(MSCs) within a bioreactor, suggesting the possibility of imaging engineered constructs within a 

bioreactor [28]. Bonnema et al. (2007) performed OCT imaging of a blood vessel mimic within a 

bioreactor however their system used a catheter based approach, which introduces the possibility 

of contamination as well as damage to the cellular lining [29]. In this study, we seek to use free-

space OCT imaging to noninvasively image tissue-engineered blood vessels within a bioreactor 

to study its growth as well as to assess and quantify geometrical and optical properties of the 

tissue.  

 

1.2 Problem Statement 

Principles of regenerative medicine are useful for engineering a viable vascular implant that can 

be substituted for allografts during bypass surgeries. Limitation to this approach is the 

unavailability of imaging technology for high-resolution, non-destructive monitoring of the 

developing vascular graft. Researchers have demonstrated the use of OCT for high-resolution, 

depth-resolved structural imaging of biological samples. Monolayer of endothelial cells (EC) 

forming the intima of the vascular graft poses an additional challenge as high-resolution OCT 

still fails to resolve cellular-level details. Therefore, it is necessary to develop an imaging 

platform, which will permit structural as well as functional imaging of the developing vascular 

graft. In other words, the imaging system should not only be able to acquire anatomical images 

of the bioengineered vessel, but it should also have the ability to monitor the proliferation of ECs 

and ensure confluent formation of a monolayer of ECs.  

In order to develop an imaging system that will permit non-destructive, real-time, anatomical as 

well as functional monitoring of bioengineered vascular constructs maturing within a bioreactor, 

we proposed the following specific aims.  

 

1.3 Specific Aims 

Regenerative medicine offers a wide array of possibilities for generation of healthy, stable and 

biomechanically compatible blood vessels as an excellent alternative for conventional autologous 
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vascular grafts. Current technological developments have enabled us to engineer blood vessels 

using biocompatible and/or biodegradable materials as scaffolds and healthy cells. Despite these 

advances, we still are unable to monitor the developmental progress of tissue-engineered grafts. 

Techniques such as histology, which is considered a gold standard, only provide snapshots of the 

progress. Understanding the urgency in the need for a multimodality imaging for dynamic 

monitoring of a bioengineered vessel construct, we proposed to build an imaging system for 

structural and functional assessment as well as monitoring of the tissue-engineered blood vessel 

development. We proposed to use the optical coherence tomography system for high-resolution 

structural imaging of the vessel. OCT will also enable us to extract geometrical and optical 

properties of the vessel. In addition, fluorescence tomography technique allowed us to visualize 

functional development by extracting cellular- and molecular-level changes. Integrating these 

two modalities resulted in a setup that facilitated interrogation of the development, remodeling, 

and functionality of such constructs, aid in facilitating their optimization.   

The experimental plan involved using of OCT for tissue geometrical and optical properties 

assessment. This was a crucial step in this project, as quantifying these properties in tissue-

engineered constructs will potentially enhance our capability to evaluate their growth. Next, we 

developed instrumentation for OCT for imaging these constructs in order to visualize their 

structural and optical properties in high-resolution. Further, we demonstrated the use of a 

commercial OCT catheter for fluorescence imaging of the lumen of the developing vascular 

graft, which added the functional imaging aspect to the project. The proposed work is outlined in 

the following three specific aims:   

 

• Aim 1:  Use of swept-source OCT for assessment of geometrical and optical 

properties of tissue. Porcine skin, which is a well-accepted human skin model, was used 

to demonstrate the ability of OCT to determine geometrical and optical properties. 

Mechanical compression alters tissue morphology, which results in change in these 

properties. Effect of mechanical compression was studied in vitro and in vivo using our 

OCT. We demonstrated that the OCT has the ability to not only visualize the tissue 

architecture in high-resolution, but also dynamically characterize it.       
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• Aim 2: Feasibility and Characterization of Imaging Tissue-Engineered Blood 

Vessels within a bioreactor. Current techniques for assessment of growth of tissue-

engineered constructs only permit us to obtain snapshots of the progress. Additionally, it 

requires that the sample be sacrificed to obtain such snapshots. Using OCT, we 

demonstrated that structural progress of the tissue-engineered blood vessel could be 

monitored non-destructively and non-invasively. Further, geometrical and optical 

properties of the vessel were measured, which may serve as markers for the vessel 

development.    

 

• Aim 3: Dynamic Assessment of Tissue-Engineered Blood Vessel Development using 

Multi-Modality Imaging OCT imaging of tissue-engineered blood vessels only provided 

us with the visual information about their structural development. Comprehensive 

monitoring of the vessels’ progress would require that we also record dynamic processes 

such as cell migration, proliferation and their infiltration into the scaffold followed by 

extra-cellular matrix remodeling. In this aim, we propose to use fluorescence tomography 

to dynamically visualize cell-cell and cell-scaffold interactions. Further, we will integrate 

OCT with fluorescence tomography to create a multi-modality imaging for dynamic 

assessment of tissue-engineered blood vessel development. 

 

1.4 Dissertation Overview 

 

Chapter 2 is a published manuscript that discusses the use of OCT to determine optical and 

geometrical properties using porcine skin ex vivo and human skin in vivo. Chapter 3 was 

published in the journal of Lasers in Medicine and Surgery and discusses using free-space and 

catheter-based OCT to monitor and characterize maturing tissue-engineered blood vessels within 

a novel bioreactor. Chapter 4, which discusses the use of OCT catheter for fluorescence imaging 

of vascular grafts, is under preparation for peer-review. Finally, in chapter 5, the major 

conclusions from each of the specific aims are listed and also future work is described based on 

the findings of these studies. 
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2.1 Abstract  

The highly disordered refractive index distribution in skin causes multiple-scattering of incident 

light and limits optical imaging depth. We hypothesize that localized mechanical compression 

reduces scattering by expulsing unbound water from the dermal collagen matrix, increasing 

protein concentration and decreasing the number of index mismatch interfaces between tissue 

constituents. A swept-source optical coherence tomography (OCT) system was used to assess 

changes in thickness and group refractive index in ex vivo porcine skin, as well as changes in 

signal intensity profile when imaging in vivo human skin. Compression resulted in a 10% 

increase in refractive index and a corresponding 72% reduction in unbound water volume 

fraction in ex vivo porcine skin. In vivo OCT signal intensity increased by 1.5 dB at a depth of 1 

mm, possibly due to transport of water away from the compressed regions. These finding suggest 

that local compression could be used to enhance light-based theranostic techniques.  
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2.2 Introduction  

A multitude of optical imaging and therapeutic techniques are being developed for the diagnosis 

and treatment of many human diseases, such as cancer. Soft tissues are complex heterogeneous 

materials, comprised of water, proteins, lipids, and cells. Skin, in particular, is composed of 70-

80% water (in bound and unbound states) [1] and the remaining constituents are primarily 

proteinaceous structures such as collagen. The refractive index of collagen is approximately 1.55 

at 1310 nm, significantly larger than that of water, 1.32 at 1310 nm [2,3]. This heterogeneous 

environment contains many interfaces with mismatched refractive indices, leading to multiple 

scattering of incident light within the tissue, thereby decreasing light penetration depth. Shallow 

penetration depth is one of the main drawbacks limiting clinical effectiveness of many optical 

procedures. The optical penetration depth in turbid epithelial layers such as skin is generally less 

than 3 mm in the Vis-NIR spectrum [4,5].  

Tissue optical clearing is an emerging approach that explores reversible modification of 

scattering and absorption within naturally turbid tissues in a controlled manner. This approach 

permits delivery of near-collimated light deeper into tissue, potentially improving the capabilities 

of optical diagnostic and therapeutic techniques. Tissue optical clearing has the potential to 

increase the imaging depth, resolution, and contrast of optical diagnostic tools, such as optical 

coherence tomography (OCT) [6], optoacoustic tomography [7], fluorescence microscopy [8], 

and bioluminescence tomography [9]. This approach also has the potential to enhance 

therapeutic treatments such as laser hair removal [10] and  laser lipolysis [11] by decreasing the 

optical scattering strength of overlying healthy tissue prior to and during laser irradiation.  

Tissue optical clearing research has focused on delivering exogenous hyperosmotic chemicals, 

such as glycerol and dimethyl sulfoxide, to reduce tissue light scattering and increase optical 

clarity. There are numerous reports of methods, applications, and potential mechanisms of tissue 

optical clearing using chemicals [12-17].  Three hypothesized mechanisms of light scattering 

reduction induced by exogenous chemicals have been proposed: dehydration or removal of 

endogenous water; replacement of interstitial or intracellular water with an exogenous chemical 

that better matches the refractive index of proteinaceous tissue structures; and structural 

modification or dissociation of collagen fibers [18,19].  These three mechanisms, and possibly 

other unknown dynamic processes, may be acting synergistically or antagonistically with 
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differing contributions dependent on tissue type, tissue vitality, optical clearing agent, and 

delivery method of said agent.   

Since dehydration is an important possible mechanism of chemical optical clearing, other non-

chemical techniques for water redistribution, such as application of mechanical compression, 

should also optically clear tissue.  We hypothesize that the mechanism of action for 

compression-based tissue optical clearing is the lateral removal of unbound water from regions 

of localized compression. This lateral water transport may cause the protein structure to become 

more closely packed, reducing the number of index mismatched interfaces and resultant light 

scattering. Mechanical optical clearing is a safer, noninvasive alternative to chemical optical 

clearing because no foreign material is delivered to the tissue and the stratum corneum is 

undisturbed, maintaining its function as a protective barrier. Such a technique may circumvent 

the drawbacks of chemical optical clearing and provide a fast controllable technique to enhance 

the light penetration in the tissue.  

Modification of tissue optical properties by mechanical forces has been investigated by several 

groups. Askar’yan [20] first demonstrated that local mechanical pressure results in deeper 

penetration of light in biotissue.  Research led by Kamensky [21,22] recently demonstrated use 

of mechanical compression for image contrast enhancement [22], or for tissue optical clearing to 

observe pathological changes in tissue [21]. Rylander et al.[23] describe tissue optical clearing 

devices that utilize vacuum pressure over an array of translucent pins to fractionally compress 

tissues such as skin. Chan and Shangguan have reported increased absorption and scattering 

coefficients when uniform pressure is applied over large tissue area (~100 mm2) [24,25].  These 

results differ from those of Askar’yan [20], Kamensky, [21,22] and Rylander [23] , but this is 

likely because Chan and Shangguan used uniform compression over a large area of tissue, while 

other works used local mechanical compression to induce smaller (~1 mm2) compression zones, 

creating higher local pressure gradients within  the compressed tissue.  

 

2.3 Materials and Methods  

In this study we performed experiments using a 1310 nm swept-source OCT system in order to 

better understand changes in water content and in light intensity profile within compressed 

tissue. We measured changes in thickness and refractive index of ex vivo porcine skin during air 
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dehydration using the optical pathlength shift method [26]. We also calculated corresponding 

water volume fraction using the Lorentz-Lorenz equation [27], assuming that skin is a biphasic 

mixture composed of water and protein. We compared these values with independently 

calculated water volume fractions based on tissue sample weight loss measurements in order to 

verify that the Lorentz-Lorenz equation is valid for this tissue. Next, we examined the effect of 

localized mechanical compression on ex vivo porcine skin thickness and refractive index. We 

again calculated transient water content using the Lorentz-Lorenz equation. Finally, we 

conducted in vivo human skin compression studies at several anatomical sites to determine the 

decrease in thickness of the stratum corneum (SC). This data was also used to evaluate changes 

in the OCT signal intensity profile. Local mechanical compression causes a curling of tissue 

structures towards the point of load application, thus making it difficult to choose specific 

structures for OCT signal intensity comparison. Therefore, a depth of 1 mm was chosen as a 

standard to compare the OCT signal intensity before and after compression. 

 

2.3.1 Swept-Source Optical Coherence Tomography (OCT)  

We constructed a swept-source OCT imaging system using a 20 kHz tunable laser (Santec 

HSL2000) with 1300 nm central wavelength and 110 nm FWHM bandwidth, following the 

design published by Chong et al. [28]. The axial resolution of the image was measured to be 

about 13 µm.  The OCT signal is an interferometric measurement sensitive to the backreflectance 

of photons from within the sample. OCT images represent intensity of light backreflected due to 

scattering as a function of optical depth (vertical axis) and lateral position (horizontal axis). The 

typical image depth limit of 1310 nm OCT in skin is 1-2 millimeters. Lateral dimensions of OCT 

images are limited by scanning optics and are typically several millimeters.  

 

2.3.2 Skin Specimens 

Two skin models were used for our studies. Porcine ventral skin was chosen for ex vivo 

experiments since optical and mechanical properties of pig skin are similar to those of human 

skin [29,30]. Skin was acquired from a local market, was dehaired, and was removed from the 
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subcutaneous fat layer. Samples were cut to approximately 30 mm × 30 mm, with thickness ~2 

mm.  

Caucasian male volunteers (Age: 22-25, Fitzpatrick skin type: I-III) were recruited to study the 

effects of mechanical compression on in vivo human skin. SC layer thickness and changes in 

light intensity profile were measured during compression at four anatomical locations: fingertip, 

palm, dorsal hand, and ventral forearm. 

 

2.3.3 Measurement of Ex Vivo Porcine Skin Thickness and  Refractive Index  

The optical path shift method developed by Sorin and Gray was used to simultaneously measure 

skin thickness and refractive index using OCT [26]. This procedure requires placement of a fixed 

reflective surface (mirror) at the bottom of the ex vivo tissue specimen. OCT measures the optical 

pathlength of the skin sample and the optical path shift of the reflector beneath the sample.  

 

 

Fig. 2.1: Schematic of Sorin and Gray's optical pathlength shift method. xm(t) and 

xtop(t) denote optical position of the fixed mirror and top surface of the sample, 

respectively. 

 

As shown in Fig. 2.1, the relative optical position of a fixed mirror, xm(0), was recorded before 

placing the tissue sample over the mirror. When the sample was placed on the mirror, the 

increased optical path length created by the sample caused a shift in the optical position of the 
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mirror, xm(t). After additionally measuring the optical position of the top surface of the sample, 

xtop(t), the dynamic tissue physical thickness, T(t), and group refractive index , at time t, n(t), 

were calculated from the measured optical pathlengths as: 

 

T (t) = [xm (t)! xtop(t)]![xm (t)! xm (0)]= xm (0)! xtop(t)  (1) 

n(t ) =
[xm (t)! xtop(t)]

T (t)
 (2) 

 

  OCT measures the group refractive index of a sample by detecting the group optical delay 

imposed by the sample. The actual refractive index is generally very close to that of the group 

index. For example, the refractive index of water at 1300 nm is different from its group refractive 

index by only 1.6% [31].  

 

2.3.4 Ex Vivo Porcine Skin - Air Dehydration 

Ex vivo porcine skin samples (N=3) were placed on a fixed mirror with the hypodermis exposed 

to air until the sample separated from the mirror (approx. 5 hrs). A metal washer was used to 

hold the skin specimen down to prevent it from curling during dehydration as curling would pose 

significant challenges in OCT imaging as well as pathlength measurements. Room temperature 

was maintained between 20-25ºC and relative humidity between 40-60%. OCT images were 

taken every 15 minutes during drying. The group refractive index and thickness was calculated 

as above for A-scans obtained over 600 µm. 

 

2.3.5 Ex Vivo Porcine Skin - Mechanical Compression  

A hemispherically tipped glass rod (borosilicate, nglass = 1.474) 20 mm long with a 3 mm tip 

diameter was used as a probe for localized skin compression as well as OCT imaging. Ex vivo 

skin specimens (N=3) were placed on a fixed mirror. The rod was first positioned in light contact 

with the skin without significant compression. Next, the rod was translated towards the skin in 

increments of 50 µm, applying increasing mechanical force on the tissue (Fig. 2.2). This stepwise 
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loading protocol allows removal of the transient viscoelastic response of the tissue, thus 

capturing the quasistatic mechanical deformation response. OCT images were obtained at each 

indentation step in order to measure changes in skin thickness and refractive index due to 

compression. The glass rod did not add any perceivable distortions to the OCT signal. 

 

Fig. 2.2: Experimental setup for tissue compression 

	  

2.3.6 Ex Vivo Skin Water Content Calculation  

This work assumes that skin is a biphasic mixture of water and proteins, primarily collagen. The 

refractive indices of water (nwater) and protein (nprotein) at 1310 nm are approximately 1.32 [2] and 

1.55 [4], respectively Let φwater be the volume fraction of water in the skin and let φprotein be the 

volume fraction of protein. From the assumption of a biphasic mixture,  φwater + φprotein = 1, 

Combining this constraint with the Lorentz-Lorenz rule of mixtures shown in equation (3), tissue 

water and protein concentrations were dynamically calculated during compression [32].    

 

[(nskin )
2 !1]

[(nskin )
2 + 2]

=
[(nwater )

2 !1]
[(nwater )

2 + 2]
!water +

[(nprotein )
2 !1]

[(nprotein )
2 + 2]

(1!!water )  (3) 
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Tissue water content was also calculated independently by measuring the sample weight over 

time, w(t). Samples were weighed every 15 minutes during air dehydration.  Loss of sample 

weight was assumed to only be due to water loss by evaporation to the environment. The skin 

samples were weighed again after 2 months, and assuming all the unbound water evaporated 

over this extended period of time, this final weight was defined as the completely dry weight, 

w(∞). Subtracting this dry weight from weight measurements at each time point yielded the 

current water weight fraction, WF(t), as shown in equation (4). 

WF(t) = w(t)!w(")
w(t)

 (4) 

Assuming the densities of water and proteins are similar, the weight fraction is a decent 

approximation of the volume fraction. This normalized data was compared with results obtained 

from calculations based on the Lorentz-Lorenz equation. 

 

2.3.7 In vivo Human Skin Mechanical Compression and OCT Measurement of Stratum 

Corneum Thickness and Light Intensity Profile  

Caucasian male volunteers (N=3, Fitzpatrick skin type I-III) were recruited for in vivo 

mechanical compression studies. An OCT configuration similar to that shown in Fig. 2.2 was 

used to assess changes in SC thickness and light intensity caused by compression in four 

anatomical regions: palm, fingertip, dorsal hand, and ventral forearm. A pre-compression OCT 

image of a small area (200 µm) was obtained by placing the glass rod in light contact with the 

target site. Each volunteer was then asked to compress his skin against the glass rod, applying the 

maximum force without intolerable pain for one minute and a post-compression image was 

taken. The pain threshold stress (force per unit area) is thought to be ~1.1 MPa [33,34]. An A-

scan profile generated from these images represents the average OCT signal intensity versus 

optical depth within the target site. The optical thickness of the SC was assessed by measuring 

the distance between the first two consecutive intensity peaks.  OCT signal intensity at a depth of 

~1 mm (in the reticular dermis) was also evaluated using this technique. 
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2.4 Results 

2.4.1 Ex Vivo Porcine Skin Thickness, Refractive Index, and Water Content During Air-

Dehydration and Mechanical Compression  

Table 2.1 summarizes results from ex vivo air immersion and compression experiments. 

Dehydration of porcine skin specimens over 5 hours caused the thickness to decrease from 1700 

± 140 µm to 680 ± 220 µm. In order to compare water content changes between air immersed 

and compressed skin samples, a metric describing relative tissue thickness change is needed. 

Strain is a relative measure used to quantify mechanical deformation, defined as  

Strain = !T
T0

 (5) 

where ΔT = Change in thickness, and T0 = Original thickness. Strain is usually used in the 

context of deformation under a physical load, but an “effective strain” was calculated using 

Equation 4 to capture the relative thickness change caused by dehydration. Dehydrated samples 

underwent -59.8% ± -9.6% effective strain. Tissue refractive index increased from 1.38 ± 0.02 to 

1.46 ± 0.03 (Fig. 2.3a). The calculated water volume fraction decreased from 0.68 ± 0.09 to 0.34 

± 0.12 over the dehydration period. Fig. 2.3b shows a positive correlation (R2 = 0.95, p < 0.001) 

between calculated water volume fraction (Lorentz-Lorenz) and independently measured water 

weight fractions (weight loss). This validates the assumption of skin as a biphasic mixture and 

indicates that the Lorentz-Lorenz equation can be utilized for dynamic water content calculation. 
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Fig. 2.3: a) Ex vivo porcine skin sample thickness and refractive index during air 

immersion. b) Ex vivo porcine skin water content, calculated from either the 

Lorentz-Lorenz equation (circles) or from weight loss measurements (triangles) 

during air immersion. Error bars denote 1 standard deviation.  

a)	  

b)	  
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Table 2.1: Ex vivo porcine skin results for air immersion and mechanical 

compression. Errors are ± 1 SD. 

    

Air Immersion Mechanical Compression 
Before After Before After 

Thickness 
1700±140 
mm 680±220 mm 1300±100 mm 540±150 mm 

Strain - -0.598±0.096 - -0.585±0.083 

Refractive Index 1.36±0.02 1.49±0.03 1.39±0.02 1.5±0.05 

Water Volume Fraction 0.68±0.09 0.35±0.12 0.66±0.02 0.20±0.05 
Water Weight Fraction 0.57±0.01 0.37±0.01 - - 

  
 

 

 

Fig. 2.4: Ex vivo porcine skin thickness, refractive index and water volume 

fraction during mechanical compression. 

 

Mechanically compressed ex vivo skin specimens underwent thickness reduction from 1300 ± 

100 µm to 540 ± 150 µm, an effective strain of -58.5% ± -8.3%. Fig. 2.4 shows refractive index 

and water content versus compressive displacement. During the initial 150 µm of pin 

displacement, the pin had not yet made contact with skin; therefore thickness and refractive 

index remained unchanged.  Tissue refractive index was 1.39 ± 0.02 initially and contained about 

66% water. Compression to the maximum displacement increased skin refractive index to 1.50 ± 

0.05 and correspondingly decreased water content to 20% water volume fraction.  
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2.4.2 In Vivo Human Skin Stratum Corneum Thickness and Light Intensity During 

Mechanical Compression  

In vivo human skin compression resulted in OCT light intensity enhancement within the dermis. 

Fig. 2.5 shows representative OCT images of one anatomical site (fingertip) before and after 1 

minute of compression.  Fig. 2.6 shows the averaged A-scan signal intensities versus optical 

depth for all four anatomical sites pre- and post- compression. The first two significant peaks in 

the A-scan represent the skin surface and the SC-epidermal junction. The difference between 

these two optical depths provides the SC optical thickness. To convert this optical thickness to a 

physical thickness, the refractive index of the tissue was assumed to be equal to 1.5. While this 

value is unlikely to be valid for the bulk tissue, using a fixed value allows comparison between 

different samples. At sites where the skin is thick, such as the palm or fingertips, OCT images 

provided sufficient contrast to distinguish the SC from the papillary dermis.  

Table 2.2 summarizes results from in vivo human skin compression experiments. SC thickness 

in the fingertip (optical thickness = 220 ± 60 µm) reduced by about 50% due to compression. We 

observed increased OCT backreflectance in the papillary dermis. Additionally, the dermis was 

visible in post-compression images with the average light intensity in that region increasing by 

1.5 dB at 1 mm depth. In the palm (optical thickness = 210 ± 130 µm), mild enhancement of the 

light backscattering profile was observed in the dermis with OCT signal intensity increasing by 1 

dB at 1 mm depth.  

In the ventral forearm, the SC thickness (optical thickness = 40 ± 10 µm) reduced by about 

50%, and the average OCT light intensity by about 1 dB. However, in the dorsal hand (optical 

thickness 40 ± 10 µm) compression reduced SC thickness by only 25% and only increased the 

signal intensity by 0.5 dB. The comparatively small reduction in SC thickness in the dorsal hand 

and the ventral forearm may be due to the fact that the SC is thinner in these anatomical 

locations. Also, each anatomical site has a different skin surface morphology, meaning the SC 

structure varies between these sites and may have a different mechanical response. 
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Fig. 2.5: Representative OCT images and analysis of a human fingertip a) before 

and b) after compression. White arrows denote the stratum corneum. 

 

 

Fig. 2.6: a-d) Average A-scan profiles for each of the anatomical regions studied. 

Solid lines denote profiles before compression, while dashed lines denote post-

compression profiles. The averaged A-scan profiles of ventral forearm, dorsal 

hand, palm and finger before (solid) and after compression (dashed). Black 

arrows denote increased signal intensity. 
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Table 2.2: In vivo human skin measurements 
  
  

Ventral 
Forearm Dorsal Hand Palm Finger 

SC 
Thickness 
(Optical) 

Pre-Compression 
(µm) 40 ± 10  40±10 210±130 220±60 

  
Post-Compression 
(µm) 20 ± 10 30±10 150±50 110±60 

Increased OCT intensity at 1 mm 
optical depth (dB) 0.8 ± 0.2 0.5 ± 0.2 1.1 ± 0.5 1.5 ± 0.8 

 

2.5 Discussion 

The data from Table 2.1 illustrates that for similar effective tissue strain, air dehydration and 

mechanical compression produce similar changes in refractive index and water volume fraction. 

This suggests that mechanical compression may cause local water removal within compressed 

regions of skin specimens. This water may then be transported laterally along interstitial pressure 

gradients, increasing local protein concentration. Results indicate that mechanical compression 

results in higher OCT signal intensity and thus better imaging capability. If mechanical 

compression expulses water from the compressed region, the intrinsic tissue optical properties of 

that region must be change during compression. For a biphasic mixture of water and protein, the 

bulk absorption coefficient of the tissue, µa,skin, may be estimated from a linear rule of mixtures 

[35]: 

µa,skin = !water !µa,water + (1"!water )!µa,protein  (6) 

 

 

where is the absorption coefficient of water and µa,protein  is the absorption 

coefficient of protein. At 1310 nm, µa,water = 1.2 cm-1 [36] and µa,protein =  0.25 cm-1 [37]. If 

the water volume fraction is 0.70, then µa,skin = 0.95 cm-1. If the volume fraction were reduced to 

0.20 (as seen in our compression results) then µa,skin =0.44 cm-1, a 54% reduction in absorption. 
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This effect is particularly strong at 1310 nm because water has a high absorption peak at 1450 

nm [38]. 

Mechanical compression shows strong potential to improve laser therapy and optical diagnostics 

in turbid tissues. Its ability to noninvasively improve OCT backreflectance intensity within the 

epidermis can be utilized to create devices for clinical diagnostic and therapeutic applications 

such as detection of epithelial cancers or laser-based thermal therapies.  Skin cancers such as 

melanoma, basal cell carcinoma, and squamous cell carcinoma often originate from abnormal 

cells located at 1-2 mm beneath the skin surface. Increased optical fluence deeper in tissue due to 

mechanical compression may increase imaging depth in OCT, potentially enabling detection of 

such carcinomas. Mechanical compression could also be used for selective destruction of 

carcinomas or cosmetic defects in or beneath skin such as unwanted fat, hair, or wrinkles. Such 

compression devices could be integrated with laser delivery systems to improve laser therapies. 

These devices may also be incorporated into endoscopic tools to enhance internal diagnostics 

and laser therapeutics. 

 

2.6 Conclusion 

Localized mechanical compression of skin decreases tissue thickness and water content and 

increases refractive index and OCT signal intensity. Compression produces similar changes in 

skin thickness and optical response as compared with dehydration via air immersion. 

Compression likely induces water transport away from tissue regions of high compressive stress, 

thereby decreasing local water volume fraction, increasing the volume fraction of proteinaceous 

structures. This leads to increases in refractive index of the compressed region. Mechanical 

loading may also decrease absorption and scattering in the compressed region, particularly at 

1310 nm, near the 1450 nm absorption peak of water. This decreased scattering and absorption 

will increase penetration depth and light intensity in the deeper regions of a target tissue. 

Mechanical compression has the potential to enhance light delivery for emerging optical imaging 

and therapeutic applications. 
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3.1 Abstract 

Background and Objective: Regenerative medicine involves the bioengineering of a functional 

tissue or organ by seeding living cells on a biodegradable scaffold cultured in a bioreactor. A 

major barrier to creating functional tissues, however, has been the inability to monitor the 

dynamic and complex process of scaffold maturation in real time, making control and 

optimization extremely difficult. Current methods to assess maturation of bioengineered 

constructs, such as histology or organ bath physiology, are sample-destructive.  Optical 

coherence tomography (OCT) has recently emerged as a key modality for structural assessment 
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of native blood vessels as well as engineered vessel mimics. The objective of this study is to 

monitor and assess in real time the development of bioengineered blood vessels using a novel 

approach of combining both free-space and catheter-based OCT imaging in a new quartz-walled 

bioreactor. Development of the blood vessel was characterized by changes in thickness and 

scattering coefficient over a 30-day period. 

Materials and Methods: We constructed a novel blood vessel bioreactor utilizing a rotating 

cylindrical quartz cuvette permitting free-space OCT imaging of the vessel’s outer surface. A 

vascular endoscopic OCT catheter was used to image the lumen of the vessels. The quartz 

cuvette permits 360 degree, free-space OCT imaging of the blood vessel. Bioengineered blood 

vessels were fabricated using biodegradable polymers (15% PCL/collagen, ~300 µm thick) and 

seeded with CH3 10t1/2 mesenchymal stem cells. A swept-source OCT imaging system 

comprised of a 20 kHz tunable laser (Santec HSL2000) with 1300 nm central wavelength and 

110nm FWHM bandwidth was used to assess the vessels. OCT images were obtained at days 1, 

4, 7, 14, 21 and 30. Free-space OCT images were co-registered with endoscopic OCT images to 

determine the vessel wall thickness. DAPI-stained histological sections, acquired at same time 

point, were evaluated to quantify wall thickness and cellular infiltration. Non-linear curve fitting 

of free-space OCT data to the extended Huygen-Fresnel model was performed to determine 

optical scattering properties.   

Results: The vessel wall thickness increased from 435±15 µm to 610±27 µm and the scattering 

coefficient increased from 3.73±0.32cm-1 to 5.74±0.06cm-1 over 30 days. Histological studies 

showed cell migration from the scaffold surface toward the lumen and cell proliferation over the 

same time course. The imaging procedure did not have any significant impact on scaffold 

dimensions, cell migration, or cellular proliferation. 

Conclusions: This study suggests that combination of free-space and catheter based OCT for 

blood vessel imaging provides accurate structural information of the developing blood vessel. In 

this study, we determined that free-space OCT images could be co-registered with catheter-

based OCT images to monitor structural features such as wall thickness or delamination of the 

developing tissue-engineered blood vessel within a bioreactor. Structural parameters and optical 

properties obtained from OCT imaging correlate with histological sections of the blood vessel 
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and could potentially be used as markers to non-invasively and non-destructively assess 

regeneration of engineered tissues in real time.  

 

3.2 Introduction  

Cardiovascular disease is a leading cause of morbidity and mortality worldwide, according to the 

World Health Organization [1]. Atherosclerosis, one of the most severe forms of vascular 

disease, involves the narrowing of the vessel lumen due to plaque buildup. In its advanced 

stages, atherosclerosis of the coronary artery may cause myocardial infarction. This vascular 

condition is commonly treated with a coronary artery bypass graft, in which a healthy native 

blood vessel from the patient’s own body (saphenous vein or brachial artery) is used to create a 

bypass around the atherosclerotic region. However, harvesting healthy blood vessels is less than 

desirable and in some cases not possible due to concomitant disease or previous use [2]. 

Additionally, graft vessels with smaller diameters (typically <5mm) are also subject to high 

blood flow and therefore pose the risk of failure through thrombosis or intimal hyperplasia [3].  

Vascular tissue engineering has emerged as a potentially superior approach for bypass grafting 

and replacement of damaged or diseased blood vessels. Bioengineering of vascular grafts 

involves fabrication of biocompatible and biodegradable vessels from synthetic or natural 

materials and subsequent seeding with vascular cells [4]. However, despite the demonstrated 

ability to “manufacture” histocompatible blood vessels [5-7] and other tissue/organs [8,9], 

regenerative medicine faces some key challenges. In particular, the complex dynamic biological 

process of tissue regeneration typically cannot be monitored in real-time, which makes control 

and optimization of vessel development extremely difficult. Histology, the gold standard used for 

assessment of tissue structure and composition, is a static technique that only provides a 

“snapshot” of the specimen at a single time point and requires destruction of the specimen. This 

inefficiency severely limits our understanding of the biological processes associated with tissue 

growth during the in vitro pre-conditioning phase.  

Optical coherence tomography (OCT) enables imaging of cross-sectional structures in biological 

tissues by measuring the echo time delay of backreflected light. This imaging modality has 

recently been utilized in imaging native physiological and pathological blood vessels [10,11] as 
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well as in imaging of bioengineered blood vessel mimics [12] because of the high resolution 

OCT offers. Bonnema et al. [12] successfully achieved full thickness imaging of blood vessel 

mimics using a catheter-based system, however, for scaffolds made of highly scattering material 

or those with greater wall thickness, the catheter based imaging system may not be sufficient to 

obtain full thickness imaging. In this paper, we describe a combination approach of catheter 

based and free space OCT to obtain full thickness imaging of tissue-engineered blood vessels 

(TEBV).   

Electrospun scaffolds made from a composite of poly (ε-caprolactone) (PCL) and type I collagen 

have been shown to be suitable for developing TEBVs for implantation in animal models 

[13,14]. However due to the optical turbidity of PCL-collagen scaffolds, neither free-space OCT 

imaging nor catheter-based OCT imaging was able to independently image the full thickness of 

the scaffolds. In this study, we developed a novel bioreactor that provides an imaging window 

for exterior imaging of the TEBVs using free-space OCT imaging as well as the capability for 

endoscopic imaging using catheter-based OCT. Co-registration of the exterior OCT images with 

catheter-based OCT images provided full thickness imaging of the vessel within the bioreactor 

over 30 days.  OCT images were analyzed in order to calculate the optical scattering coefficient 

of the TEBVs over the same time period. Histological sections of identically cultured TEBV 

specimens were analyzed for cell migration/proliferation and for wall thickness measurements.  
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3.3 Materials and Methods 

TEBVs were developed using PCL/Collagen-based scaffolds seeded with multipotent stem cells. 

The scaffolds were placed in a novel quartz-walled bioreactor that provides a clear imaging 

window for free-space OCT imaging of the developing TEBVs. A custom-built swept-source 

OCT system, described previously [15], was used for imaging of tissue-engineered blood vessels 

within the bioreactor. LabVIEW® and MATLAB®-based algorithms were developed for image 

acquisition and post-processing for image remapping and 3D rendering. The vessel exteriors 

were imaged using free-space OCT while the catheter-based OCT provided luminal images. 

Separate 3D models created after free-space and luminal imaging were co-registered using 

specific landmarks created on the vessel holders in the bioreactors. Geometrical and optical 

properties of the TEBVs were measured at various time points over 30 days.   

 

3.3.1 Tissue-Engineered Blood Vessels:   

Bioengineered blood vessel scaffolds were fabricated from a composite of poly (ε-caprolactone) 

(PCL) and type I collagen. Vascular scaffolds made of this material have mechanical properties 

similar to those of native blood vessels [16] and have been shown to be suitable for developing 

TEBVs for implantation in animal models [13,14]. Scaffolds were fabricated from a blended 

solution, composed of PCL and collagen with a weight ratio of 1:1 in 1,1,1,3,3,3-hexafluoro-2-

propanol (HFP) with a concentration of 15 % w/v. Electrospinning was conducted using a typical 

system, including a high voltage power supply (Spellman High Voltage, Hauppauge, NY), a 

syringe pump (Medfusion 2001, Medex, Inc., Carlsbad, CA) and a rotating mandrel (Custom 

Design & Fabrication, Richmond, VA - 4.8 mm diameter and 12.5 mm length) with a rotating 

rate of approximately 1000 rpm. The flow rate of solution, the applied voltage, and the distance 

between needle tip and mandrel were set to 10.0mL/h, 25kV, and 30cm respectively. Electrospun 

scaffolds were cross-linked by placing them in a 2.5% glutaraldehyde (GA) solution for 6 hours 

at room temperature. Afterwards, the cross-linked scaffolds were rinsed with DI-water to remove 

the residual GA, and dried through lyophilization.    

Three such scaffolds (length = 3cm, OD = 5mm, wall thickness = 200-300 mm) were first 

individually mounted on a thin fluorinated ethylene propylene (FEP) tube (OD = 3mm), where 
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both ends were then glued to the outer surface of the FEP tube using medical-grade silicone 

adhesive (Silastic® medical adhesive type A, Dow Corning Corp., Midland, MI) (Fig. 1). This 

configuration ensured that the scaffold lumen remained patent during imaging experiments and 

guaranteed that the cells were seeded only on the abluminal wall of the scaffold. This structure 

was sterilized using 70% ethanol and washed with sterile PBS. CH3 10t1/2 pluripotent 

mesenchymal cells (American Type Culture Collection – ATCC) were then seeded on the outer 

surface of the scaffolds at a cellular density of 500,000 cells/mL. A small segment (~1 cm) of 

silicone tube (ID=3.5mm, wall thickness=0.8mm) was used to create a bridge between the 

dispensing needle and the FEP tube, as demonstrated in the schematic (Fig. 3.1). In addition to 

these three TEBVs, one cellularized control TEBV was cultured separately for histological 

evaluation on days 4, 7, 14, 21 and 30, and one non-cellularized scaffold was maintained in 

media for the duration of the study and was imaged along with the cellularized TEBVs.  

 

 

Fig. 3.1: Schematic of the PCL-Collagen scaffold mounted within the bioreactor. 

The FEP tube provides mechanical support for the scaffold and ensures its 

patency. Silicone tubes link the TEBV with the dispensing needles of the 

bioreactor. 
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3.3.2 Bioreactor Design:  

The development of a multi-imaging modality to study the growth of bioengineered blood 

vessels requires a bioreactor suitable for OCT imaging of the vessel, in addition to providing a 

biologically active and sterile culture environment. 

 

Fig. 3.2: (a) Schematic of the rotating blood vessel bioreactor for free-space and 

catheter-based OCT imaging.  (b) Image of a bioreactor with developing TEBV 

under static media flow. Bearing allow for bioreactor rotation when connected to 

a stepper motor. 

 

OCT imaging of a blood vessel in free-space requires an imaging window on the bioreactor. Fig. 

3.2a shows the schematic of the bioreactor. A cylindrical quartz cuvette (length=6cm, ID=1cm, 

wall thickness=1mm) served as an imaging window and formed the main chamber of the 
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bioreactor. Sterilizable rubber stoppers were used to seal both the ends of the cuvette. A single 

hole was bored through each stopper to insert a large-bore 9-guage stainless steel dispensing 

needle (6710A15, McMaster-Carr, Princeton, NJ) into the cuvette. The dispensing needles 

function as media inflow ports and were also used to mechanically support the TEBV inside the 

bioreactor such that the vessel will be held in the center of the cuvette. Additionally, a 20-gauge 

type 304 dispensing needle (75165A756, McMaster-Carr, Princeton, NJ) was inserted through 

each of the stoppers for connecting sterile syringe filters (09-719A, Fisherbrand). The scaffold 

assembly was linked to the dispensing needle tips using small segments of sterilized silicone 

tube. The bioreactor was mounted on two PTFE sleeve bearings (2685T16, McMaster-Carr, 

Atlanta, GA) and rotated at the desired speed and angular positions using a high-precision 

stepper motor (T21NRLH-LDN-NS-00, National Instruments, Austin, TX). Upon mounting the 

TEBV inside the bioreactor, the chamber was filled with growth media (Gibco DMEM/F:12 with 

10% FBS and 1% PS) through the media inflow ports, which are then closed using 3-way 

stopcocks. Media within the bioreactor was maintained under static conditions and was replaced 

fully every 3 days. The bioreactor was placed in an incubator throughout the duration of the 

study.  

 

3.3.3 Swept-Source OCT: 

A high-speed custom-built swept-source OCT (SS-OCT) engine was used for both free-space 

and catheter-based OCT imaging. The engine is comprised of a swept laser source (HSL-2000, 

Santec Corp., Hackensack, NJ) that provides ~110nm scan range around 1300 nm central 

wavelength at a scan rate of 20 kHz. This system offers an axial (in-depth) resolution of ~13 µm 

in air. Mach-Zehnder Interferometer (MZI) was used to provide k-space clock signal. The 

interferometric OCT signal and k-clock signal were detected using balanced amplified 

photodetectors (PDB120C Thorlabs, Newton, NJ), and acquired using dual-channel data 

acquisition card (ATS9462, Alazar Technologies, Inc., Canada). Custom applications were 

developed in LabVIEW® for real-time data acquisition and processing.  
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3.3.4 OCT Image Acquisition:  

In order to non-destructively capture the full thickness of the TEBVs, these constructs were 

imaged within the bioreactor using free-space OCT as well as catheter-based OCT. TEBVs were 

imaged prior to cell-seeding and then on days 1, 4, 7, 14, 21 and 30. During free-space imaging, 

a collimated OCT beam was focused on the TEBV surface using a plano-convex lens (f=35 mm, 

C254-035-C-ML, Thorlabs, Newton, NJ). The beam diameter at the focus was calculated to be 

25 µm. The beam quality and its focal spot size may alter since it travels through the quartz-wall 

of the bioreactor. However, this effect can be considered insignificant, given the small thickness 

(1mm) of the quartz cuvette wall. The bioreactor was linked to a stepper motor (T21NRLH-

LDN-NS-00, National Instruments) and was rotated with respect to a laterally moving (along the 

cylindrical axis of the TEBV) point source, resulting in spiral scanning of the TEBV from 

outside. Typically, 160,000 A-scans were acquired helically per vessel segment of 1000 µm. 

Each B-scan, comprising 4000 A-scans representing one 2D cross-section of the vessel, offered 

an angular resolution of 0.09° (arc length ~40µm on the vessel surface). 40 slices were acquired 

over an axial length of 1000 µm offering 25µm lateral resolution, matching the beam spot size. 

3D models created by stacking 2D cross-sectional OCT images have a voxel size of 

25µmX25µmX13µm.  

During catheter-based luminal imaging of TEBVs, a research-grade commercial intravascular 

OCT imaging catheter (OD=1.03mm, fluoropolymer sheath, FC/APC connector) was added to 

the sample arm of the OCT system. The GRIN lens at the catheter tip offers approximately 30µm 

beam diameter at 1 mm working distance. An additional optical fiber was added to the reference 

arm for path-matching. The bioreactor was placed on a linear translation stage (Newport 

UTM100CC.1, Newport Corp.) for luminal imaging. The distal end of the catheter was first 

thoroughly cleaned with ethanol and then inserted into the lumen of the TEBV through one of 

the media inflow ports. The proximal end of the catheter was connected to the OCT system 

sample arm using a fiber-optic rotary joint (FORJ, MJP-131-28-FA, Princetel, Inc. Hamilton NJ 

08619). The catheter rotates inside the lumen of the TEBV, while the bioreactor is translated 

laterally using linear translation stage, resulting in spiral luminal scanning of the TEBV.   

Scanning parameters for catheter-based imaging were chosen to match those of the free-space 

imaging. Thus, the scans acquired by the catheter have 25µm lateral resolution and the 3D 
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models generated using catheter-based 2D scans have approximately the same resolution and 

voxel size as that of free-space imaging.  For catheter-based OCT imaging, a reference image 

was acquired at each time point to record the baseline, which was then removed from each 

catheter-based OCT image of the TEBVs using background subtraction.  

Segments of the TEBV were scanned in a spiral pattern and the data was further processed and 

transformed into polar coordinates to produce a series of 2D cross-sectional OCT images. The 

image acquisition and processing codes were written in LabVIEW® (National Instruments 

Corp., Austin, TX).  

Since a TEBV is radially scanned from the exterior in free-space imaging and from the lumen 

during catheter-based imaging, the image voxel size will vary throughout the TEBV wall 

thickness differently for both techniques. However, given the small thickness of the vessel, this 

effect can be considered negligible.    

 

3.3.5 Co-registration of Free-Space and Catheter-Based OCT:  

Both free-space and catheter-based imaging techniques scan the TEBV and its supporting 

structures in a spiral pattern. Acquired data was further processed and transformed into polar 

coordinates to produce a series of 2D cross-sectional OCT images. The image acquisition and 

processing codes were written in LabVIEW® (National Instruments Corp., Austin, TX). Such 

scanning generated a series of 2D cross-sectional images, which were then stacked to generate 

3D models. Exterior and interior imaging modes each created their own 3D models, which were 

then manually co-registered with an operator’s guidance using a commercial 3D analysis 

software (AMIRA®, Visualization Sciences Group, Burlington, MA). Longitudinal co-

registration was performed using the supporting structures such as the FEP tube, and silicone 

tube as landmarks. Due to the low scattering of these structures, both their external and luminal 

surfaces were clearly visible in each model. Similarly, the medical adhesive, used to glue the 

scaffold to the FEP tube was also low scattering and visible in both models. The patterns formed 

by the adhesive during curing were used for rotational co-registration. One of the models was 

maintained stationary, and the second model was translated and rotated along X, Y and Z axes, 

while maintaining the model dimensions. The 3D structure obtained from co-registration is a full 
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thickness model of the imaged TEBV, which is then used to obtain 2D cross-sections of the 

TEBV. 

 

3.3.6 Measurement of TEBV Wall Thickness:  

Five approximately equidistant 2D cross-sectional slices were chosen from each co-registered 

3D TEBV model for thickness measurement (Fig. 3.3a). Within each slice, the wall thickness 

was assessed at ten approximately equidistant sites along the circumference of the section, as 

shown in Fig. 3.3b. The average of the thickness values calculated at these ten sites represented 

the mean thickness of an individual slice. The overall average wall thickness of each TEBV at 

any time point was determined by averaging the thickness measurements of the selected five 

slices along the length of the scaffold. 
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Fig. 3.3: Schematic representation of TEBV wall thickness measurement 

protocol. (a) Five approximately equidistant slices are selected for measurement. 

(b) Further, ten approximately equidistant sites are used to measure wall 

thickness. 

 

3.3.7 Measurement of TEBV Scattering Coefficient:  

Thrane et al. [17] developed a model that analyzes the heterodyne OCT signal as a function of 

axial depth. This model accounts for multiple scattering effects based on the extended Huygen-

Fresnel principle (EHF) [18], and thus the depth profile of OCT is a function of scattering 

coefficient, µs, and anisotropy factor, g, of the specimen. Five approximately equidistant 2D 

cross-sectional slices of the TEBV were chosen randomly and all 4000 A-scans were averaged 

within each slice to obtain an average A-scan profile. A non-linear curve-fitting algorithm 
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implemented in MATLAB® was used to fit this profile data to the model in order to extract µs 

for each slice.  

After sacrificing the TEBVs at day 30, their reflectance and transmittance values were measured 

at 1310nm using Cary 5000 spectrometer (Agilent Technologies, Santa Clara, CA) coupled with 

an integrating sphere (Lab-Sphere, North Sutton, NH). The scattering coefficient was calculated 

using the inverse adding-doubling method developed by Prahl [19], and was used to validate the 

µs values obtained using OCT imaging at day 30.  

 

3.3.8 Histology:  

As a comparison to OCT-based imaging results, histological analysis of the TEBV was used to 

evaluate cellular infiltration within the scaffold, cell proliferation, and wall thickness. A small 

segment of the cellularized control TEBV cultured separately was sectioned for histological 

evaluation on days 4, 7, 14, 21 and 30. After embedding the scaffolds in the optimal cutting 

temperature compound (O.C.T. compound, Tissue-Tek), 13 µm thick histological cross sections 

were cut with a Microm HM 550 cryostat (Microm, Waldorf, Germany) and stained with DAPI 

(Vector Laboratories, Burlingame, CA) to visualize cell nuclei [20]. A Leica MI6000-B 

microscope (Leica, Wetzlar, Germany) with 10X objective was used to obtain both polarized 

bright-field and fluorescent images of the scaffolds. The brightness, gain, and exposure were 

held constant for all images. Histological images were used to perform thickness measurements 

for comparing with OCT-based thickness results. 

 

3.3.9 Quantification of Cell Migration and Proliferation:  

A MATLAB® program was written to quantify cell migration and cellular proliferation using 

DAPI-stained histological sections. The program prompts the evaluator to select multiple points 

along the abluminal surface of the scaffold in each image, followed by another prompt to select 

each cell nucleus. The program counts the number of cells based on the number of nuclei 

selected by the evaluator. Further, the program also calculates the distance of each cell nucleus 
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from the scaffold abluminal surface. Four-bin histograms of cellular distance were plotted to 

assess cell migration towards the TEBV lumen over the 30-day culture period.  

 

3.3.10 Determining the Effects of Imaging Procedure:  

The OCT imaging procedure subjected the TEBVs to stressors such as rotation of the scaffolds, 

exposure to lower temperature, as well as insertion of the OCT catheter into the bioreactor for a 

short duration. Additional experiments involving two groups of three TEBVs each were 

performed to assess the effects of the imaging procedure on scaffold thickness, cell migration 

and cellular proliferation. All TEBVs were prepared in the same way as described earlier. The 

vessels from the first group were imaged (OCT-imaged TEBVs) using OCT at the same time 

points, i.e. days 1, 4, 7, 14, 21 and 30, while those from the second group were never imaged 

(non-imaged TEBVs), but experienced the same culture conditions as the first group. TEBVs 

from both groups were sacrificed on day 30 for histological evaluation. Wall thickness, cell 

migration and cellular proliferation were quantified using histological images of TEBVs from 

both groups. 

 

3.3.11 Statistical Analysis:  

Different statistical tools were used to analyze the results obtained in this study. One-way 

Analysis of Variance (ANOVA) test, which compares the means of two or more sample 

populations, was used to assess the spatial consistency of wall thickness measured at five 

approximately equidistant slices along the length of a TEBV at each time point. p<0.05 would 

indicate that the thickness may have spatial variability.  

Scattering coefficient was assessed at five longitudinal points along the length of the TEBV. 

Coefficient of variation (CV), defined as the ratio of the standard deviation to the mean, was 

used to determine spatial variability of scattering coefficient measured at five approximately 

equidistant slices along the length of a TEBV at each time point. CV≤15% would suggest that 

the scattering coefficient of the TEBV is spatially consistent.  
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Student’s t-test was used to test the hypothesis that the TEBV wall thickness and scattering 

coefficient remains constant over the period of study. A p-value less than 0.05 was considered 

significant.  

Kolmogorov-Smirnov test was used to compare cell migration histograms of non-imaged vs. 

OCT-imaged TEBVs at day 30. 

 

3.4 Results 

3.4.1 OCT Imaging:  

TEBVs were imaged prior to their cellularization, and then on day 1, 4, 7, 14, 21 and 30. 

Structures supporting the scaffolds, such as the dispensing needles and polymer tubes, were 

visible in the OCT images and were used for co-registration of OCT images obtained from free-

space and catheter-based OCT. Fig. 3.4 shows co-registered cross-sectional images of the blood 

vessels during scaffold maturation from day 1 through 30. As seen in the image for Day 7, some 

scaffolds experienced delamination of the lumen layer.  
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Fig. 3.4: Representative cross-sectional co-registered OCT images of the TEBV 

at different time-points, using co-registered free-space and catheter-based images.   

Scale bars = 1 mm 

 

3.4.2 TEBV Wall Thickness:  

Using the co-registered free-space and catheter-based OCT images of the TEBVs, the wall 

thickness of each vessel was measured at each time point in the study. The average thickness of 

the developing TEBVs increased from day 1 (430±15µm) to day 30 (610±30µm), as shown in 

Fig. 3.5a. One-way ANOVA test (p>0.05) suggested that the average vessel thickness remained 

relatively constant along the length of each individual vessel at each time point. The thickness of 

the non-cellularized scaffold immersed in media for 30 days, however, did not increase 

significantly (Fig. 3.5b). 
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Fig. 3.5: Average wall thickness of the TEBV at different time points. (a) Mean 

wall thickness of individual cellularized TEBVs (n=10) increase over time, 

whereas (b) mean wall thickness (n=3) of non-cellularized scaffolds remain 

constant over time. * =p<0.05 when compared with Day 1. 

 

3.4.3 TEBV Scattering Coefficient:  

The scattering coefficient of the maturing TEBVs was calculated by non-linear curve fitting of 

the free-space-based OCT data to the EHF model. Scattering coefficients for all three TEBVs 

increased over time (µs=3.733±0.318 cm-1 on day 1 to µs=5.737±0.061 cm-1 on day 30), as 

shown in Fig. 3.6. Using the spectrometer method, the µs obtained from histological images of 

TEBVs sacrificed at day 30 was calculated as 5.61±0.4 cm-1.  This result validated our OCT-

based calculations. Change in µs between day 21 and day 30 appears to be insignificant. 

However, for all three TEBVs, CV<15% for scattering coefficient measurements suggested that 

the scattering coefficient at any time point remained consistent throughout the length of the 

vessel. 
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Fig. 3.6: Average scattering coefficient of the TEBVs increases over time, 

suggesting that the TEBVs become more scattering (n=3) in the first three weeks 

of culture after cell-seeding. *=p<0.01 when compared with day 1. 

 

3.4.4 Histological Assessment of Wall Thickness and Cell Migration:  

TEBV wall thickness and cellular infiltration were assessed by imaging DAPI-stained 

histological sections of the cellularized control TEBV. The images in Fig. 3.7a show cell nuclei 

superimposed over brightfield images of the scaffolds at each time point. Wall thickness values 

of the cellularized control TEBV (Fig. 3.7b) show a similar trend of thickness increase as 

observed in the three TEBVs using OCT. A comparison between the average TEBV wall 

thickness, measured using OCT and histology is plotted in Fig. 3.7c. Linear regression 

performed on the data showed a good correlation (R2=0.899). The cell proliferation assessment 

showed that the cell count, averaged over 10 sections, increased substantially from 19.2±2.9 cells 

per section on day 4 to 123.6±18.6 cells per section on day 30 (Fig. 3.7d). Cell migration 

histograms (Fig. 3.7e) quantified the movement of cells within the TEBVs and indicated that 

while the cells populated only the outer (abluminal) sections of the scaffold thickness at early 

time points, they proliferated and infiltrated the entire thickness of the scaffold toward the end of 

the study.  
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Fig. 3.7: (a) DAPI stained histology images of the tissue-engineered blood 

vessels. Faded background shows the scaffold structure while the red dots indicate 

the location of cell nuclei. (Scale bar = 250 µm). (b) Plot shows average wall 

thickness of the non-imaged TEBV using the DAPI-stained histology images. 

*=p<0.01 when compared with Day 4. (n=10 sections) (c) Comparison of TEBV 

average wall thickness at five timepoints between OCT-based and histology-

based methods. The error bars in histology-based thickness indicate standard 

deviation of the measurements across 10 sections and the error bars in OCT-based 

thickness indicate standard deviation of the measurements across 15 sites (5 slices 

X 3TEBVs). (d) Plot shows cellular proliferation in developing TEBVs over 30 

days.  (n=10 sections) (e) Histograms showing cellular migration pattern in 

developing TEBVs over 30 days. Bin 4 is closest to the lumen. (n=10 sections) 

 

3.4.5 Effects of OCT Imaging Procedure:  

Fig. 3.8a shows DAPI-stained histological images of non-imaged and OCT-imaged TEBVs at 

day 30. A cell migration histogram (Fig. 3.8b) shows that the cellular migration pattern was 

similar for both non-imaged and OCT-imaged vessels. A p-value of 0.2154 from the 

Kolmogorov-Smirnov test indicated that both histograms have similar distributions. The cell 

count for non-imaged and OCT-imaged TEBVs in Fig. 3.8c suggests that the stressors 

introduced by OCT imaging procedure had no significant effect on the cell proliferation within 

TEBVs. Similarly, no significant difference was observed between the wall thickness of non-

imaged and OCT-imaged TEBVs, when measured using histology (Fig. 3.8d). This data suggests 

that the TEBV wall thickness was not affected by the imaging procedure. Additionally, wall 

thickness of TEBVs was measured using OCT as well as histology on day 30. Fig. 8d shows that 

the histology-based measurements were approximately 20% smaller than the OCT-based 

measurements. This observation comparing thickness using OCT and histology is consistent with 

other studies reported in the literature [12]. 
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Fig. 3.8: (a) Representative DAPI-stained histological sections of non-imaged vs. 

OCT-imaged TEBVs. Red dots indicate cell nuclei within scaffold walls. (b) 4-

bin histogram of cellular distribution within non-imaged and OCT-imaged 

TEBVs at day 30. Bin 4 is closest to the lumen. (n=9 sections) (c) Cell 

proliferation plot shows no significant difference in cell count for non-imaged and 

OCT-imaged TEBVs at day 30. (p>0.5) (n-9 sections) (d) Plot shows no 

significant difference in histology-based wall thickness of non-imaged and OCT-

imaged TEBVs at day 30(p>0.5) (n=9 sections).  Additional comparison between 

wall thickness measurement of OCT-imaged TEBV using OCT and histology. 
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3.5 Discussion 

Endovascular OCT has found wide clinical applications including high-resolution imaging of 

vascular pathology as well as during interventional procedures such as stenting [10]. More 

recently, endovascular OCT has been utilized to study bioengineered blood vessel mimics. In 

this study we demonstrate a novel approach combining free space and catheter based OCT to 

image developing blood vessels within a bioreactor. Our results show that dual imaging of 

bioengineered blood vessels using both luminal (catheter based) and exterior (free space) 

approach can provide full-thickness imaging of the blood vessel. This study demonstrates that 

dynamic and non-destructive evaluation of bioengineered blood vessel structural and optical 

properties during development can be achieved using OCT.  

OCT-based quantitative data extracted in this study include wall thickness and scattering 

coefficient of the developing TEBV over a 30-day period. We observed that the OCT based 

thickness of the TEBVs increased steadily from (430±15µm) on day 1 to (590±10µm) on day 21. 

A similar trend was observed in thickness measurements obtained from histological analysis at 

the same time points. Consistent with reports from other groups, the histological thickness 

measurements were approximately 20% smaller than OCT based thickness, possibly due to 

scaffold dehydration during embedding and freezing. Additionally, the histological sections of 

also indicated that the seeded cells proliferated and migrated towards the lumen of the vessel, to 

occupy the full thickness of the scaffold by day 21. The observed increase in scaffold thickness 

may be due to cell proliferation and/or cell-mediated extracellular matrix (ECM) production. Ju 

et al. [21] recently showed that when the pore size of PCL-Collagen-based electrospun scaffolds 

is large enough, the cells could proliferate and infiltrate to the scaffold interior. They observed 

that when the bilayered scaffolds are seeded with smooth muscle cells, the cell migration and 

proliferation results in overall increase in scaffold thickness over a 28-day period. Proliferation 

and infiltration of the CH3 10t1/2 cells in our TEBVs over 30 days may have exhibited a similar 

phenomenon where the cells infiltrate the scaffold and possibly deposit collagen thereby 

increasing the scaffold thickness.   

While the OCT-based method of TEBV imaging demonstrated in this study allows for non-

destructive monitoring of developing vascular constructs, it is important to assess whether the 

imaging procedure influences the vessel maturation process. Histological examination of OCT-
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imaged TEBVs showed no significant difference in terms of their cell count (p>0.5), cell 

migration pattern (p>0.2) and scaffold wall thickness (p>0.5) at day 30; when compared with 

non-imaged TEBVs. This data suggests that the imaging procedure does not alter scaffold’s 

dimensions nor does it interfere with the migration and proliferation of smooth muscle cells.   

Signals obtained from free-space OCT imaging of the TEBVs were used to extract scattering 

coefficients at different times during development. Similar to the trend in scaffold thickness, 

scaffold scattering coefficient, µs, increased steadily over 21 days. The fact that scattering 

coefficient did not increase for the non-cellularized control scaffold suggests that cellularization 

and possible ECM deposition by the smooth muscle cells may be responsible for the changing µs. 

Previously, Levitz et al. [22] showed that the scattering coefficient of developing collagen gels 

increased with increase in cell density. However, minimal change in µs between days 21 and 30 

in our study appears in contrast with their results. The presence of PCL in the scaffold and 

synthesis of collagen by the CH3 10t1/2 cells may be the contributing factors to such incremental 

change. Analysis of histological segments show complete cellular infiltration of the scaffold by 

day 21 which could provide a possible explanation for the stabilization of  µs between day 21 and 

day 30. 

Although OCT offers high-resolution images of the blood vessel structure, it fails to provide 

information about the cell-cell and cell-scaffold interactions. Monitoring these interactions is 

also crucial to control the process of tissue-engineering of such vessels.  The ability to visualize 

these dynamic processes may enable us to more precisely control blood vessel development. The 

use of bioluminescent and fluorescent proteins as reporters, in particular, has enabled powerful 

and flexible strategies to monitor gene expression, protein interactions, and cellular behavior in 

real-time. Hofmann et al. [23] demonstrated the use of fluorescence molecular tomography 

(FMT) to monitor cell migration within the scaffold. OCT can be integrated with FMT for 

simultaneous structural and functional imaging of the development of tissue-engineered blood 

vessels. Further experiments will be performed to study the utility of OCT in simultaneous 

imaging with fluorescence.  

In summary, our results demonstrate that the combination of free space and OCT based imaging 

is an effective method to image and evaluate the geometrical and optical properties of developing 

TEBVs non-destructively. Vessel parameters such as the wall thickness and the scattering 
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coefficient can be used as effective markers to study blood vessel development using OCT. This 

technique not only offers the ability to non-destructively assess structural development of the 

growing constructs but also provides the opportunity for process optimization. Full thickness 

imaging of vascular constructs during development will allow timely elimination of structurally 

defective vessels such as those with polymer delamination or layer separation as these could 

cause mechanical failure upon implantation. Non-destructive imaging may also require fewer 

samples for each study, reducing the materials costs to prepare and culture bioengineered tissue. 

Further, with minimal modifications, this technique could be a valuable tool for OCT imaging 

and real-time evaluation of various other luminal constructs, such as tissue-engineered trachea 

[24] and colon [25]. 
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4.1 Abstract  

Regenerative medicine takes a novel approach of fabricating vascular grafts using 

biodegradable scaffolds and patient's native cells to aid in coronary artery bypass graft 

surgeries. Real-time monitoring of the development of bioengineered vascular grafts is critical to 

produce successful implantable conduits. Urgency in development of methods to non-

destructively monitor structural and functional growth of such vessels within a bioreactor is 

conspicuous by its absence such technology. Optical coherence tomography (OCT) provides 

high-resolution, depth-resolved, structural imaging of bioengineered vascular grafts, but is 

unable to capture cellular specificity. We designed an imaging system that uses intravascular 

OCT catheter for imaging of fluorescence-labeled endothelial cells and monitored the 

endothelialization of tubular biodegradable scaffold within a bioreactor over five days.  
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4.2 Introduction  

Cardiovascular disease is a leading cause of morbidity and mortality worldwide. Each year, more 

than 405,000 coronary artery bypass graft (CABG) procedures are performed in the US (CDC 

data). Segments of autologous vessels, such as saphenous veins or radial arteries, have been the 

standard for revascularization procedures [1]. However, vessel autografts are limited in supply 

and configuration, while grafts from unrelated human donors (allografts) and non-human sources 

(xenografts) are subject to strong immunogenic response [2-4]. Vascular grafts using 

biocompatible materials such as expanded polytetrafluoroethylene (ePTFE) or Dacron 

(polyethylene terephthalate fiber) are limited to large diameter (>6mm) bypass conduits, but they 

are generally unsatisfactory for small diameter grafts, due to the high frequency of thrombosis, 

stenosis, occlusion and infection [5,6]. Recent approaches to meet the demand for vascular grafts 

involve tissue-engineering blood vessels using scaffolds made from biodegradable materials, 

which are then seeded with healthy human cells to “grow” blood vessels. [2,7-9]. However, it is 

crucial to monitor the growth of such bioengineered vascular grafts, specifically those with small 

diameter (<6mm), in order to ensure their structural integrity and proper development 

dynamically. Current technology provides only limited means to assess the tissue development 

either in vitro or in vivo. Most available assessment methods are static, requiring the sacrifice at 

fixed time points of individual tissue constructs or experimental animals. Therefore, it is of great 

urgency to monitor the process of tissue regeneration non-invasively/non-destructively, in real-

time and at high resolution. 

Tissue-engineered vascular grafts are made from seeding smooth muscle cells (SMC) and 

endothelial cells (EC) on biodegradable scaffolds. Proliferation of SMCs results in formation of 

the vessel wall while that of the ECs contribute to establishment of the endothelium. Formation 

of a confluent monolayer of ECs is a hallmark of a functional vascular graft that mimics native 

blood vessel in its function. EC lining functions as a barrier between the blood vessel wall 

comprising smooth muscle cells and the blood that vessel carries. While only a monolayer of the 

ECs, this barrier forms an active antithrombotic surface and is crucial for regulating the flow of 

blood cells as well as biologically active molecules [10]. In addition to limiting the smooth 

muscle cell proliferation to avoid neointimal hyperplasia, the endothelium functions as a first 

responder to vessel wound by becoming procoagulant, vasoconstrictive, and proinflammatory 
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[11]. Therefore, it is important for a bioengineered vascular graft to have a confluent and mature 

monolayer of endothelial cell lining before it can be considered transplantable. Thus, monitoring 

the EC proliferation and formation of confluent monolayer is a vital part of creating a viable, 

implantable vascular graft.   

Optical coherence tomography is a light-based, high-resolution, non-invasive imaging modality 

that provides structural details of a specimen non-destructively. OCT can be used to monitor the 

development of a bioengineered vascular graft through high-resolution imaging as well as 

through extraction of its geometrical and optical properties, and thus can aid with improving the 

design of engineered tissues. We recently demonstrated the ability of OCT to image a developing 

tissue-engineered blood vessel within a bioreactor using either free-space OCT imaging or a 

vascular OCT endoscope [12]. We were able to monitor the progress of the vessel by observing 

changes in the structure and optical properties of the vessel. However, one of the major 

limitations of OCT is its inability to extract cellular and molecular signatures specifically and 

sensitively. Additionally, the monolayer of the endothelial cells (EC) forming the intima of blood 

vessels is very thin - typically <10 µm and is therefore unable to be resolved by the OCT.  

In addition to the ability of monitoring the structural and optical properties of the tissue-

engineered constructs, an imaging system with the ability to monitor dynamic processes such as 

cell proliferation, migration, and differentiation will greatly enhance our potential to oversee the 

progress of a tissue-engineered construct. In the present study, we demonstrated that the 

commercially available intravascular OCT catheter could be used for fluorescent tomography of 

bioengineered vascular grafts. We used the OCT catheter for visualizing distribution of 

endothelial cells seeded on the lumen of scaffolds made from biocompatible material, and 

monitored cellular proliferation leading to endothelialization of scaffold lumen over time. 

	  

4.3 Materials and Methods 

4.3.1 Scaffolds Fabrication:  

The scaffolds were fabricated by electrospinning bioabsorbable poly(D,L-lactide) (PDLLA) [13]. 

Electrospinning was conducted using a typical system, which includes a high voltage power 

supply (Spellman High Voltage, Hauppauge, NY), a syringe pump (Medfusion 2001, Medex, 
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Inc., Carlsbad, CA) and a rotating mandrel (Custom Design & Fabrication, Richmond, VA - 4.8 

mm diameter and 12.5 mm length) with a rotation rate of approximately 60 rpm. A 22% w/v 

PDLLA (Mw = 80,000 g/mol) (Sur Modics Pharmaceuticals) solution was prepared in a 3:1 ratio 

of tetrahydrofuran:dimethylformamide (Fisher Scientific) under gentle stirring for 4 hrs. A 5-mL 

syringe with an 18G blunt tip needle was filled with the solution and delivered at a flow rate of 5 

mL/h. A 16-kV voltage difference was applied between the needle tip and an aluminum mandrel. 

The distance between the needle and the mandrel was set at 15 cm. Electrospun scaffolds with an 

approximate thickness of 300 mm were fabricated and placed in a desiccator overnight to remove 

the residual solvent. 

4.3.2 Phantoms for imaging system validation:  

Green fluorescent microspheres (30 µm diameter) were used as fluorescent phantoms in order to 

validate the OCT-catheter-based fluorescence imaging system. The microspheres were stored in 

DI-water suspension. A few drops of such suspension were placed on a glass slide, which was 

then set on a hot plate at 40C for a few minutes. Evaporation of water due to heat ensured that 

the microspheres did not form lumps and were distributed uniformly on the slide. Microspheres 

were also embedded within the PDLLA scaffold wall to mimic cellularization of the scaffolds 

with ECs. A thin layer of PDLLA scaffold was spun on the mandrel, followed by approximately 

even placement of few drops of microsphere-DI water suspension before continuing the spinning 

process to form the scaffold with approximately 300µm wall thickness. Embedding the 

microspheres this way ensured that they are located close the lumen and do not get displaced 

when the lumen is filled with media. 

4.3.3 Cell Culture and Cell Seeding:  

A human dermal microvascular endothelial cell (EC) line (American Type Culture Collection, 

Manassas, VA, USA) between passages 32–35 was used for all experiments.  The ECs were 

maintained in an incubator at 37C, 5% CO2 and cultured in EGM-2 media (Lonza Biomedical, 

Walkersville, MD).  

For validation experiments, ECs were seeded on glass slides, as glass exhibits no 

autofluorescence and thus minimal background noise. The microscope glass slides were cut 

approximately 1” x 1” and were sterilized with 70% ethanol and washed with sterile PBS to 
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remove residual ethanol. The slides were then kept immersed in EGM-2 media for 24 hr to 

enhance cell adhesion. The cells were seeded on the slides at 8,000 cell/cm2 and the specimens 

were then individually stored in EGM-2 media in the incubator. A total of 9 such specimens 

were used for validation studies involving cells. Imaging of these specimens was performed on 

days 1, 3 and 5 post-seeding using 3 specimens at each time point. Additionally, three separate 

random sites were scanned on each specimen. Approximately similar regions were also scanned 

using the fluorescence microscope for control imaging, which were later matched with the 

remapped images resulting from our imaging system. The media was replaced every 24 hrs. 

PDLLA scaffolds were used for initial imaging experiments. Flat pieces of PDLLA scaffolds (1 

cm x 1 cm) were glued to microscope glass slides using medical adhesive adhesive (Silastic® 

medical adhesive type A, Dow Corning Corp., Midland, MI). After 24 hours of adhesive curing, 

the scaffolds were sterilized in 70% ethanol followed by 2 washes with sterile PBS to remove 

residual ethanol. Next, the scaffolds were allowed to immerse in EGM-2 media for 24 hrs to 

enhance adhesion of ECs. The cells were seeded on the scaffolds at 8,000 cell/cm2 and the 

specimens were then individually stored in EGM-2 media in the incubator. Three scaffolds were 

scanned at each time point such as at days 1,3 and 5 post-seeding to using our system to monitor 

endothelialization. Within each specimen, three random isolated regions were imaged. Control 

images of the same regions were also obtained with a fluorescence microscope. The media was 

replaced every 24 hrs. 

Tubular bioreactor described earlier [12] was used for EC imaging of tubular PDLLA scaffolds. 

Short segments (~1 cm) of thin fluorinated ethylene propylene (FEP) tube (OD = 3mm) were 

glued to the two ends of the PDLLA scaffolds using medical-grade silicone adhesive (Silastic® 

medical adhesive type A, Dow Corning Corp., Midland, MI). A small segment (~1 cm) of 

silicone tube (ID=3.5mm, wall thickness=0.8mm) was used to create a bridge between the 

dispensing needle and the FEP tube.  PDLLA scaffolds were sterilized and prepared for seeding 

in the same way as explained before. After 24 hr immersion in EGM-2 media, the tubular 

scaffolds were seeded with ECs. The cell solution was injected into the scaffold lumen and the 

scaffolds were rotated at 1 rpm along the cylindrical axis for even seeding of ECs along the 

lumen for 2 hrs. The scaffolds were then maintained immersed in media for 24 hrs and then 

mounted into the bioreactors. The bioreactors were filled with media, which was replaced once 
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every 24 hrs. Three such bioreactors were maintained over 5 days and were imaged at days 1, 3 

and 5 post-seeding. No control images were obtained for tubular scaffold imaging. 

 

4.3.4 Cell Staining:  

Calcein AM (CaAM) (C3100MP, Life Technologies Corp., Carlsbad, CA) is a non-toxic cell-

permeant nonfluorescent dye, which is converted to green-fluorescent calcein due to hydrolysis 

in live cells. Prior to imaging, the specimens seeded with ECs were first washed with phosphate 

buffered saline (PBS) to remove any dead cells. CaAM was reconstituted with DMSO and added 

to phenol-red-free media (2 µL per mL of media). Next, the specimens were incubated at 37C in 

media containing CaAM for 30 minutes.  The media containing dye was aspirated and the 

specimens were washed again with PBS two times and placed in EGM-2 media. 

 

4.3.5 Fluorescence Imaging with C7 DragonFly® OCT catheter:  

The schematic of the setup used for fluorescence imaging using the OCT catheter is shown in 

Fig. 4.1. The proximal end of the catheter was connected to the blue excitation laser source (473 

nm). The distal end, which includes the focusing optics is placed over the region of interest 

(ROI) with the excitation beam orthogonal to the surface of the specimen. In case of tubular 

scaffolds mounted inside the bioreactor, the catheter was inserted into the lumen through the 

three-way stopcock and was positioned over the ROI by looking at the beam. During imaging, 

the catheter delivers blue pump light and collects fluorescent emission (530nm), which passes 

through the dichroic mirror (DMLP505, Thorlabs, Inc.). GFP emission filter (MF525-39, 

Thorlabs Inc., Newton, NJ) was used to permit transmission of only green fluorescent spectrum 

while eliminating all other wavelengths including the excitation spectrum. A plano-convex lens 

(f=65 mm, Thorlabs, Newton, NJ) was used to focus the filtered emission light on the EMCCD 

camera (iXon Ultra 897, Andor Technoligies, Inc.). The acquired fluorescent emission intensities 

are mapped on a digital grid to generate two-dimensional (2D) distribution of fluorescent activity 

over the scanned area of the specimen.  The power of the excitation laser beam was measured at 

the input port of the endoscope as well as at the tip of the catheter. The light delivery efficiency 

was determined to be approximately 64%.  
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Fig. 4.1: Schematic of the setup used for fluorescence imaging using LightLab™ 

C7 DragonFly® OCT catheter. 

4.3.6 Image Acquisition and Remapping:  

The image acquisition methodology and remapping algorithm was based on that developed by 

Hofmann et al [14].  The procedure is explained graphically in Fig. 4.2. Briefly, the catheter 

scans the region of interest (ROI) of a specimen in a stepwise manner, laterally as well as 

longitudinally. The waist size of the excitation beam at the focal distance of the catheter tip was 

measured to be approximately 15 µm. The ROI is divided into a number of equidistant slices 

along the length of the catheter. Additionally, each slice is divided into number of equidistant 

steps laterally. Thus, each block represents a pixel in the 2-D map of the grid. At each step 

within each slice, the catheter delivers blue excitation light, and captures green fluorescence 

emission resulting from the fluorophore (Fig. 4.2a).  The catheter is rotated for lateral scanning at 

very small increments using a high-precision stepper motor (T21NRLH-LDN-NS-00, National 

Instruments). At the end of each slice scan, the specimen is translated away from the catheter tip 

by a distance equal to the slice thickness, using a linear translation stage (Newport 
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UTM100CC.1, Newport Corp.). The step size and the slice size are maintained equal to achieve 

square pixels. Typically, the catheter was rotated over 40 degrees in 180 steps within each slice, 

thus scanning a total arc length of approximately 700 µm with each step at 4 µm (Fig. 4.2b). The 

linear translation stage moves the specimen away from the catheter tip by 4 µm to set the slice 

thickness to be 4 µm and thus maintaining the pixel size to be approximately 4µm x 4µm.   For 

flat specimens, scanning of areas located further away from the longitudinal axis may result in 

slightly skewed pixels. However, this effect may be considered negligible for very small scan 

angles. The EMCCD camera captures a frame at each position of the catheter, during the 

acquisition process. Pixel intensities within each frame are summed to obtain a single 

fluorescence intensity value, which is then mapped onto a digital grid (Fig. 4.2c).  

 

Fig. 4.2: Schematic presentation of fluorescence image acquisition and intensity 

remapping methodology. (a) Shows the OCT catheter delivering blue excitation 

light to the fluorophores, such as microsphere or Calcein AM-stained ECs. The 

resulting fluorescence is captured by the catheter. (b) The ROI of the specimen is 

divided into certain number of slices, each ~4µm apart, and each slice is scanned 
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laterally over 40° in 180 steps. (c) Remapping pixel intensities thus acquired 

yields a two-dimensional distribution of fluorescence over the ROI of the scanned 

specimen. 

 

4.3.7 Quantification of Cell Coverage Area:  

Specimens such as glass slides or PDLLA scaffolds seeded with ECs were imaged on day 1, 3 

and 5 post-seeding using our imaging system. Area of the scanned portion of the specimen 

occupied by ECs was assessed to quantify endothelialization. A constant threshold was applied 

to all the images obtained and were then converted to binary images to measure the area 

occupied by cells. A MATLAB™ program was developed to process all the images for cell 

coverage area quantification. 

 

4.3.8 Statistical Analysis:  

The results were expressed as mean ± SD. Two-tailed Student’s t-test was used to test the 

difference in cell coverage area measurements obtained using control and remapped images. The 

difference was considered statistically significant when p<0.05. 

 

4.4 Results 

 

4.4.1 Fluorescence imaging using microspheres-based phantoms:  

A glass slide with sparse distribution of 30 µm diameter green microspheres was scanned using 

the OCT catheter-based fluorescence imaging system. Fig. 4.3a suggests that the remapped 

image obtained using our image remapping algorithm matches closely with the control image 

obtained using Leica fluorescence microscope. This result validated the image acquisition as 

well as image remapping algorithm. Additionally, the scanning parameters such as the step size 

and slice width produce the image that offers acceptable resolution. Imaging system and 

scanning parameters were also tested using a phantom created by embedding the 30 µm diameter 
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green microspheres within the PDLLA scaffold near the luminal surface. Scanning this phantom 

yielded a remapped image that was comparable to the control image obtained using Leica 

fluorescence microscope (Fig. 4.3b). The signal-to-noise (SNR) observed during imaging of 

microspheres was typically between 8 to 10. 

 

Fig. 4.3: Fluorescence imaging using microsphere-based phantoms. Imaging 

using Leica fluorescence microsphere (control) and using OCT catheter-based 

imaging system (remapped), of 30-µm green microspheres (a) on glass slide, and 

(b) within flat PDLLA scaffold. 

 

4.4.2 Imaging and Assessment of Glass Endothelialization:  

The ECs seeded on the glass slides were imaged at 3 different sites at each time point. The 

control images were obtained using the Leica fluorescence microscope (Leica DMI6000-B, 

Wetzlar, Germany). Remapped images in the panel (Fig. 4.4a) are comparable with those 

obtained using OCT-catheter-based fluorescence imaging system. Plot showing cell area 

coverage indicates that the cells occupied over 70% area by day 5 (Fig. 4.4b). No significant 

difference in area measurement was observed at any time point between control and remapped 

images. The SNR was observed to be between 3 to 4. 
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Fig. 4.4: Glass Endothelialization (a) shows control and remapped images of the 

ECs seeded on glass slide. (b) Plot shows increase in cell coverage area over 5 

days. No statistically significant difference was observed in area measurements 

assessed using control as well as remapped images (n=9). 

 

4.4.3 Imaging and Assessment of flat PDLLA Scaffold Endothelialization:  

Endothelialization of flat PDLLA scaffolds was monitored over 5 days using OCT-catheter-

based fluorescence imaging system (Fig. 4.5a). Control images of same scaffolds were obtained 

using Leica fluorescence microscope. Increase in EC coverage area was observed using both 

modalities. No statistically significant difference (p>0.1) in EC coverage area between control 

and remapped image based assessment was observed (Fig. 4.5b). The SNR achieved by the 
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OCT-catheter-based fluorescence imaging system with CaAM-stained ECs on the PDLLA 

scaffolds was approximately 2. 

 

Fig. 4.5: Endothelialization of flat PDLLA scaffolds (a) Panel shows control and 

remapped images of flat PDLLA endothelialization at days 1,3 and 5. (b) Plot 

shows increase in cell coverage area over 5 days. No statistically significant 

difference was observed in area measurements assessed using control as well as 

remapped images (n=9).    
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4.4.4 Imaging and Assessment of tubular PDLLA Scaffold Endothelialization:  

The endothelialization of the tubular scaffold was observed using OCT-catheter-based imaging 

system to image and assess the cell coverage area (Fig. 4.6a). Images acquired using the setup 

indicated that the cell coverage area increased from (15±3.86)% to (89±6.3)% over 5 days (Fig. 

4.6b).  

 

Fig. 4.6:  Endothelialization of tubular PDLLA scaffolds (a) Panel shows 

remapped images of endothelialization of tubular PDLLA maintained within 

bioreactors at days 1,3 and 5. (b) Plot shows increase in cell coverage area over 5 

days. (n=9). 
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4.5 Discussion 

 

4.5.1 Imaging Instrumentation: 

We developed a novel fluorescence imaging system using a commercial OCT catheter and 

demonstrated its utility to image endothelial cells and to monitor endothelialization of 

bioengineered vascular grafts at single-cell-level resolution. Phantom imaging using fluorescent 

microspheres confirmed the utility of OCT catheter for fluorescence imaging and validated the 

image remapping algorithm as well as scanning parameter. The signal intensity arising from 

CaAM-stained ECs fluorescence was observed to be about 4-6 times less than that from the 

microspheres. However, the staining provided sufficient contrast for the cells to be detected 

when seeded on glass as well as PDLLA scaffold. The step size and slice size was set to be 

approximately 4 µm, which is significantly less than the excitation beam spot size. However, 

while such small beam displacements increased the scan time, the system was able to achieve 

single-cell-level resolution. Additionally, as can be seen in Fig. 4.5 and 4.6, the features such as 

(cells forming mesh when close to each other) as the ECs approach confluence.  

 

4.5.2 Monitoring the endothelialization: 

The ECs seeded on flat PDLLA scaffolds were almost confluent on day 5, while those seeded on 

glass slides only occupied approximately 70% of the substrate area. This reduced proliferation of 

ECs on glass may be because the cells were unable to attach to the two-dimensional surface, and 

therefore possibly multiplied at lower rates. In contrast, PDLLA provided a three-dimensional 

surface and sufficient pore size for the ECs to attach, proliferate and migrate across the surface to 

form an almost confluent monolayer within 5 days (95% coverage based on remapped image). In 

the tubular PDLLA scaffolds however, the cell coverage area was observed to be only 90%. 

Tubular scaffolds were mounted in a tubular bioreactor and may have experienced different 

stresses during media replacement and CaAM staining procedures. These differences may have 

contributed to the slightly reduced proliferation rate observed in tubular scaffolds. 
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4.5.3 Comparison: 

Current methods to assess presence of ECs and degree of endothelialization are histology-based 

and are thus static and sample-destructive. Our microendoscopic approach introduces a 

commercially available OCT catheter to gain direct line-of-sight access to the developing lumen 

of the vascular graft and can monitor the cellular proliferation. Also, the insertion and removal of 

the OCT catheter during the imaging process did not seem to detach the seeded ECs by abrasion. 

Thus the procedure appears safe for EC proliferation and endothelialization. As our 

demonstrated technique is not sample-destructive, the progress of the same specimen can be 

monitored repeated over time and thus may require fewer samples for each study. This may 

reduce the materials costs to prepare and culture bioengineered tissue and since the same sample 

can be monitored over time, it eliminates the possibility of inter-sample variations and thus 

offers better process control.  

Recently, Whited et al [15] showed dynamic monitoring of endothelium development in a 

bioengineered vessel using a fiber-optic-based imaging system. However, their imaging 

technique relies on localized delivery of excitation light using micro-imaging channels (MIC), 

which are embedded within the scaffold used for developing the vessels. OCT-catheter-based 

imaging relies on direct line-of-sight approach and hence does not require a separate channel for 

delivery of excitation light. Delivery of excitation wavelength and collection of fluorescence is 

achieved with the same catheter.  

Novelty of this system is that the commercially available OCT catheter can be used for 

fluorescence-based functional imaging of the developing tissue-engineered constructs. The 

current setup allows the catheter to be used for one modality at a time. The catheter is connected 

to the fluorescence imaging optics discussed in this study for visualizing distribution of cells and 

for dynamic monitoring of endothelium. It can be connected to the OCT engine as described 

elsewhere [12], for anatomical imaging of the specimen.  However, with a custom-designed 

wavelength-division multiplexer (WDM) [16], and modified acquisition algorithm, both 

modalities can be simultaneously operated for co-registered structural and functional imaging of 

the developing vascular graft.   
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Chapter 5 - Conclusions and Future Work  
	  

	  

5.1 Conclusion 

Regenerative medicine offers a promising solution to meet the demand of vascular grafts 

required for surgeries in cardiovascular diseases. Researchers have demonstrated that tissue 

engineering of vascular conduits using biodegradable scaffolds and patient’s own cells can 

produce viable blood vessels. However, monitoring the development of such grafts in real-time 

still relies on invasive and sample-destructive techniques such as histology.  Therefore, 

development of technology that will enable researchers to visualize and assess the growth of 

regenerative tissue non-destructively is crucial, as it will not only offer a more continuous picture 

of the graft development but also permit better control of the regeneration process.  

In order to address the urgent need to create a multi-probe, multi-modality imaging system that is 

capable of anatomical and functional imaging of bioengineered vascular graft maturing within a 

bioreactor non-destructively, we proposed three specific aims: 1) Design SS-OCT 

instrumentation for assessment of geometrical and optical properties of tissue, 2) Imaging and 

characterization of tissue-engineered blood vessels developing within a bioreactor, using free-

space and catheter-based OCT, and 3) Designing a fluorescence-imaging system using OCT 

catheter for dynamic assessment of endothelialization of tissue-engineered blood vessels. 

OCT is a light-based imaging modality that permits depth-resolved cross-sectional imaging of 

biological specimens. Being non-ionizing radiation-based technique OCT has been a modality of 

choice for researchers investigating structure of biologically active specimens. As shown in 

Chapter 2 of this dissertation, we demonstrated that OCT could be used for anatomical imaging 

of biological specimen. We also used OCT imaging to determine in real-time the geometrical 

and optical properties such as thickness of the porcine skin and refractive index, respectively. 

Thus, we customized our SS-OCT setup and developed instrumentation for its application 

intended for cross-sectional imaging of developing tissue-engineered vascular grafts. 

In the next chapter, we investigated the development of tissue-engineered blood vessels in terms 

of their structure, wall thickness and their optical properties. We began with designing a novel 
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tubular bioreactor that allows us to perform OCT imaging of the specimen mounted inside it, in 

free-space and in catheter-based OCT mode. The vascular grafts, made from PCL-collagen were 

seeded with CH3 10t1/2 multipotent mesenchymal cells and were maintained in bioreactors 

under sterile conditions. Instrumentation developed for OCT imaging performed scanning of the 

maturing vessels from the exterior using free-space OCT, followed by luminal imaging of the 

vessels from the interior using catheter-based OCT. The 3D models from both modalities, 

generated using stacks of consecutive 2D images were co-registered using vessel-supporting 

structures. The co-registered cross-sectional 2D images thus obtained were used to determine the 

vessel wall thickness. OCT signal intensity data obtained from free-space imaging was fitted 

with the extended Huygen-Fresnel model, using nonlinear curve-fitting algorithm, in order to 

extract scattering coefficient, µs of the vascular graft. Assessment of such geometrical and 

optical parameters over the course of 30 days revealed that the wall thickness and scattering 

coefficient increase significantly during the first 21 days and begins to plateau afterwards. 

Histological evaluation of these developing vascular grafts showed that the smooth muscle cells 

proliferate rapidly and migrate toward the vessel lumen over the same time course, in order to 

occupy the full thickness of the graft. Cellular proliferation and migration may be associated 

with change in vessel wall thickness and its scattering coefficient. As the free-space OCT 

imaging procedure required rotating of the bioreactor and the vascular graft in turn, we 

performed additional studies to assess the effect of such stressors on the vessel wall thickness 

and on the cellular migration as well as proliferation. These studies indicated that the effect of 

our imaging procedure on the vessel development was insignificant.  

Thus, we developed an OCT-based imaging system that acquires two complimentary depth-

resolved, cross-sectional views of the tissue-engineered blood vessels and co-registers them to 

obtain full-thickness view of the graft over time. This imaging system and the bioreactor can also 

be used with minimal modifications, for other hollow, tubular, bioengineered structures such as 

esophagus, colon, etc. for monitoring their anatomical structures.  

Non-destructive structural imaging of developing vascular grafts only provides half the picture, 

since OCT fails to obtain any details regarding the cellular distribution and proliferation. Intima 

of the vessels, formed by monolayer of ECs is an important and integral part of the blood vessel. 

ECs regulate nutrient transport across the vessel wall, and are responsible for tissue homeostasis 

and for regulation of vascular tone. Lack of formation of uninterrupted and mature monolayer of 
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ECs in bioengineered vascular grafts may lead to leaky blood vessels. Such vessels may fail soon 

after implantation due to thrombosis and neointimal hyperplasia. Thus, it is extremely important 

to monitor the proliferation of ECs in bioengineered vascular grafts and ensure formation of a 

continuous layer of ECs before the vessel can be considered implantable. Therefore, as detailed 

in Chapter 4, we developed a fluorescence imaging system that non-destructively images the 

spatial distribution of ECs over the scaffold lumen. Our microendoscopic approach involves 

using a commercial intravascular OCT catheter for the direct line-of-sight access to the graft 

lumen. We demonstrated the utility of this imaging system to image the spatial distribution of 

ECs, as well as monitor their proliferation, quantify coverage area, and ensure formation of an 

uninterrupted endothelium.  

 

5.2 Future Work 

Although the findings reported in this research work indicate promising advances in developing 

non-destructive imaging systems for monitoring bioengineered vascular graft maturation in vitro, 

some results draw attention to the aspects that require further investigation. Additional work 

proposed here will not only address certain crucial questions, it will potentially lead to a more 

robust, multi-modality, multi-probe imaging system.  Such system may not only provide 3D 

imaging of the tissue-engineered specimen being examined, but may also offer markers that may 

serve as reliable indicators for tissue maturation assessment. Additionally, such system may 

serve as an essential tool that tissue-engineering researchers will be able to utilize for monitoring 

the maturation process of bioengineered constructs non-destructively. 

 

5.2.1 Correlation between vascular graft cellularization and change in vessel wall 

thickness: 

As described in Chapter 2, we observed increase in wall thickness of the bioengineered blood 

vessels over 30 days, when imaged with OCT. Histological examination of those vessels showed 

proliferation of CH3 10t1/2 cells accompanied by their migration from the abluminal surface of 

the scaffolds toward the lumen. We hypothesized that the observed increase in wall thickness 
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may be due to increase in type I collagen, which may be secreted by the cells during proliferation 

and migration. As the scaffolds used for that study contained 50% type I collagen, detection of 

collagen contributed by the cells at the end of study would be very difficult. Using a scaffold 

made of different polymer such as 100% PCL or PDLLA will be necessary to determine the 

amount of collagen secreted by the cells when the scaffold is seeded with CH3 10t1/2 cells and 

cultured over 30 days.  

Whited et al. [1] conducted a pilot study to determine the effect of cellular proliferation on 

vascular graft wall thickness. An electrospun tubular PCL scaffold was seeded with CH3 10t1/2 

cells followed by its mounting in a sterile bioreactor.  A section was extracted from this TEBV at 

days 1, 14 and 28 for histological examination to visualize cell nuclei and assess collagen 

production. Their results suggested that the seeded cells proliferate over time and migrate 

towards the lumen. Histological evaluation using aniline blue also showed increased level of 

collagen matrix.  

A more comprehensive study using tubular scaffolds made from material that does not contain 

type I collagen, can be conducted for quantification of cell-mediated ECM collagen production 

during vessel maturation. Type I collagen-specific stains such as Masson’s trichrome stain or 

picrosirius red stain may be used to detect the collagen and its amount can be further quantified 

upon imaging. If the increase in wall thickness can be correlated with the change in collagen 

content, wall thickness data could be used as a parameter to also estimate the cellularization of 

the scaffolds.  

 

5.2.2 Monitoring the proliferation and propogation of smooth muscle cells: 

We demonstrated structural imaging of the developing bioengineered vascular graft using OCT, 

and showed monitoring of the EC proliferation during endothelium formation using OCT-

catheter-based fluorescence imaging system. As observed in Chapter 3, the proliferation of 

smooth muscle cells causes change in geometrical and optical properties of the developing 

vascular graft. Such changes may be due to cellular proliferation, migration and production of 

the ECM by the cells. Therefore, it is important to visualize the distribution of smooth muscle 

cells and their movements within the scaffold wall in order to understand the dynamics involved 
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in cell proliferation and their migration toward the lumen. Fluorescence imaging of the smooth 

muscle cells may be performed in the same way as that of the endothelial cells. The scaffolds can 

be seeded with only SMCs. These cells will be stained with Calcein AM prior to imaging, in 

order to obtain high signal-to-noise ratio. Excitation laser (λ = 473 nm) can be delivered using 

the OCT catheter. While image acquisition algorithm will be similar to that used for EC imaging, 

a few differences in the cell types may introduce complexities to imaging smooth muscle cells. 

Imaging of the ECs involved introducing the OCT catheter into the scaffold lumen. This 

arrangement provided direct line-of-sight access to the surface where the ECs were seeded (Fig. 

5.1 a). However, as the SMCs are seeded on the abluminal surface of the scaffolds, such direct 

line-of-sight access by the catheter is unavailable. Also, the ECs form a monolayer as they 

proliferate on the lumen, but do not penetrate through the scaffold. Thus, the catheter is able to 

access all the cells for pump light delivery and collect the fluorescence emitted by the ECs. 

Unlike ECs, the SMCs seeded abluminally will be penetrating through the scaffold wall, thus 

adding an extra dimension to the cell propagation.  Higher excitation energy will be required to 

reach and induce fluorescence in the SMCs. Additionally; the fluorescence emitted by the SMCs 

may be attenuated due to scattering and diffused through the scaffold thickness (Fig. 5.1 b).  
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Fig. 5.1:  (a) Schematic showing Excitation of ECs and emission of fluorescence 

as a result. The OCT Catheter has a direct line-of-sight access to the ECs. (b) The 

OCT catheter has no direct line-of-site access to the SMCs. The fluorescence 

being emitted by the SMCs undergoes scattering and is diffused when it reaches 

the luminal surface. 

In order to address these difficulties encountered in mapping spatial distribution of the SMCs, 

diffuse optical tomography (DOT) reconstructions may be applied. OCT will provide prior 

knowledge, such as scaffold optical properties as well as 3D tetrahedral mesh model. Catheter-

based fluorescence imaging will generate the attenuation maps at the wavelengths of 

fluorescence propagation.  

Staining the cells with calcein may not be effective when the scaffolds are seeded with both ECs 

and SMCs as the imaging system will not be able to distinguish them. Different types of 

fluorophores may be used to address this issue.   

 

5.2.3 Integration of OCT and fluorescence imaging system for structual and functional 

imaging of the developing TEBV: 

We have developed an OCT-based imaging system for antomical imaging of the bioengineered 

vascular grafts maturing within a bioreactor, and an OCT-catheter-based system for monitoring 

endothelialization of those grafts. Since both systems use the same catheter for scanning the 
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vessel, sequential scanning of the graft can be performed such that OCT imaging, which is a 

faster scanning modality, will image the structure of the vessel first, followed by the slow 

scanning modality – the OCT-catheter-based functional imaging for vessel endothelialization. 

The OCT catheter is rotated using a high-precision stepper motor and the bioreactor bearing the 

vascular graft is translated using a high-precision translation stage. Thus, the radial and 

longitudinal position of the catheter tip inside the graft lumen can be precisely controlled using 

our custom-designed LabVIEW program for image acquisition. This is helpful in ensuring that 

the exact same region of the vascular graft is scanned with the OCT as well as fluorescence 

imaging and thus both image sets can be easilty co-registered.  

Simultaneous OCT and fluorescence imaging of the graft can also be performed if both sources 

can be coupled into the OCT catheter. Such coupling can be achieved in freee-space setup, 

however, alignment of optical elements for such setup is typically difficult and OCT system will 

incur significant to loss of signal due to the number of times it travels through glass-air interface.  

Therefore, a fiber-optic-based setup (Fig. 5.2a) employing a wavelength-division multiplexer 

(WDM) can be used for duplex coupling of OCT and fluorescence imaging spectra. Since the 

wavelengths used for OCT (λ =1310±110nm) and fluorescence imaging (λ =400-600 nm) are far 

apart in the electromagnetic spectrum, a custom-designed WDM, as described in Fig. 5.2b can be 

fabricated.  
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Fig. 5.2: (a) Schematic representation of combined imaging system for 

simultaneous OCT and fluorescence imaging. (b) Schematic of the proposed 

custom-designed WDM. 

 

5.2.4 Sequential OCT and fiber-optic based imaging system for structual and functional 

imaging of the developing TEBV: 

We designed an OCT-catheter-based fluorescence imaging system and demonstrated its utility 

for monitoring the developing endothelium of bioengineered vascular constructs. We anticipate 

that the same system can be used with a few modifications in the imaging optics as well as image 

acquisition and remapping algorithm for mapping spatial distribution of SMCs within the walls 

of a vascular construct. However, if the proposed enhancements do not enable the system to map 
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SMCs penetrated into the scaffold wall, an alternative approach may need to be explored. 

Recently, Hofmann and Whited et al. [2] developed a fiber-optic-based (FOB) imaging system 

for functional monitoring of developing bioengineered vascular constructs. Such system was able 

to monitor the graft endothelialization without the need for staining agents. Hence, it could 

potentially be used for mapping of the SMCs when seeded with on the outer walls of the 

scaffolds. Their approach includes embedding a micro-imaging channel (MIC) within the 

scaffold wall prior to cell seeding. A fiber-optic with a micro-mirror fabricated at its tip is 

inserted into the MIC for delivering a localized excitation laser to the cells.  

By modifying our bioreactor to mount a MIC-embedded tubular PDLLA scaffold, Dr. Whited 

was able to monitor distribution of ECs on the scaffold lumen, with their fiber-based imaging 

system [1]. This setup may be used to also image spatial distribution of SMCs. The cells 

transfected with red fluorescent protein, such as mKate2 (excitation/emission=588/633nm) can 

be seeded on the abluminal surface of the scaffold and excitation laser light (λ = 588nm) can be 

delivered through the MIC using a fiber-optic with a micro-mirror fabricated at its tip. The 

emitted fluorescence will pass through a long pass filter and will be collected by an EM-CCD 

camera (iXon Ultra 897, Andor Technologies, Inc.). Prior to fluorescence imaging using fiber-

optic-based imaging system, the bioreactor can be placed under our free-space OCT setup for 

external imaging of the vessel and luminal OCT imaging can be performed by introducing an 

OCT catheter into the vessel lumen through a 3-way stopcock. Thus, by scanning the developing 

graft within a bioreactor using OCT and FOB fluorescence imaging system sequentially, we can 

monitor the structural development of the vessel over time, monitor the formation of endothelial 

cell layer over time, and visualize spatial distribution of smooth muscle cells, their proliferation 

and migration within the scaffold wall.  

Thus, completion of the aforementioned tasks will enable us to create a robust and reliable, 

multi-probe, multi-modal imaging system for non-destructive imaging and assessment of 

bioengineered blood vessels maturing within a bioreactor. The system will be a crucial tool that 

can be used by researchers for monitoring the maturation process of bioengineered constructs 

non-destructively and for better control and optimization of regeneration process. 
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