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1.1. Review of literature 

Peripheral vascular disease (PVD) is stated to be the most common cause of major 

amputation of limbs worldwide (1). Peripheral vascular disease presenting with 

irreversible lower limb pathology is known to have a high rate of morbidity and mortality 

(2). In the management of PAD multiple faculties are involved containing physicians to 

vascular specialists with expertise in diagnostic and treatment modalities. In patients with 

no risk condition bypass surgical strategy could be a preferred in PAD, coronary artery 

disease (CAD), and cardiovascular disease patterns.  

Currently there is lots of improvement in interventional revascularization 

procedures and pharmacological options to treat the various pathological conditions of 

blood vessels diseases. There is continuous increase in demand for interventional and 

surgical revascularization therapies in coronary and peripheral vascular diseases. Vessels 

from autologous origin are the first choice materials to reconstruct vascular segments. 

Autologous vascular grafts have many benefits such as ideal biomechanical properties, 

low thrombogenicity, and a low infection rate deliver high patency rates even under low 

blood-flow conditions. However, in many cases, patients have comorbidities or previous 

interventions causes lack autologous vessels suitable for tissue harvest (3). Therefore, 

increase in clinical demand for suitable substitute which can compete with autologous 

vessels. The ideal vascular graft should have properties like easily availability off-the 

shelf, long-time durability, low inflammatory response, and most importantly it should be 

resistant to thrombosis and infection. The vascular graft should be to integrate with the 

existing native blood vessels (4). In currently available synthetic graft Catto V et al. (5) in 

2014 stated that this materials such as ePTFE (polytetrafluoroethylene) and Dacron show 

excellent long-term results. But Klinkert P et al. (6) stated that synthetic vascular grafts 

demonstrate low patency rates especially in low flow situations. Furthermore, synthetic 
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substitutes are often prone to microbiological contamination which requires implant 

removal. Jordan SW in 2007 (7) and De Mel A in 2008 (8) were stated that there is more  

effort needed to improve the performance of synthetic substitutes by the use of different 

materials and surface modifications techniques, these substitutes do not match the 

performance of native tissues so far. 

Tissue engineering is an promising approach to overcome the boundaries of 

artificial nonviable materials by creating biologically active vascular prostheses which are 

in part (bio hybrid graft) or completely composed (totally engineered blood vessels 

(TEBV)) of viable tissue were stated by Brett C. Isenberg et al. (9) in 2006 and Nicolas 

L’ Heureux et al.  (10) in 2007. In vitro, natural or synthetic scaffolds are populated with 

vascular-specific host cells by various pre-seeding techniques, or vitalization of the graft 

is completely directed to spontaneous cell reconstitution in situ after implantation.  

Endothelial cells release several elements which are critical for the inhibition of 

thrombosis and neo-intimal hyperplasia. Seeding of viable, autologous endothelial cells 

onto the prosthetic graft lumen has been applied experimentally for the first time by 

Herring et al. in 1991 (11).  Weinberg and Bell (12) were the first who designed a tissue-

engineered graft using cell-seeded collagen tubes. In 2005 Daniel D. Swartz demonstrated 

that cell impregnated fibrin based scaffolds were used to engineer exclusive tissue-

derived grafts, which have the advantage of easy harvesting of graft constituents from the 

patient (13). Naturally derived materials such as decellularized scaffolds possess 

properties that are desired in biomedical applications. These substitutes reveal the three-

dimensional architecture of the extracellular matrix (ECM) and are composed of ECM-

proteins thereby featuring cell signaling components, which favor adhesion, migration, 

proliferation, and differentiation of host cells. Furthermore, they have nearly ideal 

biomechanical properties. Tissues from different locations (small intestine, blood vessels) 
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and species (allogeneic, xenogeneic donors) and various decellularization approaches 

were investigated by Christine E. Schmidt et al. in 2005 (14). 

Helga Bergmeister et al. (15) shows in their studies that allogeneic as well as xenogeneic 

vascular implants performed well in long-term applications. Synthetic biodegradable 

scaffolds have been used predominantly for in vitro tissue engineering approaches 

because spontaneous cell attachment in vivo was insufficient and the grafts were 

susceptible to aneurysmatic dilatation or rupture.  

Biodegradable constructs are often based on polylactic acid (PLA), polyglycolic 

acid (PGA), or poly-epsilon-caprolactone (PCL) materials which are approved as suture 

materials and whose degradation rates can be modulated by copolymerization techniques. 

In 1999, Niklason et al. (16) showed for the first time that in vitro engineered grafts using 

PGA and animal-derived cells have sufficient mechanical strength and reveal structural 

similarities to native vessels. However, when human cells were applied tissue-engineered 

grafts, they demonstrated mechanical weakness. Albeit Shinoka (17) successfully 

demonstrated long-term performance of preseeded grafts in the application of congenital 

malformation surgery. Recently Niklason (18) and her team were able to create an 

allogeneic human tissue-engineered blood vessel using PGA meshes which had adequate 

strength for arterial circulation. These conduits showed a superior in vivo performance 

when evaluated as arteriovenous shunts in a baboon model. Ravi S et al. (19) shown that 

nanofibrous meshes promote cell adhesion, proliferation, and differentiation because their 

architecture is very similar to the natural extracellular matrix. Sarra de Valence et al. (20) 

demonstrate that  in vivo without a pre-seeding procedure (in situ tissue engineering), 

these scaffolds induce cell population and subsequent remodeling after implantation. 

Prabhakaran MP et al. in 2011 (21) and Kong X et al. in 2012 (22) demonstrated that 

electrospinning is a frequently used technique to fabricate nano or microfibrous scaffolds 
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for tissue-engineering applications. Charanpreet Singh et al. (23) proposed that by 

varying the fabrication parameters, grafts with different fiber diameter, pore size, and 

porosity can be manufactured. Stefan Baudis et al. (2011) (24) stated that new 

synthesized biodegradable thermoplastic elastomers revealed excellent biocompatibility 

data in vitro and showed good surgical handling characteristics. H. Bergmeister et al. 

(2016) proposed that in long-term applications of degradable polyurethane grafts in small 

animal models, high patency rates and graft remodeling without aneurysmatic failure. 

Scaffolds revealed a very low inflammatory potential and showed good tissue integration 

(25). 

1.2. Introduction 

1.2.1. Blood and circulatory system 

Blood is a fluid which continuously circulating in blood vessels providing oxygen, nutrition 

to the body cells and removes the waste products (Fig.1.1.) (26). Theoretically, blood is 

transportation liquid which comprise in continuous repeating process of pumped by 

the heart to all parts of the body, after which it is reverted to the heart. Interestingly blood 

is called as tissue for the reason that it is a collection of similar specific cells that perform 

specific functions. These cells are suspended in a liquid called as plasma, which makes 

the blood named as fluid. Blood plasma occupies about half of the content of blood. Plasma 

holds proteins that support blood to clot, carrying substances through the blood, and executes 

other functions. Blood plasma also comprises glucose and other liquefied nutrients (27).  

https://www.britannica.com/science/heart
https://www.britannica.com/science/plasma-biology
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Fig.1.1. Blood circulation through arteries and veins (28). 

The stability of the composition of the blood is made possible by the circulation system, 

which transports blood through the organs that conserve the concentrations of its 

constituents. Gaseous exchange of blood happened in the lungs, blood gets oxygen and 

releases carbon dioxide which is utilized by the tissues. The kidneys dissolved waste 

products and remove excess water (29). Nutritional substances resultant from food 

reaches the bloodstream after gastrointestinal tract absorption. Endocrine system 

containing glands release their hormones secretions into the blood, and these hormones 

transports to the tissues in which they implementation their effects (30). Numerous 

substances are recovered through the blood; for example, during destruction of old red 

blood cells, iron released and is transported by the plasma to locations of new 

red cell production where it is reused. Each of the numerous blood components kept 

within suitable concentration limits by an active regulatory mechanism. In many 

occasions, response control systems are functioning; thus, a decreasing level of blood 

sugar (glucose) leads to enhanced glucose release into the blood so that a possibly 

harmful reduction of glucose does not happen (31). The cellular component of blood 

https://www.merriam-webster.com/dictionary/composition
https://www.britannica.com/science/circulatory-system
https://www.britannica.com/science/lung
https://www.britannica.com/science/kidney
https://www.britannica.com/science/water
https://www.britannica.com/science/gastrointestinal-tract
https://www.britannica.com/science/endocrine-system
https://www.britannica.com/science/iron-chemical-element
https://www.britannica.com/science/cell-biology
https://www.britannica.com/science/glucose
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varies from group to group in the animal kingdom. Maximum invertebrates have 

numerous large blood cells accomplished of amoeboid movement. As compared to 

vertebrate blood, invertebrates has relatively few cells (32). Among the vertebrates, there 

are numerous classes of amoeboid cells (leukocytes or white blood cells) and cells that 

support stop bleeding (thrombocytes or platelets) (33).  

In human being, blood is an opaque red fluid, freely moving but denser and more 

sticky than water (34). The typical red colour of blood is informed by hemoglobin, a 

single iron-containing protein (35). When haemoglobin saturated with oxygen 

(oxyhemoglobin) its colour become brightens and when oxygen is removed from 

haemoglobin (deoxyhemoglobin) its colour become darkens. Due to this venous 

deoxygenated blood is darker than arterial oxygenated blood. In whole blood, red blood 

cells (erythrocytes) constitute nearly 45 % of the volume, and 1%  constitute  remaining 

cells (white blood cells, or leukocytes, and platelets, or thrombocytes) (36). Plasma the 

fluid portion is a clear, to some extent sticky, yellowish fluid. Within the body the blood 

is always fluid, and turbulent flow reassures that plasma and cells are equally consistently 

mixed. With age, sex, weight, body type, and other factors, total amount of blood varies 

in human, but average figure for adults is about 60 millilitres per kilogram of body weight 

(37). An average young male has a red cell volume of about 30 millilitres and plasma 

volume of about 35 millilitres per kilogram of body weight (38). Development of blood 

cells take place in the bone marrow through the highly regulated process of hematopoiesis 

from hematopoietic stem cells (39). Hematopoietic stem cells have capacity to transform 

into platelets, white blood cells, and red blood cells (40). Hematopoietic stem cells 

circulating in umbilical cords of newborn babies as well as the blood and bone marrow in 

people of all ages (41).  

Different functions of blood, including: 

https://www.britannica.com/animal/invertebrate
https://www.britannica.com/animal/vertebrate
https://www.britannica.com/science/white-blood-cell
https://www.britannica.com/science/platelet
https://www.merriam-webster.com/dictionary/opaque
https://www.britannica.com/science/hemoglobin
https://www.britannica.com/science/red-blood-cell
https://www.merriam-webster.com/dictionary/constitute
https://www.britannica.com/science/white-blood-cell
https://www.britannica.com/science/platelet
https://www.britannica.com/science/turbulent-flow
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 Transporting nutrients and oxygen to the lungs and tissues (Fig.1.2.) 

 Formation of blood clotting factors  to stop excess blood loss 

 To prevent infection, carrying antibodies and phagocytic cells  that fight 

infection 

 To filter and clean blood, bringing waste products to the kidneys and liver 

 To regulate body temperature 

 

Fig.1.2. Exchange of gas and nutrients through blood vessels (42). 

1.2.1.1. Blood components            

Blood has four main components: plasma, red blood cells, white blood cells, and platelets 

(27). 

 1.2.1.1.1. Blood Plasma 

The blood component containing a mixture of protein, sugar, water, fat, and salts is called 

as plasma. The main function of the plasma is to transport blood cells throughout your 
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body along with nutrients, antibodies, clotting proteins, chemical messengers such as 

hormones, waste products, and proteins that help continue the body's fluid balance.  

1.2.1.1.2. Red Blood Cells (Erythrocytes or RBCs) 

A red blood cell is a flattened disc with biconcave surfaces. Both faces have shallow 

indentations like a bowl in the disc. Red blood cells make up 40 to 45 percent of the 

volume of the blood. A hormone produced primarily by the kidneys called as 

erythropoietin responsible for the production of red blood cells. Red blood cells have a 

property of changing its shape because of RBCs doesn’t have nucleus and this property 

assisting them to fit through the several types of blood vessels in body. The life span of 

red blood cell is an average only 120 days. Special protein called hemoglobin present in 

red cells, which helps them to transporting oxygen from the lungs to the body cells and 

then returns carbon dioxide from the cells to the lungs.  

1.2.1.1.3. White Blood Cells (Leukocytes) 

White blood cells (WBC) are part of immune system and it protects the body from 

infection. The number of white cells is much lesser than red blood cells, accounting for 

about 1 % of total blood and make up 55 to 70 percent of the total WBC count. 

Lymphocyte are another major type of WBC. Lymphocytes are divided in to two main 

types T lymphocytes and B lymphocytes.  T lymphocytes play an important role in 

controlling the function of other immune cells and attacking infected cells and tumors. B 

lymphocytes produce antibodies, which can target foreign materials, viruses, and bacteria. 

1.2.1.1.4. Platelets (Thrombocytes) 

Platelets are not actually cells like red and white cells but rather fragments part of cells. 

Platelets are responsible for the mechanism of blood clotting process (or coagulation) by 

gathering in injured blood vessel at the site of an injury, and forming a stage on which 

blood coagulation can happen.  
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1.2.1.2. Circulatory system 

The blood circulatory/ cardiovascular system transports oxygen and nutrients to all body 

cells. This system contains the heart and the blood vessels spreading through the entire 

body. The arteries carry blood from the heart to body organs and the veins carry it back to 

the heart from organs. The system of blood vessels look like a tree: The ―trunk‖ – the 

main artery aorta and it divided branches into large arteries, which lead to smaller and 

smaller vessels. The smallest arteries end in a network of tiny vessels known as the 

capillary network (43). 

The circulatory system consists of four major components: 

1.2.1.2.1. The Heart: The size of heart is similar to two adult hands held together and the 

heart rests near the centre of the chest. The heart is a muscular organ with four chambers. 

Heart is located just behind and slightly left of the sternum, it pumps blood through the 

linkage system of arteries and veins called the cardiovascular system (Fig.1.3.). 

 

Fig.1.3. Human heart (44). 
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1.2.1.2.2. Arteries: Arteries are muscular tubes that carry purified blood to every tissue 

or organs from the heart. The aorta is the largest artery in body. It originates at the heart 

and move up the chest (ascending aorta) and then travel down into the stomach 

(descending aorta). The coronary arteries branch off the aorta, which then branch into 

smaller arteries (arterioles) as they get farther from your heart. 

 

Fig. 1.4. Morphological structure of artery and vein (45). 

1.2.1.2.3. Veins:  Veins are collecting deoxygenated blood and carrying it to the heart. 

Veins start small (venules) and get larger as they reach your heart. Two central veins 

deliver blood to your heart. From the upper body, head neck and arms the superior vena 

cava carries blood towards the heart. From lower body below the chest, blood carries in 

inferior vena cava towards the heart. Veins in the legs have valves to keep blood from 

flowing backward. 
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Blood: Blood transports nutrients, antibodies, hormones, oxygen, and other important 

things needed to keep the body healthy Blood is the transport media of nearly everything 

within the body.  

1.2.1.3. Anatomical structure of blood vessels 

Important constituents of cardiovascular system are blood vessels, used to 

carrying of blood products and substance to every cell in the body (46). The network of 

vessels starts in heart at the openings at the left ventricle, and spreading through the entire 

body, and returns in right atrium of the heart. The main function of the blood vessels is 

carry blood from and to the heart and to and from the tissues and organ. Pericytes play an 

important in the development, strength, and purpose of blood vessels. The name pericytes 

was given by Rouget in the 19th century, but Zimmerman retitled them pericytes (47). On 

the basis of structural area and the demand of the tissue, blood vessels must be considered 

different for the same blood vessel. Blood vessel divided into arrangement of various 

veins, arteries, and capillaries which diverge in size, biochemical and cellular content, 

mechanical properties, and ultra-structural group depending on their specific function and 

location (volume of blood to be carried, flow rate etc.) (Fig.1.4.). The blood vessels are 

arranged in three layers, the tunica intima, the tunica media and the tunica adventitia 

called from the luminal side outward. Three layers (intima, media, and adventitia) are 

comparable to the endo-, myo- and epicardium, respectively.                              

The structure of the vessels is extremely specific to match their diverse roles and 

anatomic associations. These discrepancies seem in three common vessel wall layers 

(Fig.1.5.). The thickness of these three layers varies importantly depending upon the type 

and size of vessel (48).  The vasculature is composed of different blood vessel types that 

range from the small diameter capillaries and postcapillary venules to the larger and more 

complex arterioles, veins and arteries, each of which is composed of different 
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extracellular matrix (ECM) and cellular layers (49). In addition, the ECM composition of 

the vessel wall can diverge depending on health state of the organism and tissue type. In 

good physical shape vessel the main ECM structures, basement membranes (BMs) are 

found in the vessel wall, underlying endothelium and surrounding vascular smooth 

muscle cells, with limited interstitial matrix and fibrillar collagen expression. 

 

Fig.1.5. Different layers of blood vessel (51). 

 The tunica intima innermost layer of the vessel wall on the luminal side of the 

vessels, contacts to, and collaborates with, the contents of the lumen. The tunica 

intima is composed of a single layer of simple squamous endothelial cells that is the 

innermost layer of any vessel. The endothelium gets maintained by a basal lamina, 

also known as the extracellular matrix. Occasionally the tunica intima is surrounded 

by the subendothelial layer, which can vary in thickness and composed of collagen, 
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elastic fibers and smooth muscle. The tunica interna separated by a layer of elastic 

fibers and tunica intima acquires enclosed in the internal elastic membrane. In arterial 

system it is thickest specifically in the muscular arteries and in entire venous system 

it is thin (50).  

 The tunica media layer is made up of smooth muscle layer which is concentrically-

arranged, that control or alter the diameter of the vessel. Unlike cardiac and skeletal 

muscles, smooth muscle cells have capacity of secretion, and these median layers 

contains different amounts of elastic fibers, proteoglycans, collagen fibers, and elastic 

lamellae which is secreted by the smooth muscle cells layer. In similar size of arteries 

and vein the tunica media layer is larger arteries (50). 

 The outermost layer of vessel wall is tunica adventitia or tunica externa. Resisting 

physical wall strain and vessel integrity depends on the tunica adventitia. In tunica 

adventitia, nevi vasorum and vasa vasorum which are nerves and vessels respectively 

supply the cell of the vessel wall. Collagen fibers which are longitudinally arranged 

made the tunica adventitia. Compare of arteries with veis of same sizes, tunica 

adventitia much larger in veins than arteries (50). 

The gross vascular system is made up of vessels that start on the arterial system at the 

outlet of the heart. Through these vessels, blood moves proximally to distally stepwise 

(50). 

1.2.1.3.1. Arteries 

All arteries transport oxygenated blood from heart to every part of the body. On the basis 

of size arteries are divided in three types: large, medium and small arteries which another 

names called elastic arteries; muscular or distributive arteries; and arterioles respectively. 

Small arteries diameter are less than 0.5 mm. Vessel wall muscularity defined the arteries 

characteristic feature such as rounded or oval shape, size, lumen. 
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1.2.1.3.1.1. Large Arteries 

From opening of aorta and its branches (beginning of common carotid and iliac, 

pulmonary, subclavian, brachiocephalic) are considered large arteries. These arteries 

possess great elasticity. Elasticity in these arteries allow them to withstand great 

fluctuations in blood pressure formed by the heartbeat. During systole and diastole, their 

elastic laminae are stretched and recoil to help reduce blood pressure and maintain arterial 

pressure respectively. 

1.2.1.3.1.2. Medium Arteries  

In arterial network majority are medium (muscular or distributive) arteries. In comparison 

between large and medium size arteries there is no sharp dividing line. Large arteries 

have more elastic tissue than median arteries, and in medium size arteries the major 

component is smooth muscle in tunica media. 

1.2.1.3.1.3. Small Arteries 

Like muscular arteries, similar construction of small arteries appears. The tunica media 

layer has smooth muscle up to 8-10 layers of cells. As arteries become smaller the smooth 

muscles cell layers become reduced. 1-2 layers of smooth muscle cells present in the 

smallest arterioles with external elastic membrane disappears and adventitia becomes 

thinner. Internal elastic membrane also finally disappears and the intimal layer turns into 

smaller. Shape of the small arteries also maintain and have a tendency to be round or 

oval. 

1.2.1.3.2. Veins 

“Capacitance vessels‖ because more than 70% of total blood volume is in this portion of 

CVS at any time. Veins collect deoxygenated blood from organs, tissues and carrying 

return to the heart. Veins are categorized as large, medium and small, like arteries. All 



CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE SURVEY  

 

15 

 

three layers intima, media and adventitia are present; but these layers are not well 

defined. The main difference between arteries and veins is the vessel wall thickness and it 

depends upon the amount of muscle tissue (media). In veins the adventitia is larger than 

the media and in arteries it vice versa. This character responsible for not retain their shape 

in veins. Commonly veins are in an irregular shape. In veins elastic tissue present in very 

low quantity than arteries. Valves are present in veins of lower part of the body veins, 

which prevent the backflow of blood. Veins frequently run closely with their arterial 

counterparts, which is useful to understand the histological comparison.  

1.2.1.3.2.1. Large veins 

Superior, inferior venae cava, portal vein and their branches are considered as large veins. 

Like arteries, in veins endothelial lining with its basement membrane appears in the 

tunica intima layer. In veins tunica media layer is relatively thin with collagen fibers and 

some fibroblasts contain in smooth muscle cells (unlike media of arteries). The main 

feature which makes difference of large vein is the bulky tunica adventitia layer. The 

adventitia layer made up of is the thickest layer in large veins and is made of collagen 

fibers, some elastic fibers and fibroblasts.  

1.2.1.3.2.2. Medium Veins 

In veins the tunica layers comprise the endothelium covered by sub endothelial layer with 

smooth muscle cells between the connective tissue elements. Unlike internal elastic 

membrane prominently present in arteries, in veins it may or may not be present. In tunica 

media smooth muscle cells arranged in circularly manner with collagen fibers. In veins 

the tunica media and intima are difficult to differentiate which is well differentiating in 

arteries. In medium size vein, tunica media is less thin than tunica adventitia. The tunica 

adventitia is mostly made up of collagen fibers.  
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1.2.1.3.2.3. Small Veins or Venules 

Venules which collect blood from capillaries appears with single lining of endothelial in 

intima with absence of media of smooth muscle. Venules are surrounded by 

undifferentiated mesenchymal cells such as pericytes. In small veins pericytes may be 

merged with basement membrane of the endothelial cells. Venules act as an entry point 

for the white blood cells from blood to the tissue. Histamine and serotonin which are 

vasoactive agents release from the venules which is responsible for the extravasation of 

WBCs and fluid during allergic reactions or inflammation. In intimal layer pericytes 

surrounded by thin adventitial layer which consist of collagen fibers arranged 

longitudinally with little elastin fibers. 

1.2.1.4. Structural difference between veins & arteries  

Caliber (Int. diameter) of vein is larger than same size artery, because veins have thinner 

walls due to scarcity of muscular and elastic components. Unlike arteries, small& 

medium sized veins have valves (Fig.1.6.) (52).  

Valves: - Consists of 2 semi lunar folds of tunica intima that project into the lumen. They 

composed of elastic and are lined on both sides by endothelium. They are especially 

numerous in veins of lower limbs. 

In arteries tunica media layer is thicker than that of the veins. Intimal layer cannot be 

differentiate in arteries and veins but in arteries a small number of bulgy endothelial cells 

can be appears. In arteries and veins elastic tissue is similarly not distinguishable. 

Uncommon flattened endothelial cells can be seen in venous intimal layer. Venous tunica 

adventitial layer merged with the surrounding elastin fibers.  
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Fig. 1.6. Structural difference between artery and vein (53). 

 

1.2.2. Development of vascular complication and disease 

Cardiovascular disease (CVD) caused by ischemic diseases, remain one of the leading 

causes of mortality and morbidity across the world (54). It is a systemic disease with 

important consequences as a result of obstructive lesions in vascular provinces diverse 

from heart, brain, kidneys, mesentery, and extremities. Atherosclerosis denotes the 

meaning of obstructive vascular disease in any vascular region (Fig.1.7). Although 

dyslipidemia and hypertension have less prominent impact on peripheral vascular 

atherosclerotic disease, both coronary atherosclerosis and peripheral atherosclerotic 

disease share the same common major risk factors (55). It is reported that cases of 

peripheral artery disease (PAD) is reached up to 200 million (55). Intermittentant 

claudication in lower limb is common symptom of PAD which affect the normal healthy 
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lifestyle.  In severe cases of PAD patients having pain in resting position or develop 

ulcers which may need of limb amputation (56). In lower limbs, critical limb ischemia 

(CLI) observed in infrapopliteal (IP) vessels is common but uncommon in 

femoropopliteal (FP) artery, and on the contrary lesions in the FP artery responsible for  

claudication (57).  

 
Fig. 1.7. Comparison between normal and diseased artery (58). 

Although dyslipidemia and hypertension have less prominent impact on peripheral 

vascular atherosclerotic disease, both coronary atherosclerosis and peripheral 

atherosclerotic disease share the same common major risk factors (55). In addition to 

atherosclerotic disease of the vessels, there are other vascular diseases named as arterial 

or venous aneurysm of different vascular territories, which have not been classified well 

enough in terms of pathophysiology. Coronary artery ectasia (CAE), intracranial 

aneurysm (ICA), and abdominal aortic aneurysm (AAA) are examples of arterial 
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aneurysms (59). Varicocele, pelvic, and peripheral varicose veins and hemorrhoids are 

aneurysms of the venous vascular system (60). Additionally, it is known from previous 

reports that there is high clinical coexistence of venous and arterial aneurysms. 

Peripheral vascular diseases (PVD) are a major heath concern in India. A particular 

concern to India is not only high economic burden, but also affection to productive 

workforce aged 35–65 years (61). In India, cardiovascular disease incident rates have 

increased drastically in  last 30 years, whereas declining trends have been noticed 

Western countries (62). The incidence of cardiovascular disease in the young Indians has 

been reported to be 12%–16% (63). In India, age below 50 years, cardiovascular disease 

related deaths were 52% and about 25% of acute myocardial infarction (MI) occurs under 

the age of 40 years (64). The scenario of underlying cardiovascular disease related deaths 

are worse in men than in women. Morbidity due to PVD continues to increase and affect 

economic stability worldwide (57). The major disease of blood vessels is atherosclerosis 

which affects the larger and medium sized arteries that contain an intima. 

1.2.3. Current Intervention Methods  

The development of lipid-lowering, antithrombotic, thrombolytic, and catheter-based 

therapies has provoked considerable impact in reducing mortality and morbidity in terms 

of atherosclerotic burden or obstructive vascular disease. In past, only open surgery was 

option for treating PAD but now a days using advanced technologies, frequency of 

peripheral interventions is increased with an endovascular first approach (57). Though, 

using advanced technologies to treat FP and IP lesions in lower limbs interventional 

specialist faces many challenges with an endovascular approach (65). Treating of lesion 

in IP vessel faces several technical problems because of small diameter vessel size and 

calcified vessels that makes intervention challenging to perform and decline the long term 
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patency rates (57). Constant improvement in intervention technologies in recent years 

improved outcomes in treating PAD.  

1.2.4. Limitations: Availability, surgical morbidity 

Currently, in treatment modalities in damaged or injured tissue or organ can be treated 

with replacement of autografts, allografts or xenografts. A tissue or organ graft harvesting 

from another species is called as xenograft. (67). Xenografts gives an upper hand over 

other due to its availability in various of shapes and sizes, but they also come with default 

risk of immunological reactions and infections (68). Allografts are grafts made of tissue 

from a human donor, usually post-mortem. This tissue must be collected under proper 

sterile conditions in order to avoid immunological reactions in the receiver and infections. 

Their drawbacks include donor shortages and risks of infections as mentioned above. 

Autografts are grafts made of tissue obtained from the patient who receives the graft: a 

self-transplant of tissue in other words (69). Autografts are in some way a gold standard 

because they avoid most problems related to transfection and rejection. Autologous veins, 

or sometimes with autologous arteries (radial artery, mamarial artery or saphaneous vein) 

are used but mechanical mismatching could generate non-physiological blood flow 

leading to thrombi or aneurysms (70). However these graft have high failure rate due to 

acute thrombosis, neointimal hyperplasia and accelerated atherosclerosis (71). 

Synthetic vascular grafts such as polyethylene terephthalate (PET), expanded 

polytetrafluoroethylene (ePTFE) and Dacron have been used successfully in treating the 

pathology of large blood vessels (internal diameter >6 mm), but it was reported that these 

graft failed in treating the smaller diameter (internal diameter <6 mm) vessels (72). 

Therefore there is a clinical need for a substitute for current graft material and supply of 

vessels to replace diseased blood vessels. Tissue engineering offers the potential of 

providing vessels that can be used to replace diseased and damaged native blood vessels.             
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1.2.5. Tissue Engineering Concepts and Paradigm  

Tissue engineering is an interdisciplinary field that aims to replace the lost or diseased 

tissuesthrough the amalgamation of cells, biomolecules and scaffolds. Thus, the scope of 

tissue engineering is utilized to construct tissue mimicking scaffolds and cells for the 

formation of new viable tissue or organ for a medical application. Langer and Vacanti 

(74,75) defined the term tissue engineering  "an interdisciplinary field that applies the 

principles of engineering and life sciences toward the development of biological 

substitutes that restore, maintain, or improve biological tissue function or a whole organ". 

Advancement in the field of tissue engineering has yielded a novel set of tissue or organ 

for replacement which can be customized as per surgical needs.  

 

Fig. 1.8. Components of Tissue engineering (73). 
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At present chronic organ failure are treated by allogeneic organ transplantation and 

many patients suffering with end stage diseases needs a lifesaving organs transplant. 

Every half an hour, a new patient is added to the organ transplant waiting list (76). Many 

patients die each year waiting for suitable organ transplant and each year patient list for 

organ transplant continue increase (77). Gold standard treatments such as auto graft and 

allograft have their own limitations. Use of auto graft has limitations in availability and 

additional surgical interventions are needed.  Transplantation of allografts needs lifelong 

immunosuppression and there is a risk of pathogen transfer (78). Considering the 

limitations in availability of transplantable organs and transplant related morbidity, there 

is a need of alternative treatment modality which could bypass the limitations. Emerging 

field such as tissue engineering could play an important role in providing customize 

patient specific tissues or organs for transplantation.  

1.2.5.1. History of Tissue engineering and Laboratory developments 

The first report of tissue engineering was published in 1933 where scientist wrapped 

tumor cells in a polymer membrane and implanted into a pig to protect them from the 

immune response (79). A paediatric orthopaedic surgeon at the Children’s Hospital, , 

M.D., undertook a number of experiments in the early 1970’s W. T. Green paediatric 

orthopaedic surgeon made various experiments for the generation of new cartilage using 

chondrocytes seeded onto spicules of bone and implanted in nude mice (80). In 1975, 

Chick and colleagues reported encapsulating pancreatic-islet cells in semipermeable 

membranes to aid glucose control in patients with diabetes mellitus (81). The 

advancement in the tissue engineering field begun in early 1980 after development and 

experimental application of skin replacement (82). Unpredictable outcomes are seen  in 

the mid-1980’s when Dr. Joseph Vacanti and Dr. Robert Langer proposed an idea of 

scaffoldings for cell delivery (80). 
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1.2.5.2. Tissue engineering in current medical practices 

1.2.5.2.1. Cardiac tissue engineering 

Leading cause of death worldwide is ischemic heart disease also known as coronary 

artery disease. Natural contractile activity of heart tissue is crucial for blood pumping 

and, hence, loss or dysfunction of cardiac tissue results in Heart Failure (HF). For HF 

currently focused on drug therapies. Unluckily, at the end stage, only option is heart 

transplantation (83). The first demonstration of in vitro engineered cardiac tissue was 

reported in 1999 by li et al. (84) in their study on gelatin biodegradable  mesh, fetal 

cardiomyocytes were seeded in vitro and then implanted on myocardial scar tissue in a rat 

model.  In 2017, Sheng He et al. (85) developed a Ppy+Chi+Gel biomaterial patch which 

was biocompatible, safe and demonstrate that an attractive candidate for a new 

biomaterial for cardiac surgical repair to preserve synchronous ventricular contraction in 

rat model. 

1.2.5.2.2.  Nerve tissue regeneration  

Cerebrovascular diseases and stroke are the second leading cause of death worldwide. 

Survivors of cerebrovascular diseases and stroke facing more disabilities including loss of 

movement, loss of speech or impaired speech, and other problems. Hemorrhagic and 

ischemic stroke and stroke damage the brain tissue, scar develops and neuronal 

deterioration and permanent neurological deficits happen. Regeneration of nerves is very 

challenging for medical field. In various studies its proven that electrical stimulation play 

an important role in cell proliferation and stimulating nerve regeneration and (86). 

Several electrically stimulatory scaffolds are inspected to stimulate nerve regeneration at 

the site of nerve injury (87). Surface properties and topography of nanomaterials can 

mimic like of natural tissues. Cells are directly interacting with nanomaterials which 
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applicable for stimulate neuronal growth and directed brain tissue regeneration (88). 

Narges Saderi et al. (86) develop a nanofibrous scaffold for nerve tissue engineering. 

1.2.5.2.3. Lung tissue engineering    

Fourth leading cause of death worldwide is chronic obstructive pulmonary disease 

(COPD). Today’s treatment modalities for COPD contains symptomatic therapies, 

including pulmonary rehabilitation, bronchodilators, steroids. These treatments not 

enough for to stop ultimate worsening of COPD. Lung tissue damaged in COPD which 

can be replaced by evolving biomaterials for lung regeneration. Ghaedi et al. (89) in their 

study demonstrate that using iPSCs, native extra cellular matrix repopulate and lung 

tissue can regenerate.  

1.2.5.2.4.  Bone tissue engineering    

Bone provides support to body and protect the internal organs. Bone is the calcified 

connective tissue consists of a natural organic mineral composed by collagen type I and 

various forms of calcium phosphate. Bone formed by two layer outer and inner and they 

play an important role in supplying oxygen and nutrients and removing waste products. 

These arrangements are exciting to reproduce in vitro, making problematic to produce an 

ideal scaffold for bone tissue regeneration  Scaffolds play an important role in by 

providing a 3-dimensional structure for cell seeding and cell proliferation as well as 

correct bone defects and also providing mechanical capability during bone regeneration 

(90). 

1.2.5.2.5.  Cartilage tissue engineering  

Cartilage is an avascular, very stiff and flexible connective tissue. It contains 

chondrocytes implanted in a highly hydrated ECM. Cartilage categorized in fibro 

cartilage, elastic cartilage, hyaline cartilage. Cartilage has very low capacity of self-



CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE SURVEY  

 

25 

 

regeneration and this is the biggest challenge for medical field. Repair of articular 

cartilage was first demonstrated by Dell'Accio group (91) in animal model. Yin et al. (92) 

proposed a new method for developing of micro tissue for cell carrier derived from 

natural cartilage for cartilage repair. In 2012, Suchitra Sumitran-Holgersson and her team 

(93) replace tracheal stenosis with a tissue-engineered human trachea using autologous 

stem cells.  

1.2.5.2.6.  Vascular tissue engineering  

Vascular system is very crucial for distribution of blood in specific manner all over body 

tissues to avoid an inadequate or excessive supply of oxygen and nutrients. 

Vascularization means formation of new blood vessels and capillaries in living tissue. 

Blood vessels made from three layers, inner layer tunica intima, middle tunica media, and 

outer layer tunica adventitia. In today’s developing countries more population suffer from 

various vascular diseases. Earlier in 1950s, synthetic polymer materials like polyethylene 

terephthalate (PTFE) was used as conduits for large-diameter arteries in clinical 

application (94). In 2001 the first clinical application performed successfully in child 

patient with a biodegradable construct as a pulmonary conduit (95). Li and his group (96) 

recently developed a chemically modified hyaluronic acid-based hydrogel which 

promotes endothelial cell binding and it enhance the better vascularization in a mouse 

stroke model. 

1.2.5.3. Process of Tissue Engineering 

The main aspect of tissue engineer field is to design scaffolds, isolation of cell, 

proliferation 

of desired population of cells and, coordinated growth of desired cells on scaffold 

(Fig.1.9.). Scaffold development is most important part of tissue engineering. Scaffolds 

provide 3 dimensional structures which provide microenvironment for cell adhesion, 
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proliferation and grown on the scaffold that’s leads to formation of tissue or organ. 

Scaffold must be biocompatible so elicit a negligible immune reaction, biodegradable and 

should have possessed mechanical properties as like native tissue or organ. Biological or 

synthetic scaffolds are used for tissue regeneration. A Several scaffolds developed from 

different types of biomaterials and synthetic materials. Synthetic biodegradable materials 

are porous polymers or natural materials like sponge, fibers or hydrogels, gives 3D 

support for cell growth, differentiation and organization (97). Synthetic scaffolds has their 

own advantage like ability to control their properties (e.g. mechanical properties and 

degradation rate), while natural scaffolds are more well-organized at promotion of cell 

adherence. 

 
Fig. 1.9. Schematic representation of the process of tissue engineering.  

The process through tissue or organ derived biomaterials obtained called 

decellularization process. Scaffolds developed from tissue or organs by decellularization 

process. For obtaining decellularized scaffold process implicates the complete removal of 
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cell substances from the native organs or tissues, lasting only the modules of the native 

ECM. A scaffold obtained by decellularization process from the native architecture of 

tissue or whole organ, at the micro structural level, to support cellular growth and tissue 

development (98). It possess all the characteristic features like biocompatibility, 

biodegradability, immunogenicity and also provide mechanical support, biochemical and 

biological cues for cell differentiation, cell adhesion, migration, and cell proliferation 

(99). The obtained scaffold by decellularization process can use later for creating tissue-

engineered grafts by cell seeding recellularization of scaffold. Cells are building blocks of 

different tissues, and tissues are the basic unit of function in the body. Cell behavior in 

living organism is critically controlled by the engagements of different cues from their 

micro- environment, which  act  cooperatively  in   three  dimension structure (100). 

Generally, groups of cells secrete their own support structures, called extra-cellular 

matrix (ECM). This ECM mechanically support the cells and also acts as a communicate 

station for various signalling molecules. Thus, cells receive messages from many sources 

that become available from the local environment. By understanding how individual cells 

respond to signals, interact with their environment, and organization of cells in tissues 

and organs, researchers have been able to manipulate these processes to restore damaged 

tissues or even create new ones. Once scaffolds are created, cells with or without a 

―cocktail‖ of growth factors can be introduced. In some cases, the cells, scaffolds, and 

growth factors are all mixed together at once, allowing the tissue to ―self-

assemble‖. Another method to create new tissue uses an existing scaffold. The cells of a 

donor organ are stripped and the remaining collagen scaffold is used to grow new tissue. 

This process has been used to bioengineer heart, liver, lung, and kidney tissue. This 

approach holds great promise for using scaffolding from human tissue discarded during 

surgery and combining it with a patient’s own cells to make customized organs that 
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would not be rejected by the immune system. The first step for tissue formation is cell 

seeding with in a scaffolds means the distribution of isolated cells within a scaffold and 

this step play a crucial role in determining the progression of tissue formation (101). 

Initial distribution of cells within the scaffold after with high density seeding has been 

related to the distribution of tissue subsequently formed within engineered constructs 

(102,103), suggesting that uniform cell-seeding could establish the basis for uniform 

tissue generation. higher efficiency and uniformity cell seeding will be obtained when 

synthetic polymer,  non-woven meshes are used with bioreactors (104). Effectively cell 

seeding on various types of scaffolds can be achieved by automated and controlled 

process using this simply designed bioreactor. Perfusion cell seeding method by 

bioreactor system able of carrying out both seeding of the scaffold and subsequent 

culturing of the construct such as engineering vascular grafts (105) and frequently used in 

engineering cardiac tissue(106) and cartilage (107) and, and in retaining function of 

hepatocyte within 3D scaffolds (108).  

1.2.5.4. Cell sources 

The main goal in the tissue engineering field is to develop patient specific tissue or organ 

where cells are isolated from patient own body and cultured on scaffolds to produce 

tissue for implantation. The success of tissue engineering all depends upon the capability 

to produce appropriate amounts of cells that maintain the appropriate phenotype and 

implement the essential biological functions. Incorrect organization, cells must produce 

an extracellular matrix after secrete cytokines and other signalling molecules, and interact 

with neighbouring cells or tissues. The choice of cell types may vary organ to organ 

require for functional recellularization (Fig.1.10.). In tissue engineering for repopulation 

of decellularized scaffold different stem cells are used which include adult stem cells, 

embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) (109). Stem cells 
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becomes ideal choice over all cell sources because stem cell have differentiation potential 

for repopulation of tissue engineered tissue or graft. Progenitor cells or non-stem cells 

which are obtained from organ or tissue biopsies such as parenchymal cells, e.g. 

cardiomyocytes or epithelium, hepatocytes, peripheral blood or bone marrow, e.g. 

endothelial cells; and supportive cells, e.g. fibroblasts used for cell seeding on scaffold in 

tissue engineering. Adult tissue derived stem cells commonly used as cell sources include 

peripheral blood, heart, and adipose tissue, skeletal muscle, bone marrow, liver, lung. 

iPSCs are also choice of cell source for recellularization  because iPSCs showing 

properties similar of adult stem cell and embryonic stem cell. On the other hand, 

umbilical cord blood cells also provide a rich source of stem cells or progenitor cells. 

 
Fig. 1.10. Various cell sources for cardiac/cardiovascular graft regeneration (110). 

1.2.5.4.1.  Primary Cells 

Primary cells are the most desirable and isolate from explant material which are mature 

cells and specific to tissue type. Primary cells are differentiated and post-mitotic and have 

immunological compatible.  
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1.2.5.4.2.  Stem Cells 

Definition of stem cell is undifferentiated cells that can proliferate and have self-renewal 

ability and to differentiate into another type of specialized cells (111). The ability of cell 

differentiation and proliferation of stem cells make them a unique choice for application 

in tissue engineering (112). Stem cells are isolated from many sources like embryos, 

fetuses, from adult tissue, peripheral blood, adipose tissue, bone marrow, umbilical cord. 

For tissue engineering, stem cells can provide a practically unlimited cell source. 

Embryonic stem cells (ESCs) have a unique property that it can differentiate any type of 

cell and capacity of self-renewal over long periods of time, which make them favorable 

for use in regenerative medicine (113). Two decades ago, ESCs isolated from the inner 

cell mass of the developing murine blastocyst and grown in the laboratory (114,115). The 

mesenchymal stem cells source is bone marrow which is isolated as colony forming units 

– fibroblastic (116) and MSCs can be differentiated to the osteogenic and other lineages 

(117).  BM-MSCs have been shown that ability to differentiate from a generic marrow 

cell population to an osteogenic lineage and used to repair of bone (118). Primary adult 

cells also used for recellularization of scaffolds. Adult stem cells have restricted the 

capacity of proliferative so cells are obtained from an organ biopsy or a donor organ, can 

be difficult to multiply in number for repopulation of a large-sized organ scaffold (119).  

1.2.5.5. Scaffold 

A major objective in TE is the construction of scaffolds which has the ability to recreating 

the in vivo microenvironment, which is mainly provided by the ECM. Structures of 

scaffolds should integrate the appropriate biochemical biophysical, biomechanical and 

cues that guide cell proliferation, differentiation, maintenance, and function (120). The 

major property for any scaffold requires are biocompatibility, the capacity to promote the 

cells growth, and providing an outline for tissue growth in three dimensions. For tissue 
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regeneration scaffolds generation is very important. Scaffolds, typically made of 

biomaterials or synthetic, offer the fundamental support for cell attachment for 

development of tissue.  In extracellular matrix (ECM) cells anchorage in the scaffold. 

There are different types of ECM, which contains multiple components and tissue-

specific composition (121). ECM is a complex mixture of structural and functional 

proteins, glycosaminoglycans, glycoproteins, and small molecules arranged in a unique, 

tissue specific three-dimensional architecture (122). Frequently biological materials are 

used in tissue engineering; for example, engineering of blood vessels submucosa of the 

small bowel has been used for 40 years (123). Scaffold like amnion membrane activated 

with PRP used for burn wound dressing(124). Allogeneic and xenogeneic decellularized 

tissues sources are used as scaffolds. Biological materials have limitations like lack of 

consistency and structure framework. In recent years, developments in materials science 

provide solutions for this limitation. The new generation materials possess many 

properties which give the advantage to design specific three-dimensional structure and 

strength requirements and their rate of degradation can be precisely controlled (125).  

1.2.5.5.1.  Methods of Decellularization 

The final product obtained in process of decellularization is ECM with a composite 

mixture of functional and structural proteins by removing cell substances from organ or 

tissue. Xenogeneic and allogeneic cellular antigens are known as foreign by the host and 

therefore induce an inflammatory response or an immune-mediated rejection of the tissue 

or organ (126). After removing the cellular component from scaffolds reduces the 

chances of immune rejection (126). Decellularized scaffolds contain ECM matrices which 

gives mechanical strength due to collagen fibers present in ECM, elastin fibers provides 

elasticity and the proteoglycans provides cushion or binding functions (127). Ideal 

decellularized scaffold possess signaling and protein molecules which are must needed 
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for new ECM formation, by performing cell-cell communication and cell-matrix 

interactions (128). Method of decellularization is responsible for the characteristics of the 

scaffolding materials. The decellularization methods content enzymatic, chemical, 

physical, or a mixture of these tactics, which determined by membrane disruption of cells 

to remove cellular components (129,130). A decellularization procedure usually starts 

with lysis of the cell membrane using physical treatments or ionic solutions, followed by 

enzymatic treatments for separation of cellular components from the ECM, then using 

detergents for solubilisation of cytoplasmic and nuclear cellular components, and finally 

removal of cellular debris from the tissue. These steps can be combined with mechanical 

agitation to increase their efficacy (126).  

1.2.5.5.1.1. Physical methods 

A physical method of decellularization includes snap-freezing, sonication, temperature, 

force, and direct pressure, solution agitation, scraping off any tissue or organ for 

disruption of the cell membranes, helping cell lysis. In snap-freezing, the formation of 

intracellular ice crystals that disrupt cellular membranes and cause cell lysis. By applying 

direct pressure to tissue, cells can be lysed but this method is only effective for by densely 

organized ECM like a liver, lung.  The mechanical force also effective and cause minimal 

disruption to the three-dimensional architecture of the ECM within tissues.  Mechanical 

agitation is done by using a shaker, magnetic stirs plate, or a roller. All of these 

procedures depend upon composition, volume, and density of the tissue determines the 

speed, volume of reagent, and interval of mechanical agitation. 

1.2.5.5.1.2. Chemical methods 

For the purpose of decellularization of tissue, various chemicals have been investigated. 

Chemicals used for solubilizing the cell membranes and leakage of cellular components 

from the tissue by agitation or perfusion. Various types of chemicals like acidic and 
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alkaline solutions, detergents, solvents, and ionic solutions. In acidic and alkaline 

category followed chemicals are used for decellularization like acetic acid, peracetic acid 

(PAA), hydrochloric acid, sulfuric acid, and ammonium hydroxide (NH4OH) can 

effectively disrupt cell membranes and intracellular organelles (131,132,133). Detergents 

fall in into three categories: ionic, non-ionic, and zwitterionic. Ionic detergents, such as 

sodium dodecyl sulfate (SDS) and sodium deoxycholate, are the high ability of greater 

disruption of protein structure and loss of matrix components, particularly 

glycosaminoglycans (GAGs) (134). Meghnad Joshi and his team showed that the efficacy 

of SDS combines with Dimethyl Sulphoxide for decellularization of a porcine heart valve 

(135). Non-ionic detergents have lack of ionic charge so these detergents are the most 

desirable detergents to use and have minimum impact on the protein structure such as 

Triton X-100 (136). Zwitterionic detergents possess features of both ionic and non-ionic 

detergents, for example, 3-[(3-Cocamidopropyl)dimethylammonio]-1- propanesulfonate 

(CHAPS) (137). 

1.2.5.5.1.3. Biological Methods 

Biological methods include enzymatic and non-enzymatic agents. In enzyme group 

thermolysin, trypsin, lipases, nucleases, dispases, collagenases which is frequently used 

for decellularization. Enzymes are generally used for disruption of interactions between 

the cells and the ECM, or to specifically target proteins for which removal is desirable. 

Enzymatic methods include the use of protease digestion, calcium chelating agents, and 

nucleases (138,139). For example Trypsin, a serine protease is commonly used to disrupt 

cell-matrix interactions in tissues (140). DNase is a Nucleases, are used to disruption in 

nucleic acid sequences within the tissue to enable their removal or to eliminate their 

function (141). Another enzyme like Lipase specifically used to remove lipids from fatty 

tissues (78).  Non-Enzymatic agents include Ethylenediamine tetra-acetic acid (EDTA) 
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and ethylene glycol tetra-acetic acid are commonly used as chelating agents for disturbing 

the protein-protein interactions indirectly for removal of cells from the ECM structure 

(142). 

1.2.5.5.2. Complete organ decellularization  

Tissue engineering field continuously upgrading with advancement from the last three 

decades has well-known a new footing toward the functional organ replacement. Whole 

organ scaffolds developed by decellularization process from native whole organs and then 

these scaffold repopulate with different cells sources  such as autologous cells or stem 

cells and these cell seeded scaffold nurtured in bioreactor for providing physiological 

environment to develop functional organ in laboratory. In current times, by perfusion 

method whole organ scaffold achieved successfully and these scaffold used in tissue 

engineering field (143). Decellularization agents perfused antergrade and retrograde to 

achieve whole-organ decellularization to eliminate cellular substances from the tissue 

without disturbing its microarchitecture (Fig.1.11.). Protocols are different as per organs 

because each organ has different characteristics tissues. Protocol conditions depend upon 

the complexity of the organ and the density of the residing cells or tissues (98). In the 

animal model, Guyette et al. demonstrated that decellularization of rat heart organs (small 

animal) and porcine organs (large animal) by using suitable modifications in pressure-

controlled perfusion (144). Recently with conventional perfusion systems, automated 

perfusion systems used for decellularization of whole organs with software interfaced 

with a bioreactor by perfusing different detergents solutions that can regulate the flow 

rate, selection of compound, timings, and volume of the decellularization fluids. 
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Fig. 1.11. Decellularized whole kidney. 

1.2.5.5.3.  Verification of cell removal 

To determine the removal of cellular material from tissue many histological methods are 

available.  Hematoxylin and Eosin staining serve as the first line of inspection to 

determine nuclear structure observation (Fig.1.12.). Other histological stains can be used 

to examine tissues for the presence of various cytoplasmic and extracellular molecules 

such as Masson’s Trichome, Movat’s Pentachrome, or Safrin O, Alcian blue stain. For 

specific intracellular proteins, Immunohistochemical (IHC) methods can also be utilized. 

DAPI or Hoechst staining used for the presence of DNA content in tissues (145). In 

addition, Pico Green assay has been developed for quantitative analysis of DNA within a 

specimen (146). 

 
Fig. 1.12. Confirmation of decellularization by HE staining. 
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1.2.5.5.4. Development of Synthetic Scaffolds 

In recent year scientist used biodegradable synthetic polymers because they offer more 

advantages over other materials for developing scaffolds in tissue engineering. The main 

advantages of synthetic biomaterials are the ability of mechanical properties and 

degradation capacity to make use of various applications. Desired morphologic porosity 

is possible in synthetic polymers when fabrication of scaffolds for cell proliferation (147). 

Biodegradable synthetic polymers such as poly(glycolic acid), poly(lactic acid) and their 

copolymers, poly  (p-dioxanone), and copolymers of trimethylene carbonate and 

glycolide these are the polymers used in tissue engineering application (148,149). 

Synthetic material provides good mechanical support during tissue growth and 

incorporates with tissue for their growth (Fig.1.13.).  Scientist proved that these materials 

have properties including biocompatibility, biodegradation within the time frame required 

for the application, processability to complicated shapes with suitable porosity, ability to 

support cell growth and proliferation, and appropriate mechanical properties, as well as 

maintaining mechanical strength during most part of the tissue regeneration process 

(147). 

 
Fig.1.13. 3D printed synthetic tissue engineering vascular graft. 
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1.2.5.6. Recellularization 

The repopulation with specific cells of the matrix permits to develop in to functional 

organs demonstrating by sensitivity response to the stimuli. Decellularized scaffolds with 

integral microstructure networks can be recellularized with particular isolated cells and 

maintained in bioreactors for functional cell growing, specific cell modification or 

differentiation. Desired Cells and ECM have an integrally close and dependent 

relationship. Types of cells and cells sources used to repopulate the 3D structure scaffolds 

are critical to the functionality and clinical achievement of the engineered construct 

(Fig.1.14.). Specific growth clues or factors or biological active molecules into the 

acellular scaffolds play an important role in the functionality of the recellularized tissue 

or organ construction (122). For developing functional organ choice of cell sources has 

great importance for cell seeding on scaffold.  Specific cell sources are must needed for 

repopulation of acellular scaffold because functionality of tissue or organ depend upon 

the distribution of cells which are similar to their native three-dimensional arrangement.  

 
Fig.1.14. Schematic representation of recellularization (150). 

1.2.5.7. Bioreactors use in Tissue Engineering 

In tissue engineering for cells proliferation in a natural way require microenvironment 

which is very important for tissue or organ regeneration. Bioreactors play a vital role in 
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TE as they provide microenvironment under physiological condition (151).  Development 

of new tissue in vitro condition bioreactors is used. Bioreactors provide physical also 

biochemical signals which are very important cell proliferation, cell differentiation by 

maintaining pH, temperature, oxygen tension and perfusion of the cells as well as external 

stimuli such as mechanical forces etc. (Fig.1.15.) (152).  Mechanical forces stimulate to 

stem cell for cell differentiation lineages, enabling different cell types to be obtained 

(153). Bioreactors designs are both tissue and application specific.  

 

Fig.1.15. Bioreactor for recellularization of heart (154).  

(License Number - 290850559922) 

 

1.2.5.8. Critical Elements of artificial blood vessel 

Several tissue engineering products have even been commercialized, including the 

artificial skin substitutes AlloDerm®, Dermagraft®. Despite progress in tissue 

engineering, thick tissues and organs such as the liver, heart, and kidney remains a great 

challenge (155). Without vascularization, three-dimensional (3D) engineered thick tissues 

or organs cannot get enough nutrients, gas exchange, and waste removal, all of which are 

needed for maturation during perfusion (156). Systems must be developed to transport 

nutrients, growth factors, and oxygen to cells while extracting metabolic waste products  
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such as lactic acid, carbon dioxide, and hydrogen ions so the cells can grow and fuse 

together, forming large-scale tissues and organs. Cells in a 3D organ structure cannot 

maintain their metabolic functions without this ability, which is traditionally provided by 

blood vessels. However, available biomanufacturing technologies encounter difficulties 

in manufacturing and integrating a vasculature network into an engineered construct 

(156). Although several researchers have investigated developing vascular trees using 

computer models, generating a massive amount of digital data, so far only a few attempts 

have been made toward fabricating bifurcated or branched conduits with a representative 

model fabricated using tissue spheroids (157). Successful maturation toward functional 

mechanically integrated bifurcated vessels is still a challenge. 

1.2.5.9.  Approaches in creating Tissue Engineered blood vessel 

Despite numerous studies demonstrating the feasibility of tissue replacement with tissue 

engineered constructs, clinical applications are scarce (158). Indeed, it has quickly 

become evident that the diffusion of oxygen and supply of nutrients is a major limit to the 

size and complexity of tissue engineered constructs, and that integrating a network of 

blood vessels represents both a necessary and challenging step. In order to reproduce the 

natural vascular structure in laboratory conditions, it is of paramount importance to 

identify the molecular and cellular players, and their complex interactions, which 

determine the success of the angiogenic process (159). Angiogenesis, the formation of 

new blood vessels from existing ones, is relatively rare in adults and almost entirely 

limited to areas of post-injury regeneration and tumor growth. These two types of 

angiogenesis are driven by similar signals, however, deliver very different outcomes. 

Reparative angiogenesis recreates functional and interconnected vessels, whilst tumor 

angiogenesis produces a high number of immature and disorganized vessels (158). 

Understanding the mechanisms regulating healthy and pathological angiogenesis should 
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therefore provide valuable clues to generate tissue engineered constructs embedded with 

robust and mature vasculature. 

In 1986, Weinberg and Bell (160) produced the first tissue-engineered vessel. 

Dacron mesh was used to culture bovine endothelial cells, smooth muscle cells, and 

fibroblasts to construct artificial blood vessels in vitro, improved on the mechanical 

strength of these engineered grafts by culturing mesenchymal cells in the presence of 

vitamin C, to create a three-dimensional extracellular matrix with characteristics similar 

to those observed in vivo (161). In 1993 Lantz GC (162) used small intestinal submucosa  

and implanted as vascular grafts. In 2000 Barder A (163) created xenogenic graft from 

porcine aorta and seeded human cells on decellularized matrix.  Tissue engineered 

autograft implanted into the inferior vena cava of a dog, and explant analysis showed that 

bone marrow stem cells were able to differentiate both in endothelial and smooth muscle 

cells (164). 

The concept arises from tissue engineering field is to manufacture autografts in two 

ways either by direct transplant of scaffold in vivo for repopulation of scaffold by host 

cells and repair the tissue or by seeding autologous cell on scaffold in vitro. In both cases, 

in specific time period the scaffold should degrade with host tissue repair and regenerate, 

once the tissue is matured the scaffold is degraded and newly formed tissue take place of 

injured or damaged tissue (165). Using the autologous cell avoid the rejection and 

transfection of tissue and this approach also overcome the problem of shortage of donor 

or shortage of tissue and site morbidity (166). Compared to arteries, veins are thin walled 

vessels lacking distant molecular structure and tissue organization and they tend to 

deform easily. The ECM of vascular cells is complex containing molecular network of 

collagen (type1 and type2), elastin in form of fibers and proteoglycan, hyaluronan and 

glycoproteins (167). Cell and scaffold are two important basic blocks of tissue 



CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE SURVEY  

 

41 

 

engineering and the third important building block is biochemical and biomechanical 

signals. Signals are providing clues to the cell for migration, adhesion and proliferation. 

Tissue engineering field concept depends on the biological and engineering challenges  

but cell, scaffold, and signal treatment have different challenges from engineering field 

and vice versa (168). From both life science and engineering fields scientist must be 

integrated the knowledge for development of functional tissues or organs. Role of cells 

and its application in tissue engineering is very crucial for development of viable organs 

(169). Selection of cells is very important part during its application such as for directly 

implantation in body or for cultured in vitro before implantation. Additionally, cell 

isolation, expansion and cell differentiation facing numerous challenges which have 

delayed in process of developing cellular grafts. (170).    

1.2.5.10.  Tissue-engineered vascular grafts 

In pursuit of developing ideal vascular grafts or substitute, scientist have made tissue 

engineered arterial grafts with great success. In tissue engineered vascular grafts (TEVG) 

the resulting graft is capable of self-renewal and can include as well as be remodeled by 

the body depending on its specific needs (158). Construction of such vascular grafts will 

improve the graft strength and will decline the potential graft rejection of infection after 

transplantation by restricting the host graft rejection reaction assisting a more extensive 

integration of the graft into the surrounding tissue.  

1.2.5.11. In vitro TEVG 

First in vitro TEVG were developed by Weinberg and Bell (171). In their experiment they 

used vascular cells from bovine origin and collagen for showing viability of TEVG, and 

they used Dacron for supporting because developed graft showed excessively low burst 

pressures. In the study by L’Heureux et al. (172) showed using umbilical cord-derived 

human cells they fabricated a human blood vessel with thrombus resistant ability and 
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satisfactory burst strength. This developed graft showed 50% patency rate in a canine 

model up to eight weeks because lacking of ECs and immunogenic effects of the 

heterogenic ECs in vivo. TEVG developed from neonatal cells because they have a 

greater regenerative capacity making them inapplicable aged individuals who would 

benefit most from the use of one. Early efforts led to substantial progress in developing 

TEVGs. 

1.2.5.12. Endothelial cell seeding 

Endothelial cells seeding are crucial choice in manufacturing TEVGs. Using of 

endothelial cells have many benefits as like it preventing the attachment of platelets on 

intimal layer which causes thrombus formation and also prevent smooth muscle cell 

migration in intimal layer by releasing bioactive factors. Earlier study showed that by 

seeding of endothelial cell (EC) on the intimal surface of graft improved graft existence 

in animal models (173). Earlier problems were faced due to the comparative low cell 

density applied to the graft. Retained cells at least partially compensate for the cell loss 

by migration and proliferation. Preconditioning the seeded EC monolayer with graded 

shear stress promotes reorganization of the EC cytoskeleton and production of ECM, 

which in turn enhances the EC retention at flow exposure (174). Compared to ePTFE cell 

attachment rates of Dacron and polyurethance is better. To maximize cell inoculation 

density is achieved by different approach of cell seeding in two stage procedures in which 

firstly endothelial cells are obtained and allow them to proliferate in in vitro and in 

second stage after proliferation in sufficient number seeded them on vascular graft for 

grown to confluence before transplantation. This technique also have drawbacks include 

potential risk of infection and long waiting period for expansion of the cell population 

(175) one of the study reported that EC seeded graft have more patency rate over the non-

seeded vascular graft in human (176). 
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1.2.5.13. In vivo TEVG 

Synthetic grafts which are currently available in market for commercial use composed of 

Dacron, ePTFE, or polyurethane are permanently reside as a prostheses in host body after 

implantation (163). In vivo TEVG is formed by the incorporation from cellular and 

extracellular components with desired physiological characteristics in vivo using 

bioresorbable materials stimulate the rapid and controlled growth of tissue to assume the 

load bearing that prevent dilation. Therefore synthetic materials have no necessary ability 

of tissue ingrowth after transplantation in host (177). 

1.3. Hypothesis 

Vascular disease due to atherosclerosis, thrombosis or aneurysm is the largest cause of 

mortality in the developed world. Autologous or synthetic vascular grafts are used in 

treating this disease to bypass and replace diseased vascular segments. However, some 

patients either lack suitable autologous tissue or cannot receive synthetic grafts due to the 

small size of the target vessels. Various approaches have been used to generate tissue-

engineered blood vessels grafts (TEBVs), some of which are currently in clinical trials 

with promising results. Our approach to produce functional Tissue engineered blood 

vessels from xenogeneic blood vessels. Our study will describe a novel technique for the 

generation of a highly compacted scaffold matrix from xenogeneic origin. Using this 

approach, it will be possible to optimize the engineering process of decellularization 

methods and develop xenogeneic scaffolds to provide biological vascular grafts with 

sufficient stability for implantation in the arterial system. Thus, this technique may 

represent a powerful tool to get closer to the ultimate aim of an optimal biological 

vascular graft. 
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1.4. Aims and Objectives 

1. To develop vascular grafts from xenogeneic blood vessels by standardization of 

different decellularization techniques. 

2. To study mechanical and biological properties in newly developed scaffolds. 

3. To study biocompatibility and vasculogenesis in newly developed scaffolds in animal 

model. 

4. In vivo study of newly develop vascular graft  
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2.1. Introduction 

Every year a large number of cardiac surgeries are performed (1) among them 

coronary artery bypass graft surgeries are more needed to save life affected by coronary 

artery disease (2).  Patients at high risk who have coronary artery disease (CAD) with 

peripheral artery disease (PAD) of successive cardiovascular events and mortality (3). In 

developed countries mortality rate caused by CAD have declined (4) but it is a major 

cause of death in developing countries (5). PAD is also progressive disorder causing 

stenosis or occlusion in upper and lower extremities and it is estimated that more than 200 

million people have been affected by PAD worldwide (6). PAD increases risk for 

cardiovascular morbidity and mortality and are associated with reduced functional 

capacity (7, 8). Atherosclerosis formation is a highly predominant and underlying 

pathophysiological cause for coronary artery disease (CAD), carotid artery disease, 

cerebrovascular (CVD) disease, peripheral artery disease (PAD) (9,10). Atherosclerosis 

causes ischemic risk, reducing it is the main goal of all therapies focused on patients with 

acute coronary syndrome and peripheral vascular ischemic disease. Although the 

incidence of CAD and PAD continues to upsurge, the existing options for therapy are 

quite limited.                           

In recent times, the improvements in tissue engineering and regenerative medicine 

provide us with unique confidence aimed at treating CAD and PAD (11-14). In coronary 

artery bypass surgery (CABG) autologous grafts e.g. internal thoracic artery, radial artery, 

saphenous vein is used with high patency rate (15).  Thrombus formation, intimal 

hyperplasia and atherosclerosis are the failure reasons of autologous and allogeneic 

grafts(16-18). Synthetic vascular grafts have been used successfully in large arteries (> 6 

mm internal diameter) replacement treatment but it has been shown low patency rate in 

replacing the smaller diameter (< 6 mm internal diameter) vessels (19). Several synthetic 
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vascular grafts such as polyurethane (PU) (20), expanded poly (tetrafluoroethylene) 

(ePTFE) (21), poly (ethylene terephthalate) (PET) (22), and polycaprolactone (PCL) (23) 

have low patency rate when used as small diameter (< 6 mm) bypass grafts (24). 

Therefore, innovative sources of blood vessels are vastly necessitated for small diameter 

vascular grafts surgeries in patients short of accessible grafts. 

Decellularized vascular grafts generated from xenogeneic origin will provide a 

better answer to the dearth of commercially available vascular grafts. These 

decellularized vascular scaffolds can be used as grafts for vascular repair directly or 

patients’ specific cells will be seeded on vascular scaffolds and then implants for vascular 

repair in patients. Bai et al., (25) showed that a decellularized carotid artery has 100% 

patency rate with reendothelialization after arteriovenous graft transplant in rat model. 

Thrombus formation is the main cause of small diameter vascular grafts failure.  Zhou M 

et al., (26) found that the decellularized vascular scaffold after heparin coating possessed 

excellent antithrombogenicity . Another study by Bai et al., (27) showed that after coating 

of heparin on the luminal side of human Saphenous vein patches decrease neointimal 

thickness used for venoplasty and arterioplasty in rat model .  Decellularized biomaterials 

showed good biochemical activity and biological compatibility. During the process of 

decellularization and handling of natural materials the normal 3D structure is changed, or 

some biological components are lost (28). Surface modification of decellularized scaffold 

materials play an important role in improving its biocompatibility and functionality (29). 

Several researchers proposed that surface modification of natural or synthetic materials 

for vascular replacements enhance the endothelialization of small diameter vascular 

grafts (29-31).                  

Our aim of present work was focuses on to standardize the new technique for 

decellularization of xenogeneic vascular graft. Our next aim is to develop ideal 
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xenogeneic vascular graft which possesses microarchitecture for cell recruitment and 

mechanical property similar to that of native vessel.  

2.2. Materials and methods 

2.2.1. Tissue Harvesting:  Goat blood vessels (arteries) were collected from 

slaughterhouse and carried in antibiotic, antimycotic (penicillin, streptomycin, and 

amphotericin B) solution 1x liquid (Himedia Laboratories Pvt. Ltd. Mumbai, India) 

solution in lab. Each segment was rinsed three times with Dulbecco’s phosphate buffered 

saline (PBS) containing penicillin, streptomycin, and amphotericin B and stored in the 

freezer at 20
0 

C for further use. Four methods were followed to achieve decellularization 

as follows:  Decellularization: Vessels were decellularized using in-house developed 

protocols. Briefly, the treatment consisted around 4 to 5 cycles of four methods as 

follows: The whole process was done under agitation on shaker (Fig. 2.1).  

2.2.2. Decellularization process 

We were used 4 different methods (Fig. 2.1.) using sodium dodecyl sulphate (SDS), 

sodium deoxycholate and Dimethylsulfoxide (DMSO). 

Method 1: This method was performed using SDS (sodium dodecyl sulphate, Loba 

chemicals, Mumbai, India). Sample was treated with 1% SDS for 12 h on shaker (REMI 

RX-12R-DX) at 180 rpm. After 12 h the sample was transferred into D/W and stored in a 

deep freezer overnight. It was thawed the next morning at room temperature and the cycle 

was repeated again. Such many cycles were repeated to achieve complete 

decellularization of the sample.  

Method 2: This method was performed using sodium deoxycholate (SDC)(Loba 

chemicals) and  sodium dodecyl sulphate, Loba chemicals). Sample was treated with 

0.5% sodium deoxycholate for 6 h followed by 0.5% SDS for 6 h on shaker (REMI RX-

12R-DX) at 180rpm. After 12 h the sample was transferred into D/W and stored in a deep 
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freezer overnight. It was thawed the next morning at room temperature and the cycle was 

repeated again. Such many cycles were repeated to achieve complete decellularization of 

the sample.  

 

Fig.2.1. Four different methods used for decellularization of native goat artery. 

 

Method 3: This method was performed using Dimethylsulfoxide (DMSO) (Molychem) 

and SDS (sodium dodecly sulphate, Loba chemicals). Sample was treated with 1% 

DMSO for 6 h followed by 1% SDS for 6 h on shaker (REMI RX-12R-DX) at 180 rpm. 

After 12 h the sample was transferred into D/W and stored in a deep freezer overnight. It 
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was thawed the next morning at room temperature and the cycle was repeated again. Such 

many cycles were repeated to achieve complete decellularization of the sample.  

Method 4: This method was performed using DMSO. Sample was treated with 2% 

DMS0 by keeping it overnight at – 40
0
 C for 12 h. It was thawed the next morning at 

room temperature followed by 6 h wash in D/W on shaker (REMI RX-12R-DX) at 180 

rpm. Such many cycles were repeated to achieve complete decellularization of the 

sample.  

Decellularized samples obtained from all 4 methods were washed with distilled water five 

times for 4 h each and then incubated with PBS for further use. 

2.2.2. Histological characterizations 

At retrieval and after decellularization specimens of the vessels were isolated and 

processed in paraformaldehyde 4% in PBS, dehydrated through alcohol grades, 

enlightened in xylene, embedded in paraffin wax, and 4-5 𝜇m slices were taken on the 

glass slides using a microtome (YORCO sales Pvt. Ltd, India). Sections were stained for 

nuclear organization and cytoplasm using HE technique according to the standard 

procedure (32). Extracellular matrix was characterized for presence of collagen fibers by 

massion’s trichrome stain (33). The sections were treated with a 0.1% alcian blue acetic 

acid solution of pH 2.5 for 20 min, rinsed in water, dehydrated with ethanol and then 

cleared and mounted (34). Analysis of glycosaminoglycans (GAG) was determined using 

AB pH 2.5 (Sigma, A5268) stained. Images were taken in brightfield at, 20x using a 

Nikon Ts Eclipse 108 microscope fitted with a nikon camera. 

2.2.3. 4, 6-Diamidino-2-phenylindole (DAPI) staining  

DAPI is a nuclear stain used to counterstain slides at every cycle and to confirm cell 

removal from scaffolds by decellularization.  After serial grading of xylene and alcohol 

sections were treated with DAPI (Invitrogen, CA, USA) for 1 min and mounted with 
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fluorescent medium (Dako, Denmark). Stained sections were examined under fluorescent 

microscopy (Nikon Ti-S, Eclips, Japan). 

2.2.4. DNA quantification 

At native condition, in decellularization by all four methods, in subcutaneous implant 

scaffold and in transplanted graft the total amount of DNA was quantified using UV 

Spectrophotometer at 260 nm. All Samples were collected at concentration of 1mg/ml 

and freeze at -20
0 

C. After 15 mins all samples were crushed with mortar pastel and D/W 

was added to it. This DNA solution was poured in 2ml microcentrifuge tubes which were 

used to obtain DNA content. From the above prepared DNA solution 40 µl of solution 

was taken using a Hamilton syringe in 4 ml cuvette to which 3.96 ml of D/W was added. 

At most care was taken to ensure that solution is air bubble free.  Solution was left to 

stand for 10 minutes to ensure the complete diffusion of DNA throughout the solution. 

This represents a 1:100 dilution of the standards and DNA samples.  The 

spectrophotometer was set at 260 nm and readings were noted down (35). 

2.2.5. Scanning electron microscopy (SEM) of scaffolds 

Dehydration of tissue samples was done by keeping small sections of tissue overnight in 

an oven at 37
0 

C. A Scanning Electron Microscope (SEM) was done at the Department of 

Physics, Shivaji University, Kolhapur, MS, India. Since resolution was required at the 

high magnifications, the specimen sputtered with gold to improve image quality. SEM 

analysis was done using JEOL JSM-6360 Scanning Electron Microscope model. Several 

sets of images were taken of each sample at the scales of 10, 20, 50, 100 and 200 µm. 

Image-J open-source imaging software was used to analyze the images taken with the 

SEM.  
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2.2.6. MMT assay 

In order to check the ability of hDA  to facilitate the growth and proliferation of cells, 

small pieces of scaffold with approximate area of 0.16 cm
2  

(0.4cm x 0.4cm) were placed 

in the wells of a 96 well plate (n=3). The cord blood MNC’s with a density of 1x10
5 

cells 

were seeded on the scaffolds. The cells were then allowed to proliferate for 24 h in CO2 

incubator at 37
0
C. After 24 h MTT was added to each well making the overall 

concentration of MTT in media as 0.5mg/ml. The plate was further incubated in CO2 

incubator for duration of 4 hours and then the solution was gently aspirated. The 

formazan crystals were allowed to dissolve in 100µl DMSO for half an hour and then the 

formazan dissolved DMSO was aliquoted into separated well and the optical density 

(OD) was measured at 570 nm (with 620 nm as reference). Cells seeded in wells without 

scaffolds served as control, while wells with scaffold but no cells served as blank.  

2.2.7. Mechanical properties 

Native and decellularized vessels were cut into cylindrical-shaped specimens of 1 cm 

length for mechanical analysis. Native tissue samples were tested within 4 hours of cold 

ischemia after retrieval. Mechanical testing was performed according to a previously 

developed protocol by the Civil Engineering Department of KIT Engineering College, 

Kolhapur. Ultimate Stress and elasticity were calculated using Tensometer and burst 

pressure was calculated using concrete permeability machine. 

2.2.8. Loading of heparin on decellularized vascular scaffold  

Before implantation, decellularized vascular scaffolds were treated for heparin 

immobilization. Heparin loading in a decellularized vascular scaffold was done by a 

similar method used by Kong et al. (37). Decellularized vascular scaffold (DA) (Method 

2) incubate at 37
0
C for 4 h. in  50 mL MES buffer (0.05 mol/L, pH 5.60) containing 100 

mg EDC (1–(3-Dimethylaminopropyl)-3-ethylcarbodiimide) (Sigma), 100 mg heparin 
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(Sigma) and 60 mg NHS (N-hydroxysuccinimide) (Sigma). After rinsing in disodium 

hydrogen phosphate solution (0.1 mol/L) for 2 h, sodium chloride solution (4 mol/L) for 

24 h 3-4 times, and 24 h in distilled water for 3-3 times, the heparinized vascular scaffold 

was obtained. All heparinized grafts were sterilized by ethylene oxide sterilization 

atmosphere (concentration of 321 g/m3) (RUGIKON Semi-Automatic KANC-125, 

Mumbai, India) (38). Sterile grafts were stored in 0.9% NaCl + 1% 

penicillin/streptomycin at 4°C for future use. Toluidine blue (0.05 mg/mL) was used for 

heparin content staining on heparin treated graft slides. 

2.2.9. Anticoagulant assay 

The anticoagulant  activity before and after heparin-coated (DA and hDA) decellularized 

vascular scaffolds were determine by thrombin time (TT), prothrombin time (PTT), 

activated partial thromboplastin time (APTT) assay (39). Healthy human blood and an 

automated machine were used for this test. 

2.2.10. Hemolysis assay  

The hemolysis assay was performed to study the hemolytic activity of hDA with human 

erythrocytes. 10 ml of blood was taken from healthy human volunteer. Blood sample was 

added in a centrifuge tube containing ethylenediaminetetraacetic acid (EDTA) and 

centrifuged at 3000 rpm for 15 min. RBC pellet were isolated and washed with 

phosphate-buffered saline (PBS). 200 μl of prediluted RBC with PBS was added with 

hDA. 200 μl of diluted fresh whole blood incubated with 10 ml of distilled water (D/W) 

and 10 ml of 0.9 % NaCl (Normal Saline) aqueous solution were used positive and as 

negative controls respectively.  All the samples were incubated at 37
0
 C for 2 h, followed 

by centrifugation at 3000 rpm for 15 min and the supernatant was used for spectroscopic 

analysis at 540 nm. The percentage of hemolysis was calculated from the formula:  

OD540  (sample) − OD540  (0% lysis)/OD540  (100% lysis) − OD540 (0% lysis) ×100%. 
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2.2.11. Platelet adhesion test 

Risk of thrombosis on modified surface with heparin coating was evaluated by a platelet 

adhesion assay. The DA (decellularized artery) and hDA samples were used in the 

platelet 

adhesion test. 10 ml human whole blood was collected by venous puncture from healthy 

donor with informed consent. For obtaining platelet-rich plasma (PRP), blood was added 

into the centrifuge tube and centrifuged at 2000 rpm for 10 min. Before performing 

platelet adhesion test, the samples were washed with PBS. Samples were added into the 

24-well plate then 200 μL of PRP were added to each sample and incubated at 37°C for 2 

h. After incubation, the samples were rinsed in PBS three times and fixed with 2.5 wt% 

glutaraldehyde at 4
0
C overnight. For SEM analysis samples were dehydrated with 

different concentrations of alcohol for 15 min each and sufficiently dried in a freeze 

dryer. 

2.2.12. Suture retention strength 

Suture retention strength test was performed by using methods similar to Schaner et al., 

(36).  Six samples from three groups, control (native artery) and decellularized scaffold 

obtained by decellularization protocol 2 (DA = decellularized artery graft) (Method 2) 

and heparin-treated scaffold (hDA = Heparin-coated decellularized artery graft) were 

used for this test. Prolene sutures (8-0) were threaded through one side of the vessel in 

four quadrants 1 mm from the vessel end and other end was clamped in the stage clamp 

of tensometer (Instron 5565) from the force transducer at a constant displacement rate of 

0.1 mm/s. Displacement was continued until the suture pulled out from the vessel edge. 

The maximum force was recorded on the suture as the suture retention strength (MPa). 
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2.2.13. in vivo  biocompatibility study of DA scaffold and hDA graft  

In vivo experiments were performed according to guidelines of the Institutional 

Ethical Committee (IAEC) (Approval No: Item No.04 - Sub-item 7), D Y Patil Education 

Society (Deemed University), Kolhapur, India. Wistar rats obtained from Central Animal 

House, D Y Patil Education Society, Kolhapur, India. The animals were acclimated for a 

week before the surgical procedure. The animals were divided into two groups, DA and 

hDA. Rat (male/female) weighing 200-250 gm were anesthetized by injection Inj. Thiosol 

(Thiopentone injection, NEON 173251 Neon Laboratories Ltd, Mumbai, India), 

intraperitoneal route (45 mg/kg/body wt.) (40). DA and hDA scaffolds (n=3) implanted 

subcutaneously (Fig.2.2. A). An incision was closed with 3-0 prolene surgical sutures. 

After 14 days (Fig.2.2 B), implanted scaffolds were excised and fixed in 10% formalin 

buffer for further histological analysis. 

2.2.14. Transplantation study 

2.2.14.1. Study design and animals  

The animals were acclimated for a week before the surgical procedure. A total of 16 rats 

were randomly divided into 2 groups (8 rats in each group). The first group acted as a 

control group, in the second group 4 hDA (Method 2) grafts were transplanted in the right 

femoral artery and 4 hDA (Method 2) grafts were transplanted in the left femoral artery. 

In the control group, the same surgical procedure was performed: an excised artery 

segment was implanted at its position. Clopidogrel (1.5 mg/kg/day) and Aspirin (5.5 

mg/kg/day) as anticoagulants were administered in the drinking water beginning three 

days before surgery.  

2.2.14.2. Transplantation surgery 

Rats were anesthetized with Inj. Thiosol (45 mg/kg/body wt.) by intraperitoneal route. 

Inj. Heparin (Caprin, Samarth Lifesciences Pvt Ltd, Himachal Pradesh, India) (100 U/kg) 
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was administered intraperitoneally before surgery and half dose (50 U/kg) every one 

hour, was administered. At the inguinal site, oblique incision was taken, and skin and fat 

tissue were cut to expose femoral vessels. The femoral artery was dissected and separated 

from the femoral vein. At the proximal and distal region micro clamp was applied in the 

femoral artery and between the clamps, 7-8 mm arterial segment was excised. The hDA 

(Method 2) graft in the length of 10 mm was used to substitute for the excised artery 

segment in the femoral artery. End-to-end anastomosis was done with 8-0 monofilament 

sutures (Fig. 2.3). After confirmation of no leakage from the anastomosis site, micro-

clamps at the distal and proximal regions were removed. The fat tissue was sutured by 7-

0 prolene and the skin was closed in an interrupted manner. During the surgical 

procedure, an animal’s body temperature was maintained at 37
0 

C by using a heating pad. 

After surgery animal was returned to the cage and allowed to freely access food and 

water.  

2.2.15. Postoperative evaluation 

2.2.15.1. Blood investigation after transplantation surgery 

Blood samples were collected from retro-orbital sinus and collected in two vials (1ml in 

each vial), with and without anticoagulant day before transplant and 30 days later. 

Hematological parameters including hemoglobin (Hb) (g/dL), packed cell volume (PCV; 

%), total red cell count (RBC), total white cell count (WBC; (lymphocytes, monocytes, 

neutrophils, eosinophils, and basophiles) were calculated morphologically by blood 

smears), absolute erythrocyte indices, differential WBC count. Separated serum was 

utilized for evaluation of serum biochemistry parameters such as liver enzymes and 

creatinine and urea were evaluated on Erba Chem-5 Plus (Erba Mannheim, Germany) 

semi-autoanalyzer using commercial reagent kits. CBC was performed using Abacus 

(Nihon Kohedon, Japan) hematology analyzer. 
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2.2.15.2. Arterial Color Doppler 

For evaluation of patency of transplanted graft, arterial color doppler (Philips, Japan) was 

done on the 45
th

 day in the control and experimental group.  

2.2.16. Histology, DNA analysis and mechanical testing of transplanted graft. 

Total 7 animals were euthanized after 3 months with anesthesia overdose. After skin and 

fat tissue reopened, arterial g 

raft explanted with native artery from proximal and distal end for histochemical and 

electron microscopy analysis. Explanted specimens cut into segments and were either 

used directly for DNA quantification, mechanical testing remaining specimen fixed in 

10% neutral buffered formalin for histology and immunofluorescence analysis and in 4% 

glutaraldehyde for electron microscopy analysis. 

2.2.17. Immunohistochemistry analysis                                                                                                      

For the immunohistochemistry analysis, 3 µm thickness sections of Paraffin-embedded 

tissue were used. The sections were processed by xylene, alcohol grading for rehydration. 

Tris citrate buffers were used for heat induced epitope retrieval techniques. Goat and 

rabbit serum were used for blocking. Then the samples were incubated with primary 

antibodies and fluorescence secondary antibodies (41). The primary antibodies for 

endothelial cell biomarkers were von Willebrand factor (vWF; Cat. #PA5-16634, 1/100 

dilution, Thermo Fisher Scientific), vascular endothelial growth factor (VEGF-A; Cat. 

#bs-1665R, 1/400 dilution, Bioss Antibodies. Netherlands). The primary antibodies for 

vascular smooth muscle biomarkers were Alpha-smooth muscle actin (Cat. #MA1-06110, 

1/1000 dilution, Invitrogen), β-actin (C4; Cat. #sc-47778, 1:500 dilution, Santa Cruz 

biotechnology). The primary antibodies for cell adhesion were VCAM-1 (E-10; Cat. 

#sc13160, 1/200 dilution, Santa Cruz Biotechnology), VAP-1 (A-8; Cat.#sc-166713, 

https://www.molbiolcell.org/doi/full/10.1091/mbc.e11-06-0582
https://www.molbiolcell.org/doi/full/10.1091/mbc.e11-06-0582
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1/100 dilution, Santa Cruz Biotechnology). The primary antibodies for cell migration and 

antigen presentation Anti –CD3 Antibody ((PS1) Cat. #sc-59013, 1:100 dilution, Santa 

Cruz Biotechnology), Anti-CD4 Antibody ((W3/25); Cat. #sc-20079, 1:500 dilution, 

Santa Cruz Biotechnology). The primary antibodies incubated at 4
0 

C overnight. The 

secondary antibodies Goat anti-mouse (Alexa Fluor Cat. #A-11001, 1:500 dilution, 

Invitrogen) & Donkey anti-rabbit (Alexa Fluor Cat. #A-21206, 1:500 dilution, Invitrogen) 

incubated at room temperature for 1 h. The fluorescence reagent DAPI (4’6-diamidino-2 

phenylindole, dihydrochloride) (Cat. #D1306, 1/2000 dilution, Life Technology) was for 

cellular nuclei visualization. The various biomarkers were visualized using Nikon Ti 

inverted microscope (Nikon Eclipse Ti, Japan) with Nikon Nis Elements software, ver. 

5.2 (Nikon, Japan). 

Statistical Analysis 

Data are reported as the mean ± SD. Comparisons between the two groups were 

performed by Student's t-test. Differences between three or more groups were assessed 

using one-way ANOVA. Significance level p = 0.05 was set for all the tests. In the 

figures, statistical significance is denoted as ∗ for p-value ≤ 0.05, ∗∗ for p-value ≤ 0.001, 

∗∗∗ for p-value ≤ 0.0001.  

2.3. Results  

2.3.1. Decellularization methods 

On the basis of histological analysis, DAPI staining, DNA quantification and mechanical 

properties of all artery scaffolds obtained from 4 different methods, we found that 

scaffold obtained from decellularization method 2 possess all the qualities needed for 

transplantation in rat model. 

2.3.2. Histological characterization of scaffold 

2.3.2.1. HE stain 

https://www.scbt.com/p/cd4-antibody-5b4
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Process of decellularization was cross checked at each cycle with H & E staining to keep 

track of cell removal. It was observed that complete decellularization was achieved by the 

4th cycle in all methods (Fig. 2.2.). In DA (Method 2) scaffold showing complete 

removal of cells with intact microarchitecture (Fig. 2.2.C, D). H&E staining demonstrated 

the decellularized scaffolds free of nuclei in all methods. In method 1, 3 and 4 HE is 

showing complete removal of cells, but microstructure of scaffold was disturbed (Fig. 

2.2.A-H).  

 

Fig. 2.2. Histochemical study of control (native goat artery) and decellularized scaffolds 

obtained by 4 different methods.  
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2.3.2.2. MT stain 

Masson’s Trichrome stain was used to see the presence of collagen in blood vessels and 

compared native vessels. MT staining indicated that collagen fibers of the ECM retained 

in scaffold resulted from all methods. Results were promising and an appreciable amount 

of collagen was seen being present in treated vessels when compared to native. Method 1, 

Method 2 and Method 3 (Fig. 2.2.I-N) showed good results compared to method 4 (Fig. 

2.2. O, P).  

2.3.2.3 AB pH 2.5 stain  

The Alcian Blue stain showed glycosaminoglycans (GAGs) contents were preserved in 

the scaffolds prepared by all 4 methods (Fig. 2.2.Q-X). Out of all four methods used 

Method 2 and Method 3 showed optimum results.  

2.3.3. DAPI stain 

DAPI staining revealed that complete decellularization was achieved with removal of all 

cell nucleuses by 4th cycle in all methods (Fig.2.3.).  

Fig. 2.3. DAPI images of control (native goat artery) and DA scaffolds obtained by 

different decellularization methods. Scale bar, 100 μm. 
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2.3.4. DNA quantification 

The spectrophotometric analysis revealed that the decellularization process removed the 

majority of the DNA content in the treated tissue compared to native one in Fig. 2.4. 

Compared to native vessels method 2 showed that there was no DNA content in the 

scaffold. Method 1 and method 3 also showed fairly less DNA content whereas the 

highest amount of  DNA content was observed in method 4 compared to all methods. 

ANOVA was calculated from readings obtained and it showed untreated vessels were 

statistically significant to all three methods used except for method 4.  

 

Fig. 2.4. DNA content in control (Native goat artery) and different scaffolds obtained by 

four different decellularization methods. 
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2.3.5. Scanning electron microscopy (SEM) of scaffolds 

The reported images refer to the luminal surface of the vessels; no evidence of major 

damage can be observed after the decellularization process. Scanning electron 

microscopy of Method 1 showed (Fig. 2.5.A) intact elastic and muscle tissue in their 

tunica media and porous decellularized membrane. Whereas SEM of Method 2 showed 

(Fig. 2.5.B) preserved ECM including elastic fibers or elastin and porous structure of 

decellularized membrane. In Method 3 ultrastructure of the ECM appeared to be well-

preserved following decellularization with thick bundles of fibrous collagen; at higher 

magnification nano-fibrous collagen with minimal damage to the matrix during 

decellularized protocol was observed (Fig. 2.5.C). Method 4 showed (Fig. 2.5.D) 

destructed collagen network architecture. SEM analysis revealed scaffold obtained from 

method 2 showing good porous structure and preservation of collagen fibers which is 

required for cellular engraftment. 

 

Fig. 2.5. FE-SEM images of decellularized artery (DA) scaffolds obtained after 

completion of four different decellularization processes. 
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2.3.6. MTT assay 

The cytotoxicity of DA was evaluated using tetrazolium dye (MTT). The percentage of 

cells viable was calculated using the following equation: 

Percentage of cells viable (%) = Average OD of Scaffold / Average OD of Control × 100 

The percentage of cells viable DA was found to be significantly high on comparison with 

control (Fig. 2.6.). Thus, indicating that the DA enhances the proliferation of cells by 

providing then extracellular matrix for better adherence.  

 

Fig. 2.6. MTT result of 24 hours incubation period of cord blood MNC’s with DA, 

represented as percentage of cells viable (*** - P value < 0.001) 

 

2.3.7. Mechanical properties 

Values obtained from mechanical testing are shown in Fig. 2.7. The mechanical testing 

analysis resulted in comparison between native and decellularized vessels showed there 

was significant loss in ultimate strain in all scaffolds obtained by method 1, method 2 and 

method 4. Method 3 and method 4 showed significant difference in stress, strength, 

elasticity and burst pressure compared with native goat artery. Except, scaffold obtained 

by method 2 showed no significant difference in elasticity compared with native artery.  
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Fig. 2.7. Mechanical testing of control (native goat artery) compared with different  

         decellularized artery scaffold obtained from different decellularization methods.  

2.3.8. Validation of heparin treatment 

Toluidine blue staining revealed that grafts with heparin treatment showed positive 

staining in vessel walls (Fig. 2.8. A) and without heparin-coated decellularized scaffold 

DA did not show toluidine blue stain (Fig. 2.8. B). This results confirmed that heparin 

was well linked through the entire thickness of decellularized grafts. 

 

Fig. 2.8. Toluidine blue staining of A) DA scaffold (non-heparin coating) and B) hDA 

graft (heparin coating).  



CHAPTER 2: TISSUE ENGINEERING OF XENOGENEIC ARTERY  

 

71 

 

2.3.9. Anticoagulation assay 

Data in Table 2.1. showed that all clotting times for hDA were significantly larger than 

DA. It was noted that all clotting times for hDA exceeded the instrument limit set (PT, 50 

s; APTT, 150 s; and TT, 200 s). It indicates that heparin coating on decellularized artery 

enhances the anticoagulant activities. 

Table 2.1. Coagulation times for DA and hDA. 

Surface Type                    PT (s)                  APTT (s)                 TT (s)                 

     DA                          12.6±1.4*              31.7± 0.2*             21.3±0.1*  

     hDA                            >50                        >150               bio ink >200  

DA: decellularized artery, hDA: heparin coated decellularized artery graft   

PT: prothrombin time; APTT: activated partial thromboplastin time;  

TT: thrombin time. * p＜0.05. 

 

2.3.10. Hemolysis assay  

It is reported that blood clotting will happen when red cells are exposed to water. When 

RBC contact with allogenic or xenogeneic material then the condition of the red blood 

cells will be aggravated. For evaluation of blood compatibility of biomaterials, hemolysis 

test is an important index. With high hemolysis rate indicates the bad blood 

biocompatibility. According to ISO 10993-4, materials with hemolysis values < 5% are 

considered as safe. The results of the hemolytic studies of hDA with human RBC for 2 h 

of incubation are shown in Fig. 2.9. Our study finds that the hemolysis rate for hDA is 0.4 

%. The hemolytic ratios are smaller than 5.0 %, which means no hemolytic activities. 
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Fig. 2.9. Hemolysis assay for hDA, where distilled water (D/W) and 0.9 % NS (Normal 

saline NaCl) were used as positive and negative controls, respectively. 

2.3.11. Platelet adhesion test 

Thrombus formation in vascular graft is another important issue in implantation of 

vascular grafts. The implantable vascular grafts need appropriate amendment otherwise 

they cause thrombosis. A platelet adhesion test was performed to evaluation the effect of 

surface modification with heparin coating for the risk of thrombosis.  If the platelets 

attach on the surface, the material or graft will be considered thrombogenic. As shown in 

Fig. 2.10A-D SEM analysis of the morphologies of the platelets adhered on the DA and 

hDA surface to study the thrombogenicity of the modified surfaces. Many platelets were 

found on the DA surfaces (Fig. 2.10A, C). Platelets not adhered to hDA surface, 

suggesting improved hemocompatibility. From Fig. 2.10B, D hDA had more anti-

thrombogenic behavior than the DA due to surface modification with heparin coating. 
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These observations indicate that the DA surface was thrombogenic. These platelet 

adhesion results suggest that hDA successfully inhibiting the attachment of platelets. 

 

Fig. 2.10. SEM analysis of platelets adhesion on A, B) DA scaffold and C, D)  hDA graft. 

2.3.12. Suture retention strength                                                                                              

The average strength recorded was 0.9733±0.10, 0.92±0.12, and 0.94±0.12 MPa 

respectively of control (Native goat artery), DA scaffold and hDA. The result showing 

that there was no significant difference in the suture retention strength among all three 

groups. This result proved that there was no harmful effect of decellularization and 

heparin coating on mechanical property of the grafts (Fig. 2.11).   
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Fig. 2.11. Suture retention strength of decellularized artery scaffold and heparin coated 

decellularized artery scaffold compared with native rat abdominal artery. 

 

2.3.13. In vivo biocompatibility study of DA scaffold and hDA graft 

We have observed that after implantation of DA scaffold in subcutaneous space did not 

show any postoperative infection at surgical site (Fig.2.12.) and all animals survived after 

transplant surgery. Weight gain or weight loss did not occur after surgery.  

 

Fig. 2.12.  in vivo biocompatibility test. A Subcutaneously implant of graft (day 0) and B 

grafts after 14 days of implants.  
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2.3.13.1. Histological studies after subcutaneous implantation for biocompatibility of 

scaffold 

2.3.13.1.1. HE: DA and hDA showed (Fig. 2.13. A, B) that cells were engrafted in the 

intimal and adventitial layer. In hDA graft thin cellular lining was observed on luminal 

surface of heparin-coated artery scaffold (Fig. 2.13. B).  

2.3.13.1.2. MT: Collagen was observed in both DA and hDA grafts. There was no 

destruction to collagen structure observed after heparin coating on decellularized artery 

scaffold (Fig. 2.13.C, D).  

2.3.13.1.3. AB: Expression of GAGs was observed after subcutaneous implantation of 

DA and hDA (Fig. 2.13.E, F).                                                                                                                   

2.3.13.1.4. DAPI: After subcutaneous implantation blue stained nucleus were seen in the 

luminal and outer site of both DA and hDA scaffold (Fig. 2.13. G, H). It indicates that 

cells were attached on scaffold. 

 

Fig. 2.13. Histological studies of subcutaneous transplanted DA and hDA after 14 days.  

 

2.3.13.2. DNA quantification: There was no statistical difference between DNA content 

in subcutaneously implanted DA graft compared to native vessel. It indicates that cellular 

component was present in DA after implant subcutaneously in rat model (Fig. 2.14.).  
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Fig. 2.14. DNA quantification subcutaneous implant scaffold. 

2.3.13.3. SEM analysis: In subcutaneous implant scaffold cellular lining were observed 

on luminal and outer surface of both DA scaffold (Fig. 2.15. A, B).  

 

Fig. 2.15.  SEM images of DA scaffold placed subcutaneously in rat model. 

2.3.13.4. Mechanical properties of subcutaneous implantation DA scaffold 

Mechanical testing of subcutaneously transplanted DA graft compared with native goat 

artery (Fig. 2.16.). Graph 1 showed strain test and it indicates there was no significant 

difference between subcutaneously transplanted graft, and native goat artery. Stress, 

strength and elasticity test was showing significant difference in native artery and 
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subcutaneous implanted graft. In burst pressure test there was no significant difference 

between native artery and subcutaneously implanted graft.  

 
Fig.2.16. Mechanical property of subcutaneous implanted DA scaffold. 

2.3.14. in vivo implantation surgery 

We have observed that after hDA graft transplant in rat femoral artery (Fig.2.17) did not 

show any postoperative infection at surgical site and all animals survived after transplant 

surgery. Weight gain or weight loss did not occur after surgery.  
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Fig.2.17. hDA graft transplant in rat femoral artery in end-to-end anastomosis. 

2.3.15. Postoperative evaluation after transplantation surgery 

2.3.15.1. Assessment of the body and organs weight of animals 

Body weight measured on day 1, 7, 30, 60, 90 demonstrated that all experimental rats lose 

weight in the first week. (Table 2.2). From the second week, all experimental rats gain 

their normal weight compared with the control group. There was no significant result 

found for the body weight of the experimental groups after a 3 month study period.  There 

was no significant difference observed in liver, kidney, lung, heart weight of graft 

transplanted rats group compared to the control (without graft transplant) rats (Table 2.3).  

Table 2.2. Comparison of the body weight of rats during the three month study period.  

Day               Control group                  Graft transplanted group 

                               (Without graft transplant) 

                                 Weight of the rats (mg) 

                     1                   228.85±14.92                           234.34±12.32 

                     7                   230.50±14.94                           213.97±10.02 

                    30                  229.47±15.43                           232.97±12.29 

                    60                  232.33±15.08                           232.98±09.64 

                    90                  232.15±13.98                           233.43±13.56 

Data was analyzed by one-way measures ANOVA.  Here, N = 7 for  both  groups. 

Significant value was considered as *p< 0.01. 
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Table 2.3. Weight comparison between the organs of the experimental rats at the end of 

the experiment period.  

 

Weight of the organs                Control group               Graft transplanted group 

                 (mg)                        (Without graft transplant) 

              Kidney                                  1.29 ± 0.06                             1.30 ± 0.09 

              Liver                                     7.12 ± 0.19                             7.13 ± 0.30 

              Lungs                                    0.94 ± 0.15                             0.94± 0.02 

              Heart                                     0.71 ± 0.02                             0.70 ± 0.01 

Data are expressed as Mean (± SD). Sample t-test was used for the analysis. N = 7 for 

both groups. Here, *p< 0.05, compared to the healthy control are significant. 

 

2.3.15.2. Blood investigation after transplantation surgery (Hematology and 

Biochemical analysis)  

In the control (without graft transplant) and graft transplanted group there was no 

significant difference in CBC and differential leukocytes counts after 30 days (Table 2.4). 

Evaluation of serum biochemistry parameters, including serum AST, ALT, ALKP, urea, 

creatinine demonstrated no significant differences in both control and graft transplanted 

animals (Table 2.5). The hematology and biochemistry data indicate the existence of the 

decellularized graft had no harmful effect after transplantation in the host animal. The 

values in a normal range for controls and treated animals were of the Charles River 

Laboratories reference (42).  
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Table 2.4. Complete blood count measured after 30 days of graft transplantation in rats. 

[Reference values from: Baseline Hematology and Clinical Chemistry Values for Charles 

River Wistar Rats (1998)]. 

     CBC                                  Reference range                Control group             Graft transplanted group        

                                                                   (without graft transpalnt)       

(Mean ± SD)  

Hb (g/dl)                          14.1-17.1                    15.34±0.11                  15.88±0.24                           

WBC (cells/μl)                4.77-12.08x10
3                

7.35x10
3
±0.67             6.11x10

3
±2.65                      

RBC (cells/μl)                 6.86-8.75x10
6                   

7.22x10
6
±0.78             8.01x10

6
±1.42                     

 

Plt (cells/μl)                    500-1300x10
3                    

924.00x10
3
±123.22     911.11x10

3
±122.56            

Neu (cells/μl)                  0.68-3.87x10
3
             0.47x10

3
±0.32             0.46x10

3
±0.14                     

Lymph (cells/μl)             3.20-11.84.x10
3              

6.32x10
3
±0.12             5.38x10

3
±0.25                    

Mono (cells/μl)               0-0.72x10
3                           

0.05x10
3
±0.02             0.06x10

3
±0.01                     

Eos (cells/μl)                   0-0.36x10
3                           

0.03x10
3
±0.04             0.04x10

3
±0.02                    

Baso (cells/μl)                 0-0.24x10
3
                  0.02x10

3
±0.03             0.02x10

3
±0.005                   

All values are expressed as mean ± SD (N=7). Abbreviations: Hb, hemoglobin; WBC, 

white blood cell;  RBC, red blood cell; Plt, platelets; Neu, neutrophils; Lymph, 

lymphocytes; Mon, monocytes; Eos, eosinophils; Baso, basophils.* Statistically 

significant difference (p<0.05).  

 

Table 2.5.  Biochemistry analysis after 30 days of graft transplantation in rats. (Reference 

values from: Baseline Hematology and Clinical Chemistry Values for Charles River 

Wistar Rats (1998))(42). 

                                   Reference range                       Control group                 Scaffold implanted group                                                                   

                                                            (Without graft transplant)                                                     

                  (Mean ± SD) 

Urea (mg/dl)            21.43-45                         29.23±2.78                        31.22±1.15                                 

Cr (mg/dl)                  0.4-1                            00.62±0.01                         00.61±0.07                               

AST (IU/L)                39-84                           62.39±16.24                      64.38±28.63                               

ALT (IU/L)               35-80                           55.14±12.37                       52.16±21.26                              

ALKP (IU/L)            16-50                           42.18±14.18                       41.32±34.16                             

All values expressed as means ± SD (n=7) Abbreviations: Cr, creatinine; AST, Aspartate 

transaminase; ALT, Alanine aminotransferase; ALKP, alkaline phosphatase * 

Statistically significant difference (p<0.05.). 
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2.3.15.3. Arterial Color Doppler 

Arterial Color Doppler (Philips, Japan) was done after 45 days of graft transplantation to 

check patency of the graft (Fig. 2.18. A, B). The blood flow rate in the control                                                 

(Without graft transplant) and graft transplanted femoral artery of rats were recorded. In 

control group (n=7) blood flow rate was 0.61±0.3 meter/second. Blood flow rate in graft 

transplant group (n=7) at proximal end was 0.57±0.01 m/s and at distal end 0.51±0.01. 

Result of arterial color doppler indicates that the transplanted graft was patent till 45 

days.  

 

Fig. 2.18. Color doppler images after 45 days of transplantation. 

2.3.16. Histology, DNA quantification, SEM and mechanical properties after 

transplantation  

2.3.16.1. Histological studies after Transplantation  

2.3.16.1.1. HE: Transplantation of DA graft showed early thrombus formation. Fig. 2.19. 

A showed that total occlusion of DA graft after transplantation in rat model. After 3 

months of transplantation in a rat femoral artery, the hDA graft recruited cells in all three 

layers of a scaffold resulting in preservation of the microvascular structure (Fig. 2.19. B). 
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2.3.16.1.2. MT: After transplantation of hDA in rat femoral artery, collagen fibers were 

more accumulated in hDA shown in Fig. 2.19. D. In DA graft after transplantation, 

collagen stain observed in Fig. 2.19. C. 

2.3.16.1.3. AB:  After transplantation of hDA in rat femoral artery, GAG was preserved 

well compared to native vessel shown in Fig. 2.19. F. GAG was observed in DA graft 

after transplantation in Fig. 2.19. E.  

 

 Fig. 2.19. Histological analysis of DA and hDA transplanted grafts.  

 

2.3.16.2. DNA quantification: Data showed (Fig.2.20.) that DNA content in hDA graft 

after transplant in rat femoral artery was near equal amount as compared to native vessel 

DNA.  
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Fig. 2.20.  DNA quantification of transplanted graft compared with native goat aretry. 

2.3.16.3. SEM analysis: In grafted hDA scaffold, SEM images revealed newly formed 

capillary on graft and also cell lining on luminal and outer site of tubular scaffold (Fig. 

2.21. A, B, C).  

 

Fig. 2.21. SEM analysis showed cellular lining on surface of transplanted hDA graft.  

2.3.16.4. Mechanical Properties in in vivo studies 

There was no significant statistical difference in transplanted hDA graft compared to 

native vessels (Fig. 2.22.). No significant loss in ultimate stress, elasticity and burst 

pressure. (Graph 1, 2, 4 and 5). Strength test showed non-significant difference in 

transplanted graft and native artery.  
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Fig. 2.22. Mechanical testing of transplanted graft after in vivo studies 

2.3.17. Immunohistochemistry 

The immunohistochemical results of the native and explanted grafts showed in Fig. 2.23. 

Endothelial cells expressing vWF were observed in the lumen of the native artery and 

transplanted xenografts (Fig. 2.23. A, B). VEGF positive cells were observed in both 

native arteries and explanted xenograft but VEGF was weak in the xenograft (Fig. 2.23. 

C, D). Smooth muscle cells expressing α-SMA were observed in the tunica media of the 

native artery and transplanted xenograft (Fig. 2.23. E, F). In xenograft α-SMA positive 

cells were abundantly observed (Fig. 2.23. F). β-actin positive cells were observed in 

explanted xenograft in a mid-layer and adventitial region (Fig. 2.23. G, H). Expression of 

VCAM was observed in adventitial layer in native arteries and explanted xenograft (Fig. 

2.23. I, J). VAP positive cells were also detected in the sub-endothelial region of the 
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intima, as well as the adventitia, of the explanted xenografts (Fig. 2.23. K, L). Specific 

localized CD3
+
 cells were observed in the adventitia of the explanted xenografts, but it 

was absent in native vessels (Fig. 2.23. M, N). CD4
+
 cells were absent in both native 

vessel and transplanted graft (Fig. 2.23. O, P).  

 

Fig. 2.23. Immunohistochemistry analysis of transplanted hDA graft. Scale bars: 100 µm. 

2.4. Discussion  

The aim of present study was to generate xenogenic arterial graft with luminal surface 

modification to improve hemocompatibility of vascular grafts for clinical applications. 

Our work was focused on generating small diameter decellularized arterial xenografts 
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(<1mm) with retaining the ability of arterial compatibility, biomechanical integrity and 

less immunogenic under in vivo conditions. Xenogeneic decellularized tissue-engineered 

small diameter vascular grafts have excessive possibility of an ideal substitute for limited 

autologous vein grafts. SDS is an anionic surfactant and strong detergent, widely used for 

tissue or organs decellularization with the different concentration. In recent studies, it was 

reported that SDS in lower concentration was more effective for decellularization of 

porcine carotid artery (43). Sodium Deoxycholate is an ionic detergent that is especially 

useful for disrupting and dissociating protein interactions. In another study, combination 

of SDS and SDC were used for decellularization of bovine pericardium in lower 

concentration (44). Dimethyl sulfoxide (DMSO) is a colorless solvent widely used as a 

cryopreservative in cryopreservation of cells, tissues and organs. Another property of 

DMSO is used as a penetration enhancer in layers of skin without causing much damage 

(45). Study was performed by  Guler S. (46) and group, they found that use of DMSO 

does not only decline exposure time of ionic SDS, but also preserves ECM structure and 

important constituents of ECM. Different decellularization methods using SDS, Sodium 

deoxycholate (SDC) and DMSO were employed on goat arteries. Among the all 4 

methods, we obtain an ideal xenograft scaffold from method 2 with an intact 3D natural 

geometrical alignment of ECM following complete and effective decellularization of the 

goat artery using anionic detergent SDS and SDC in lower concentration. Preservation of 

ECM is a key factor for recruitment and proliferation of native cells in scaffold (47). 

Histological analysis showed that combination of 0.5 % SDS and 0.5 % SDC preserved 

histoarchitecture intact compared to other methods used. HE showed that the preservation 

on the luminal layer in method 2 and mechanical integrity of artery collagen and elastin 

was intact in method 2 confirmed by MT staining. Alcian blue stain used for staining of 

GAG which is another important factor for preventing the calcification formation in 
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blood vessels which was well preserved by method 2 (48). Thus, GAG and Collagen are 

key components of scaffolding materials that can imitate the natural matrix niche and 

play important roles in cellular behavior, migration, proliferation and cell 

differentiation (49). Quantification DNA content was performed for the determination of 

removal of cells from the scaffold. Complete removal of DNA from biological scaffolds 

is very important or it causes inflammatory response in patients (50). Result showed that 

in method 2, there was complete removal of the DNA component achieved.   

Tong Z et al., (51) showed that transplanted porcine decellularized vascular graft after 

surface modification patency remained for 6 months in diabetic ischemic lower limb in 

humans . This result potentially concretes the way for resolving a problem of extensive 

clinical need, i.e., the necessity for small-diameter vascular grafts. Use of synthetic 

vascular conduit for repair of damaged blood vessels has been reported since the 

1950 (52). Advancement in new techniques in developing small diameter vascular grafts 

from biological and synthetic materials have been successful but there is a lack of 

achievement with total functional graft has remained unclear as a result of thrombus 

formation, calcification, intimal hyperplasia, decreased compliance, decreased elasticity 

and aneurysmal failure(16,53-55).  Although numerous advantages, graft patency is a 

major problem in small diameter vascular grafts developed from biological or synthetic 

materials (56). To enhance the function of material, surface modification is essential 

because degradation of surface directly affects the  functionality of material and surface 

functionality is beneficial in tissue engineering and regenerative medicine (31). Skovrind 

I. et al., (57) concluded in their data survey, scaffold surface modification with 

recellularization with endothelial cells inside the lumen of the TEVG for several days is 

an essential and preconditioning for patency . In vascular grafts surface modification of 

biomaterials and endothelialization in luminal surface are common tactics for improving 
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hemocompatibility and to achieve long-term patency of artificial vascular grafts (58). To 

maintain long-term vascular patency and reduce thrombosis, suitable endothelial cell 

seeding methods should be designated in diverse atmospheres for vascular 

endothelialization (59). In much research it is stated that heparin immobilization on a 

decellularized scaffold can prevent thrombus formation (60).  Along with clotting time of 

blood, platelet reaction towards the foreign material also consider the parameters of blood 

compatibility. It has been reported that heparin coating surfaces reduce platelet 

adhesion. After heparinization of biomaterials it prevents adsorption of nonspecific 

protein and improves cell attachment, proliferation and differentiation. Such modified 

surfaces have proved anticoagulant actions, help in angiogenesis and shown good 

hemocompatibility and cytocompatibility effects in vitro and in vivo (61). 

Small-diameter artificial vascular grafts with less than 6 mm inner diameter shows poor 

performance leading to risk of thrombosis (62). Yu C. et al., (63) showed in their in vitro 

experiment, heparin coating in PTFE vascular graft  promote human umbilical vein 

endothelial cell (HUVEC) proliferation but inhibit human umbilical artery smooth muscle 

cell (HUASMC) growth and obtain the satisfactory hemocompatibility. Gong W. et al., 

(64) showed in their experiments that electrospun nano-PCL coating around 

decellularized rat aorta (lumen diameters from 1.5 to 2.0 mm) and lumen were coated 

with heparin to modify the acellular vascular intima, patent for 6 weeks after interposition 

transplant in abdominal aorta in rats. In another study heparin were incorporated into a 

synthetic vascular graft showed rapidly endothelialized within 30 days with good 

biocompatibility and maintained patency after transplant in  rabbit carotid artery (65). 

Mostly transplant study of heparin-coated synthetic or biosynthetic vascular graft’s inner 

diameter was more than 6 mm. In our study, we succeeded to develop small diameter 

xenogeneic heparin-coated vascular grafts (diameter < 1mm). Development of small 
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diameter TEVGs are still challenge for scientists and it remains a clinically significant 

goal for PAD and CAD. 

           In animal experiments it was revealed that heparin coated graft implanted 

subcutaneously, and transplanted graft showed DNA content in abundance. The SEM 

analysis was performed for scaffold morphology and cellular attachment on heparinized 

graft after transplantation in animals. In explanted grafts, newly formed blood capillaries 

were revealed by SEM. In our study we found that no significant differences in 

mechanical properties in terms of strain, tensile strength, elasticity, burst pressure and 

suture holding strength of decellularized arteries compared with native arteries. In 

vivo experiments revealed that heparinized decellularized grafts had 92% patency rate at 

3 months after transplantation. Color doppler was performed after 45 days of graft 

transplantation and showed that graft was patent till 45 days of transplant. Hsia K. (66) 

showed that surface modification with sphingosine-1-phosphate possibly will prevent 

thrombus formation and promote reendothelialization to improve the patency rate of 

decellularized vascular grafts in vivo .  

Cellular infiltration after transplant in hDA was confirmed by immunohistochemistry 

analysis. Anti-thrombogenic and anti-inflammatory molecules such as nitric oxide, 

prostacyclin, thrombomodulin secreted by endothelial cells in the luminal layer of vessel 

(67). In previous study it was reported that host endothelial and progenitor cell repopulate 

on acellular graft turns into functional multilayered living blood vessel after transplant in 

human (68). vWF positive cells were present intimal layer of transplanted hDA it 

indicates that neointimal layer was formed after transplantation. Yamanaka et al., (69) 

showed that surface modified with synthesized peptides of decellularized small vascular 

bioscaffold material promotes neointima formation remained patent for three weeks. 

Vascular tone maintained by smooth muscles cells and its expression in graft indicates 
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maturation of blood vessels and which is regulated by endothelial-derived and circulating 

agonists and antagonists factors (70, 71). Expression of α-Smooth muscle actin in 

transplanted hDA denotes the presence of vascular MSCs which may be beneficial for 

maintaining graft compliance, and long-term patency (72). Vascular endothelial growth 

factor (VEGF) is a signaling molecule involved in vasculogenesis and angiogenesis 

which were present in outer layer of transplanted graft (73). β-actin positive cells are also 

vastly expressed in the transplanted graft  which shows the regulation of the vascular 

nature of the graft. VCAM used as a surface marker for endothelial cells and direct 

leukocytes movement towards the inflamed tissue (74). Expressions of CD3 and CD4 

were very low in the transplanted graft which suggests that the graft was well accepted 

and there was no any immune response after transplantation. Immunohistochemistry 

study of transplanted graft showed that endothelial cells were attached on the luminal side 

of the transplanted grafts. The heparinization of graft indicates its anticoagulant effect on 

the early endothelialization which efficiently improved the patency rate of blood vessels. 

Formation of the vascular endothelium was revealed by immunohistochemistry and 

scanning electron microscopy. 

2.5. Conclusion 

We conclude that xenogeneic decellularized scaffolds using combination of 0.5% 

sodium deoxycholate and 0.5% SDS detergents and modified in luminal area with 

immobilized heparin improve re-endothelialization. Surface modified heparinized small 

diameter vascular grafts resist early thrombus formation. Transplanted graft was 

repopulated by host cells resulted in functional multilayered living blood vessel. This 

xenogeneic small diameter (≤ 7 mm) vascular graft is a promising approach for the 

treatment of patients undergoing coronary artery bypass graft surgery (CABG) and/or 

peripheral arterial diseases and in vascular complications. 
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3.1. Introduction 

Native artery or vein is the best conduit for replacement or bypass the damaged or 

blocked artery in cardiovascular and peripheral arterial diseases. All over the world, 

cardiovascular disease (CVD) is the leading cause of mortality. Peripheral arterial disease 

(PAD) is the third leading cause of atherosclerotic morbidity worldwide (1). PAD often 

co-exists in individuals with Ischemic heart disease (IHD) or cardiovascular disease 

(CVD)(1,2). Every year number of death increases and by 2030, an estimated number to 

reach 23.3 million people by CVD (2) and peripheral arterial disease (PAD) affects over 

236 million individuals (3). Vascular graft development technology will provide the key 

to reach the unmet clinical demand (4). In today’s line of treatment, autologous vessels 

serve as the main source of grafts for vessel replacement surgery. Autologous venous and 

arterial grafts harvest from various locations including saphenous vein (SV), radial artery 

(RA), left and right internal mammary artery (LIMA and RIMA respectively) (5). 

Autologous radial artery and saphenous vein showing higher patency rate used for 

coronary artery bypass grafting (6,7). For vascular reconstruction surgery, small-diameter 

vascular grafts with diameter (d) of inner lumen less than 6 mm are required (8). 

Biodegradable, non-biodegradable, natural and synthetic vascular scaffolds are currently 

available for commercial use with long term patency rates resembling that of autologous 

graft. But these grafts are available in large inner lumen diameter (3-4 mm) (9). Graft 

harvest surgery leads to donor site morbidity and other complications. Despite this, some 

autologous grafts have good patency rates (10). Currently, large (d > 8 mm) and medium 

(d = 6–8 mm) diameter vascular grafts, widely used in variety of  vascular  reconstruction 

such as aorta and carotid and saphenous vein replacement (11-14). Nakayama Y et al. 

(11) were prepared biotubes (diameter 6 mm) as autologous collagenous tubular tissues 

vascular graft with approximately 0.5mm wall thickness for hemodialysis in human. 



CHAPTER 3: TISSUE ENGINEERING OF HUMAN SAPHENOUS VEIN  

 

96 

 

Initial 3 year result were showed that stenosis of biotubes occurred after 3–4months. The 

study was conducted by Edenfield L. et al. (15) to define the effects of carotid 

endarterectomy based on patch bovine pericardium patch showed superior results up to 1 

year approach has an attractive alternative cell-based tactic to vascular graft preparation. 

The basic approach of tissue engineering is to develop an engineered vessel by seeding 

autologous cells with a natural, synthetic, or hybrid cylindrical scaffold under appropriate 

culture conditions. Over half a century Synthetic grafts have been used for the 

replacement of damaged or diseased vessels (16). Synthetic material like 

Polytetrafluoroethylene and Dacron shows high patency rate in femoropopliteal bypass 

and axillo-axillary bypass graft in human respectively (17,18). But the use of synthetic 

graft also has some limitations. Synthetic grafts showing undesirable results after 

replacing small-diameter (< 6 mm) blood vessels due to the thrombus formation in graft, 

stenosis, occlusion, and infection in synthetic graft (19,20). The pore size of the synthetic 

conduit in nano-scale so it showed limited cellular infiltration, poor hemocompatibility, 

and biocompatibility. Thus small-diameter grafts represent an unreached goal for the 

field.  

In tissue engineering, for the development of tissue or organ scaffolds are used 

which obtained by decellularization process
 
(20,21). Tissues or organs decellulrized by  

using various methods of decellularization (22). Decellularized vessels are developed 

from the biological vessels by the decellularization method that retains the extracellular 

matrix (ECM), maintaining the structural architecture without damage and mechanical 

properties of native tissues with reduced immunogenicity (23). Decellularized blood 

vessel scaffolds transplant in animal models showed promising  results (24,25).  Hualong 

Bai et al (26) showed that in their experiment, acellular pericardial patches and Dacron 

patches both showed a neointimal formation and reendothelialization with adaptation to 
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the microenvironment in which they were implanted. Human acellular vessels were used 

as conduit for hemodialysis showed 89% patency rate up to one year (27). Small intestine 

submucosa- ECM used for patch repair in endarterectomy revealed full tissue integration 

of the patch in vascular tissue, with lower rates of  adverse vascular outcomes (28). These 

results propose that a decellularized tissue vascular scaffold can be successfully used as 

an off-the-shelf tissue-engineered vascular graft (TEVG) for use in vascular surgery. 

Tissue and synthetic grafts now commercially used for vascular repair in human listed in 

Table 3.1.  

Table 3.1. Tissue/grafts used for vascular repair in human 

  Tissue/Graft                Source        Recipient Site     Patency Rate (%)  Duration            References 

Radial artery                Autologous     Coronay artery                  90%            10 Year    Gaudino M 

(2020)(7) 

                                                               bypass graft                                                           

Saphenous vein           Autologous     Coronay artery                  90%            10 Year  Caliskan E 

(2018)(29) 

                                                               bypass graft                  

Human acellular           Allogeneic     Hemodialysis conduit        89%             1 Year     Gage SM (2016)(30) 

     Vessels  

Bovine pericardium     Xenogeneic   Carotid Endarterectomy      97%            1 Year   Edenfield L(2016)(15) 

Small intestine            Allogeneic     Endarterectomy                   97%             52 Days    Allen 

KB(2021)(28) 

Submucosa ECM 

EPolytetrafluoroethylene Synthetic   Above knee femoral           92%             2 Year  Shubutani S(2020)(17) 

     (PTFE) polymer                               popliteal Bypass    

Dacron                            Synthetic      Axillo-Axillary                  93%             2 Year     Saha Tisa(2017)(18) 

                                          Polymer              Bypass 

 

However, there are very small data available of small diameter xenogeneic vascular 

graft transplant in the small animal model. Xenogeneic vascular ECM scaffolds provide 

desirable length and numerous availability, avoid extra surgery for autologous vessel 

harvest and its associated complications, and also act alternative for the synthetic vascular 

graft (5). Acellular vascular graft development gives an option to the researcher to 

develop the desired size length and compliance between the donor vessel and the 
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recipient's vessel. This approach will eliminate the main failure appliances for synthetic 

small diameter grafts. Native ECM architecture of xenogeneic scaffolds showed that it 

controls cell adhesion, migration, and proliferation, driving pro-regenerative recipient 

cellular repopulation and tissue-specific cellular differentiation.          

During decellularization process and handling of biomaterials 3D structure is 

disturbed and some key factors from ECM are lost (31). In some extend synthetic and 

decellularized scaffolds lack cell recognition signals and it does prohibit cell seeding on 

its surface. Surface of the biomaterials could be more conductive after surface 

modification for cell attachment and spreading. Surface modifications can be elicit cell 

adhesion and maintain differentiated phenotypic appearance (32). surface modification by 

specific molecule could interact with surface molecule and improve biocompatibility or to 

permit successive covalent restricted of various bioactive molecules from mobilization 

from scaffolds (33). Thrombus formation is more common obstacle in small vascular 

grafts. To overcome this problem anticoagulant and antiplatelet mediators are frequently 

systemically applied. After coating of heparin it bind with collagen in ECM can reduce 

the thrombogenicity can enhance the reendothelialization in luminal side of vessel wall. 

In this study, we investigated the ultimate feasibility of using a decellularized xeno 

vascular scaffold for clinical translation. For the decellularization, we used mild detergent 

to achieve a decellularized graft with mechanical properties. The surface modification 

was achieved with heparin coating on luminal side for cellular infiltration and early 

reendothelialization. We confirmed the feasibility of transplantation of decellularized 

small-diameter arterial model in wistar rats. Transplanted xeno vessels have shown good 

mechanical properties with a high patency rate in an arterial implantation model during 3 

months period.  

 3.2. Materials and methods 
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3.2.1. Human Saphenous Vein (HSV) Harvesting and Decellularization  

3.2.1.1. Human Saphenous Vein (HSV) collection                

Human Saphenous Vein (HSV) was surgically removed for coronary artery bypass 

surgery (Fig.3.1.). The remaining part after the use of HSV for bypass surgery was 

collected in normal saline and transport to the lab for further process. Approval for the 

collection of human saphenous veins was taken from the Institutional Ethical Committee 

and informed consent was taken from the patients. 

 

Fig. 3.1. Native Human saphenous vein (HSV) 

3.2.1.2. Decellularization process                             

We used the following decellularization process to remove cellular components in the 

HSV. Native HSV (n=10) was carried in normal saline and stored at 4
0
 C. Before 

decellularization, HSV was kept in antibiotic antimycotic solution 1x liquid (Himedia 

Laboratories Pvt. Ltd. Mumbai, India) solution for 2 h at room temperature. The HSV 

was decellularized by agitation on a shaker using 1% sodium dodecyl sulfate (SDS) 

(REMI RS 12R DX, Remi Elektrotechnik, India) at 180 rpm at 37
0
 C for 1 day. Further, 

HSV was subjected to perfusion bioreactor (Fig. 3.2.) for 7 days with 1% SDS.  
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Fig. 3.2. Customized bioreactor assembly for decellularization of HSV. 

3.2.2. Characterization of decellularized HSV (DHSV) scaffold  

3.2.2.1. Histological analysis 

Native HSV and Decellularized HSV (DHSV) tissue specimens were taken and fixed in 

10% buffered formalin pH 7.4 solution for 12 h. After tissue processing, 5 µm paraffin 

sections taken using a microtome (Pilot product, India). The sections were stained with 

hematoxylin and eosin (H&E), Masson’s trichrome (MT), and Alcian blue staining (AB 

pH 2.5). Stained tissue samples were photographed with a fluorescence microscope 

Nikon Ti inverted microscope (Nikon Eclipse Ti, Japan) with Nikon Nis Elements 

software, ver. 5.2 (Nikon, Japan) for morphological study. 

3.2.2.2. DNA quantification 

Sections of native HSV, DHSV were processed for spectrophotometric quantification to 

determine the concentrations of DNA compared to the control. Samples were minced and 

frozen overnight at -80
0 

C after that tissue samples were lyophilized (Star scientific 

instruments, Delhi, India) and weighed 1mg/ml, and stored at -20
0
 C for 30 min. Samples 

were again crushed with a mortar pestle, 2 ml distilled water was added to it in each 

sample. Using a Hamilton syringe, from the prepared sample 40 µl DNA solution were 

taken in cuvette of 4 ml and distilled water 3.96 ml were added to it. The solution was let 

stand for 10 min to ensure the complete diffusion of DNA throughout the solution. This 
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represents a 1:100 dilution of the standards and DNA samples. Readings were taken at 

260 nm on spectrophotometer (Cary 60 UV-Vis) (34).  

3.2.2.3. Scanning Electron Microscopy (SEM) analysis 

Samples of native HSV and DHSV were fixed with 4% glutaraldehyde. Dehydration was 

achieved using an ethanol grading and samples were coated with gold sputter (Jeol, 

Sputter Coater Japan) before being analyzed and Imaging and photography of all samples 

were carried out using a scanning electron microscope (SEM) (Department of Botany, 

Shivaji University, Maharashtra, India). The SEM images were captured with an 

accelerated voltage of 10 kV and 50 to 200 magnifications.  

3.2.2.4. Mechanical testing 

For the measurement of mechanical stability, specimens (n=3) of native HSV and DHSV 

were cut in such a way that the lumen of all specimens forms a test specimen. 7 mm wide 

specimens were mounted on custom-made holders on a uniaxial testing machine (TUE-

CN-100), and data were acquired using the test work software (Win UTM). Till 

reproducible response was not achieved, a sample was loaded with speed 1 mm/min (35). 

The tensile test was carried out until complete sample rupture and maximum 

displacement (mm), maximum stress, energy, young’s modulus, and burst pressures were 

examined.  

3.2.2.5. Hemolysis assay  

For the evaluation of hemolytic activity of DHSV, hemolysis assay was performed. For 

this assay human erythrocytes were obtained from healthy human volunteer. By 

centrifuging at 3000 rpm for 15 min of human blood in EDTA contained centrifuge tube, 

RBC pellet were isolated and washed with phosphate-buffered saline (PBS). 200 μl of 

prediluted RBC with PBS was added with DHSV. 200 μl of diluted fresh whole blood 

incubated with 10 ml of distilled water (D/W) and 10 ml of 0.9 % NS (Normal Saline, 
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NaCl) aqueous solution were used positive and as negative controls respectively.  All the 

samples were incubated at 37
0 

C for 2 h, followed by centrifugation at 3000 rpm for 

15 min and the supernatant was used for spectroscopic analysis at 540 nm.  

The percentage of hemolysis was calculated from the formula:  

OD540 (sample) − OD540  (0% lysis)/OD540  (100% lysis) − OD540 (0% lysis) ×100%. 

3.2.3. Sterilization of DHSV 

DHSV scaffolds were placed in self-sealing sterilization pouches. Sterilization was 

performed by exposure to an Ethylene oxide sterilization atmosphere (concentration of 

321 g/m3), at a relative humidity of 65 %, for 8 h at 50 °C (RUGIKON Semi-Automatic 

KANC-125, Mumbai, India) (36). Sterile DHSV scaffolds were stored in 0.9% NaCl + 

1% penicillin/streptomycin at 4
0
 C. 

3.2.4. MTT assay 

In order to detect the proliferation of cells on DHSV, small pieces of scaffold with 

approximate area of 0.16 cm
2  

(0.4cm x 0.4cm) were placed in the wells of a 96 well plate 

(n=3). The cord blood MNC’s with a density of 1x10
5 

cells were seeded on the scaffolds. 

The cells were then allowed to proliferate for 24 h in CO2 incubator at 37
0
C. After 24 h 

MTT was added to each well making the overall concentration of MTT in media as 0.5 

mg/ml. The plate was further incubated in CO2 incubator for a duration of 4 hours and 

then the solution was gently aspirated. The formazan crystals were allowed to dissolve in 

100µl DMSO for half an hour and then the formazan dissolved DMSO was aliquoted into 

separated well and the optical density (OD) was measured at 570 nm (with 620 nm 

reference). Cells seeded in wells without scaffolds served as control, while wells with 

scaffold but no cells served as blank.   

3.2.5. Biocompatibility study of DHSV scaffold in the chorioallantoic membrane 

(CAM) assay  



CHAPTER 3: TISSUE ENGINEERING OF HUMAN SAPHENOUS VEIN  

 

103 

 

Freshly laid fertilized eggs of Gallus Gallus were obtained from the local government 

central hatchery, Kolhapur. Eggs were wiped with 70% alcohol by lint-free paper for 

disinfection of shell surface and the egg incubator was also disinfecting with 70% 

alcohol. Eggs were kept for incubation at 37
0 

C and 80% humidified atmosphere 

condition with a blunt area in an upward direction where air sack is present in cardboard 

tray to provide optimum heat to the eggs. Humidity was maintained in an incubator by 

placing water-filled plates into the incubator and humidity was monitored regularly by 

using a hygrometer. Fertilized eggs are divided into two groups—the control group and 

the experimental group. After 72 h. of incubation, with 70% alcohol, the eggs were 

sterilized. Embryo location was marked and with 5ml syringe, needle no.24 (Dispovan, 

Hindustan syringes, India) eggs were punctured in the lower end and albumin (3-3.5 ml) 

removed. Shortly after that, these eggs were transferred in an incubator. On day 4 of the 

incubation, a circular window was created in the eggs in a sterile condition, and a 

decellularized HSV scaffold in the piece (size 4×8×2 mm) was placed on the 

chorioallantoic membrane (CAM) area (37). The windows of all eggs were closed with 

sterile transparent tape and returned to the incubator. On days 9 and 13, the transparent 

tape from the window was opened, and the CAM area and the chick embryo observation 

were recorded with a stereomicroscope (Lawrence & mayo India Pvt. Ltd.). Photographs 

were taken of CAM of control and experimental. Implanted scaffold and adjacent CAM 

were removed and collected in 10% neutral buffered formalin for histological study. 

3.2.6. in vivo biocompatibility study of DHSV  

All animal experiments were performed as per guidelines of the Institutional Ethical 

Committee (IAEC) (Ref.-6/IAEC/2017), D Y Patil Education Society, Kolhapur, India. 

The animals were divided into control and experimental groups. Wistar rats (male/female, 

200-250 g) were anesthetized by injection Inj. Thiosol (Thiopentone injection, NEON 
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173251 Neon Laboratories Ltd, Mumbai, India), intraperitoneal route (50 mg/kg/body 

wt.)(38). DHSV was cut into 5 mm in length. Implants were stored at 4
0
 C in a humid 

chamber until implantation. On the dorsal side, 2 cm skin was incised and DHSV scaffold 

was implanted subcutaneously (Fig. 3.4.). An incision was closed with 3-0 prolene 

surgical sutures. Total 3 numbers of DHSV scaffolds were used for the biocompatibility 

study. In the control group, the same procedure was performed, but without implantation 

of a scaffold. After two weeks, animals were euthanized by a 10-fold dose of an 

anesthetic drug, and implanted scaffolds were excised. Few excised implanted scaffolds 

were stored in 4
0 

C physiological salt solution, while the rest were fixed in 10% formalin 

buffer for further histological analysis. 

3.2.7. Manufacturing of small diameter vascular conduit  

The DHSV was made into a small diameter conduit as follows. Before making a small 

diameter conduit, DHSV was cut and made sheet. Adventitial fibers were cut from 

sheets. A stainless-steel needle (0.7 mm diameter) was used as a module to laid on a sheet 

of DHSV. DHSV sheet with intimal side was folded to wrap around the needle and 

stitched were taken interruptedly with an 8-0 prolene suture to construct a small diameter 

conduit of 0.7 mm diameter.  

3.2.8. Loading of heparin on luminal side of small diameter vascular conduit  

Method of heparin coating were used as previously reported by Kong X. et al.,(39). 

DHSVS were incubated in 50 mL MES buffer (0.05 mol/L, pH 5.60) containing 100 mg 

EDC (1– (3-Dimethylaminopropyl)-3-ethylcarbodiimide) (Sigma), 100 mg heparin 

(Sigma) and 60 mg NHS (N-hydroxysuccinimide) (Sigma) at 37
0 

C for 4 h. After serially 

dipping in disodium hydrogen phosphate (Na2HPO4) solution (0.1 mol/L) for 2 h, 

sodium chloride (NaCl) solution (4 mol/L) for 24 h 3-4 times, and 24 h in distilled water 

for 3 times, the heparinized conduit hDHSVC were obtained. All hDHSVC grafts were 
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sterilized as previously described (36). Sterile hDHSVC grafts were stored in 0.9% NaCl 

containing 1% penicillin/streptomycin at 4
0
 C for future use. Toluidine blue (0.05 

mg/mL) was used for heparin content staining in heparin treated graft slides. 

3.2.9. Anticoagulant activity of hDHSVC  

The anticoagulant assay was performed on DHSVS and hDHSVC to find out 

anticoagulant activity, and it determined by thrombin time (TT), prothrombin time (PTT), 

activated partial thromboplastin time (APTT) assay (40). Healthy human blood and an 

automated machine Hemostar XF 2.0 (Tulip Diagnostics (P) Ltd) were used for this test. 

3.2.10. Platelet adhesion test 

Platelet adhesion assay was performed to evaluate the risk of thrombosis on modified 

surface with heparin coating. 10 ml human whole blood was used to obtain platelet-rich 

plasma (PRP), blood was added into the centrifuge tube and centrifuged at 2000 rpm for 

10 min. DHSV and hDHSVC samples were washed with PBS before performing platelet 

adhesion test. Samples were added into the 24-well plate then 200 μL of PRP were added 

to each sample and incubated at 37
0 

C for 2 h. After incubation, the samples were rinsed 

in PBS three times and fixed with 2.5 wt% glutaraldehyde at 4
0 

C overnight. For SEM 

analysis samples were dehydrated with different concentrations of alcohol for 15 min 

each and sufficiently dried in a freeze dryer. 

3.2.11. Suture holding strength 

Method for Suture holding strength test was performed as per previously reported by 

Schaner et al., (41). Six samples from native HSV, DHSV and hDHSVC were used for 

this test. 1 mm from the one end of the vessel, prolene sutures (8-0) was threaded in four 

quadrants and other end was clamped in the stage of tensometer (Instron 5565). At the 

rate of 0.1 mm/s displacement was continue until the suture pulled out from the vessel 
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edge. The maximum force was recorded on the suture as the suture retention strength 

(MPa). 

3.2.12. in vivo transplantation study 

3.2.12.1. Study design and animals  

Eighteen Wistar rats weighing 250-300 g were obtained from Central Animal House, D. 

Y. Patil Education Society, Kolhapur, India. The animals were acclimated for a week 

before the surgical procedure. All animal experiments were performed as per guidelines 

of the Institutional Ethical Committee, D. Y. Patil Education Society, Kolhapur, India. A 

total of 18 rats were randomly divided into 3 groups (6 rats in each group). The first 

group acted as a control group, in the second group 4 hDHSVC was transplanted in the 

right femoral artery and 2 hDHSVC was transplanted in the left femoral artery. In the 

third group, 2 and 4 hDHSVC was transplanted in right and left femoral artery of rats 

respectively and this group was utilized to evaluate the patency of conduits. In the control 

group, the same surgical procedure was performed excised artery segment was implanted 

at its position. Clopidogrel (1.5 mg/kg/day) and Aspirin (5.5mg/kg/day) as anticoagulants 

were administrated in the drinking water beginning three days before surgery.  

3.2.12.2. Transplantation surgery 

Rats were anesthetized with Inj. Thiosol (Thiopentone injection, NEON 173251 Neon 

Laboratories Ltd, Mumbai, India) 50 mg/kg/body wt. by intraperitoneal route. Before 

surgery, Heparin (Caprin, Samarth Lifesciences Pvt Ltd, Himachal Pradesh, India) (100 

U/kg) was administered intraperitoneally and every one hour, half dose (50 U/kg) was 

administered. The oblique incision was taken at the inguinal site and skin and fat tissue 

was cut to expose femoral vessels. The femoral artery was carefully dissected and 

separated from the femoral vein. The micro clamp was applied at a proximal and distal 

region of the femoral artery and between the clamps; an 8 mm arterial segment was 
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excised. The hDHSVC in the length of 10 mm was used to substitute for the excised 

artery segment in the femoral artery. 8-0 monofilament sutures were used for end-to-end 

anastomosis. After confirmation of the anastomosis was sealed well micro-clamps at the 

distal and proximal regions were removed. Any leakage at the site of anastomosis was 

fixed with additional stitches. The fat tissue was sutured by 7-0 prolene and the skin was 

closed in an interrupted manner (Fig. 3.5.). During the surgical procedure animals body 

temperature was maintained at 37
0 

C by using a heating pad. After surgery animal was 

returned to the cage and allowed to freely access food and water.  

3.2.13. Postoperative evaluation 

3.2.13.1. Blood investigation after transplantation surgery 

Blood samples of experimental rats were collected from retro-orbital sinus and collected 

in plain vials and in vial with anticoagulant (1 ml each) day before transplant and 30 days 

later. All haematological parameters including in complete blood count (CBC) was 

examined. Separated serum for biochemistry parameters such as liver enzymes and 

creatinine and urea were evaluated on Erba Chem-5 Plus (Erba Mannheim, Germany) 

semi-autoanalyzer using commercial reagent kits. CBC was performed using Abacus 

(Nihon Kohedon, Japan) haematology analyser. 

3.2.13.2. Color Doppler study 

Arterial color doppler (Philips, Japan) was done in the control and experimental group on 

the 15
th

 day to evaluate the patency and blood flow in the transplanted graft. 

3.2.14. Histological, SEM and mechanical study of transplanted graft 

The animals were anesthetized with inj. Thiosol by IP route on a terminal day. Total 12 

animals were then euthanized after 3 months with anesthesia overdose. The inguinal skin 

and fat tissue were re-opened to expose the conduit graft. Excised implanted conduit 

grafts were left in 4
0 

C physiological salt solution for DNA quantification and Mechanical 
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testing, while the rest of the conduit grafts were used for histology, SEM and 

immunofluorescence analysis by fixing it in 10% neutral buffer formalin. 

3.2.15. Immunofluorescence analysis of transplanted graft         

For the immunofluorescence analysis, paraffin-embedded tissue segments were 

subsequently 3 µm sectioned with a microtome. The sections were processed for 

immunofluorescence procedures by xylene, alcohol grading for rehydration, blocking, 

permeabilization, primary antibodies incubation, and fluorescence secondary antibodies 

incubation (42). The primary antibodies for endothelial cell biomarkers were von 

Willebrand factor (vWF; Cat. #PA5-16634, 1/100 dilution, Thermo Fisher Scientific), 

vascular endothelial growth factor (VEGF-A; Cat. #bs-1665R, 1/400 dilution, Bioss 

Antibodies Netherlands). The primary antibodies for vascular smooth muscle biomarker 

were Alpha-smooth muscle actin (Cat. #MA1-06110, 1/1000 dilution, Invitrogen), β-actin 

(C4; Cat. #sc-47778, 1:500 dilution, Santa Cruz biotechnology). The primary antibodies 

for cell adhesion were VCAM-1 (E-10; Cat. #sc13160, 1/200 dilution, Santa Cruz 

Biotechnology), VAP-1 (A-8; Cat.#sc-166713, 1/100 dilution, Santa Cruz 

Biotechnology). The primary antibodies for cell migration and antigen presentation CD13 

(3D8; Cat. #sc-13536, 1:100 dilution, Santa Cruz Biotechnology), CD14 (5A3B11B5; 

Cat. #sc-58951, 1:500 dilution, Santa Cruz Biotechnology) The primary antibodies 

incubated at 40C overnight. The secondary antibodies Goat anti-mouse (Alexa Fluor Cat. 

#A-11001, 1:500 dilution, Invitrogen) & Donkey anti-rabbit (Alexa Fluor Cat. #A-21206, 

1:500 dilution, Invitrogen) incubated at room temperature for 1 h. The fluorescence 

reagent DAPI (4’6-diamidino-2 phenylindole, dihydrochloride) (Cat. #D1306, 1/2000 

dilution, Life Technology) was for cellular nuclei visualization. The various biomarkers 

were visualized using Nikon Ti inverted microscope (Nikon Eclipse Ti, Japan) with 

Nikon Nis Elements software, ver. 5.2 (Nikon, Japan). 

https://www.molbiolcell.org/doi/full/10.1091/mbc.e11-06-0582
https://www.molbiolcell.org/doi/full/10.1091/mbc.e11-06-0582
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Statistical Analysis 

Data are reported as the mean ± SD. Comparisons between the two groups were 

performed by Student's t-test. Differences between three or more groups were assessed 

using one-way ANOVA. Significance level p = 0.05 was set for all the tests. In the 

figures, statistical significance is denoted as ∗ for p-value ≤ 0.05, ∗∗ for p-value ≤ 0.01, 

∗∗∗ for p-value ≤ 0.001.  

 

3.3. Results 

3.3.1. Decellularization methods 

1% SDS was used for decellularization of  HSV. On the basis of histological analysis, 

DAPI staining, DNA quantification and mechanical property of decelluarized scaffolds, it 

was confirmed that decellularization method include 1% SDS with agitation for 1 day 

followed by perfusion for 7 days remove complete cellular component from native HSV.  

3.3.2. Characterization of decellularized HSV (DHSV) scaffold 

3.3.2.1. Histological analysis of DHSV Scaffold 

3.3.2.1.1. H&E stain 

Removal of cells from DHSV scaffold were tested by H&E staining and compared with 

native HSV (Fig. 3.4. A and B). DHSV scaffold showing complete removal of cells on 

the 7th day (Fig. 3.4. B).  

3.3.2.1.2. AB stain (pH 2.5) 

The glycosaminoglycan (GAG) was stained with alcian blue pH 2.5 (Fig. 3.4. C and D). 

Glycosaminoglycan in the native samples was blue stained, in three layers of a vessel 

(Fig. 3.4. C). After decellularization, the same pattern of GAG distribution and labeling 

intensity was maintained in all three layers (Fig. 3.4. D).  
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Fig. 3.3. Histological analysis of native HSV, DHSV scaffold. 

 

3.3.2.1.3. MT staining 

The collagen was intensely labeled as red in MT staining (Fig. 3.3. E and F). Mostly, 

collagen was as a compact ECM in the vessel walls in the native (Fig. 3.3. E) and the 

place of former structures in the decellularized scaffold (Fig. 3.3. F). In the control, the 

vessel's surface contained fibers with a red stain that is thick and tightly packed collagen 

fibers, in addition to some green stain, marking thin, poorly packed collagen fibers.  

3.3.2.2. DNA quantification 

Quantification of residual DNA was used to compare in all experimental groups. DNA 

quantification is used as an indicator for cellular removal in decellularized scaffold 

compare to native tissue. In the DHSV scaffold, very low residual DNA was found. 
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DHSV was found to contain 0.04 ± 0.01 ng DNA/mg (Fig. 3.4.). This result indicates that 

more than 99 % of DNA in the native HSV was removed by the decellularization process. 

 

Fig.3.4. DNA content in scaffold after decellularization compared to native HSV. 

3.3.2.3. Scanning Electron Microscopy 

Morphology of decellularized HSV was compared with a native vessel. Fig. 3.5. represent 

the morphology of control HSV and the DHSV scaffold, with no cell component being 

found in the DHSV scaffold. 

 

Fig.3.5. SEM analysis of native HSV and decellularized HSV. 

 

3.3.2.4. Mechanical Testing 
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The mechanical testing analysis resulted in statistically significant differences for strain, 

stress, tensile strength, young’s modulus, and burst pressure in DHSV sample compared 

with native HSV (Fig. 3.6.). 

 
Fig. 3.6. Mechanical testing of all samples compared with native HSV. 

3.3.3. Hemolysis assay  

Allogeneic or xenogeneic biomaterials will aggravate the activity of red blood cells. 

Hemolysis test is an important index for the evaluation of blood biocompatibility of 

biomaterials. According to ISO 10993-4, materials with hemolysis values < 5% are 

considered as safe. It was reported that with high rate of hemolysis indicates the bad 

blood biocompatibility. The results in a Fig. 3.7. indicate that the hemolysis rate for 

DHSV is 1.2 %. The hemolytic ratios are smaller than 5.0 %, which means no hemolytic 

activities. 
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Fig. 3.7. Hemolysis assay of DHSV. 

 

3.3.4. MTT assay 

The cytotoxicity of DHSV was evaluated using tetrazolium dye (MTT). The percentage 

of cells viable was calculated using the following equation: 

Percentage of cells viable (%) = Average OD of Scaffold / Average OD of Control × 100 

The percentage of cells viable with DHSV was found to be significantly high on 

comparison with control (Fig. 3.8.). Thus, indicating that the DHSV enhances the 

proliferation of cells by providing then extracellular matrix for better adherence.  
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Fig. 3.8. MTT result of 24 hours incubation period of cord blood MNC’s with DHSV, 

represented as percentage of cells viable (***P-value < 0.001). 

3.3.5. Biocompatibility study of DHSV scaffold in CAM assay 

After the implant of the DHSV scaffold on the CAM area, on day 13 after incubation, an 

observation was done under a stereomicroscope. No, toxic or harmful effect was observed 

on CAM and chick embryos (Fig. 3.9. D, E, F). After placement of scaffold, adjacent 

blood vessels in CAM were growing normally (Fig. 3.9. E, F). There was no effect like 

anti-angiogenesis. Local observation showed that blood vessels were formed on a 

scaffold. It indicates that the scaffold was native cell-free, so no reaction was observed.  

 

Fig. 3.9. Biocompatibility of decellularized HSV scaffold done in CAM assay. 
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3.3.5.1. Histological analysis of DHSV scaffold after 13 days in CAM 

In the histological analysis, HE staining showed that epithelial cells from chick embryos 

were engrafted on scaffold surfaces. Blue stain nuclei appeared on the scaffold surface 

(Fig. 3.10. D). Alcian blue stain showed that the GAG matrix was preserved in the 

scaffold (Fig. 3.10. E). Collagen in DHSV and implant scaffold on CAM was well 

preserved showed in Masson’s trichrome staining (Fig. 3.10. F). 

 

Fig. 3.10. Histochemical study of scaffold after biocompatibility study in CAM. 

3.3.6. in vivo  Biocompatibility study of DHSV  

We have observed that after implantation of DHSV in subcutaneous space in rat (Fig. 

3.11.) did not show any postoperative infection at surgical site and all animals survived 

after transplant surgery. Weight gain or weight loss did not occur after surgery.  

 

Fig. 3.11. Subcutaneous implantation of DHSV scaffold for biocompatibility. 
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3.3.6.1. Histological studies of subcutaneous implantation DHSV scaffold for 

biocompatibility  

3.3.6.1.1. HE 

After subcutaneous implantation for biocompatibility test, DHSV scaffold showing that 

cells were engrafted in the intimal, medial, and adventitial layer of DHSV scaffold (Fig. 

3.12. A). 

3.3.6.1.2. AB 

After subcutaneous implantation of DHSV scaffold in rat showing preservation of GAG 

(Fig. 3.12. B). 

3.3.6.1.3. MT 

After subcutaneous implantation of DHSV showed preservation of collagen in scaffold 

(Fig. 3.12.C). 

 

Fig. 3.12. Histological analysis of hDHSVC after 13 days of subcutaneous implant by HE 

(A), AB (B), and MT (C). 

 

3.3.6.2. DNA quantification 

In subcutaneously implanted scaffold shows DNA content of 0.10 ± 0.09 ng/mg tissue, 

which confirmed that cells were engrafted in scaffold (Fig. 3.13.).  
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Fig. 3.13. DNA quantification of DHSV after 13 days of subcutaneous implantation. 

3.3.6.3. Scanning Electron Microscopy 

After subcutaneous transplant cells were recruited in the scaffold (Fig. 3.14.). Cells were 

found to appear on the intimal layer of the DHSV scaffold.  

 

Fig. 3.14. SEM analysis: A) DHSV scaffold and B) DHSV scaffold after subcutaneous 

transplant in rat. 
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3.3.6.4. Mechanical Testing 

 

Fig. 3.15. Mechanical testing after 13 days of subcutaneously implanted DHSV scaffold.   

In a sample of subcutaneous implant showed one way ANOVA P < 0.0001 for maximum 

strain (mm) and stress, tensile strength, Young’s modulus (elasticity) and burst pressure. 

(Fig. 3.15,). In all test there was no significant difference in native HSV and 

subcutaneous implanted DHSV scaffold. Subcutaneous implanted DHSV scaffold 

showing potentials of in vivo performance closely similar to the physiological ones. 

 

3.3.7. Manufacturing of small diameter vascular conduit  

In total, 20 decellularized HSV small diameter conduits (DHSVC) were made for 

mechanical test and implantation in rats (Fig.3.16). The average diameter was 0.76 ± 006 

(n = 10) and length was 12.4 ± 0.4 mm (n = 10) of decellularized HSV (DHSVC) small 

diameter conduit. All conduits for implant were sterilized with the first 70% alcohol for 

20 min and then antibiotic antimycotic solution 1x liquid (Himedia Laboratories Pvt. Ltd. 

Mumbai, India) solution for 20 min. The conduits were rinsed 5 times with saline and 

stored in normal saline at room temperature for 30 min before implantation. 



CHAPTER 3: TISSUE ENGINEERING OF HUMAN SAPHENOUS VEIN  

 

119 

 

 

Fig. 3.16. A: Decellularized HSV matrices. B, C: DHSV matrices constructed into small 

diameter conduit (lumen diameter 0.7 mm diameter). 

 

3.3.8. Validation of heparin coating 

Heparin coated (hDHSVC) grafts slides showed positive staining of toluidine blue stain 

in vessels wall and without heparin coated decellularized scaffold (DHSV) did not 

showed toluidine blue stain (Fig. 3.17. A, B). Toluidine blue positive stain result 

confirmed that heparin was finely allied through the entire thickness of decellularized 

grafts. 

 

Fig. 3.17. Toluidine blue staining for identification of heparin accumulation. 

3.3.9. Anticoagulation assay 

All data obtained in this test was summarizes in Table 3.2. Data showed that all clotting 

times for hDHSVC surpassed the instrument limit set (PT, 50 s; APTT, 150 s; and TT, 

200 s) which were significantly larger than DHSV. This result indicates that 

decellularized HSV after heparin coating increase the anticoagulant activities. 
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Table 3.2. Coagulation times for DHSV and hDHSVC. 

Surface Type                  PT (s)               APTT (s)                 TT (s) 

                                    DHSV                      11.0±1.8*            28.2± 0.6*              18.1±0.3* 

                                 hDHSVC                        >50                     >150                      >200 

DHSV: decellularized HSV scaffold; hDHSVC: heparin coated 

decellularized HSV conduit;  PT: prothrombin time; APTT: 

activated partial thromboplastin time; TT: thrombin time. *p＜0.05. 

 

3.3.10. Platelet adhesion test 

In the field of biomaterials transplantation for vascular repair, thrombus formation is main 

drawback for the performance of biomaterials.  To overcome this problem many 

scientists, perform surface modification for non-thrombogenic activity. For evaluation of 

surface modification with heparin coating on luminal surface we were performed platelets 

adhesion test. Thrombogenicity of the modified surfaces of hDHSVC and DHSV were 

observed by SEM as shown in Fig. 3.18. Platelets were attached on the surface of DHSV 

(Fig. 3.18. A, B). hDHSVC surface showing good antithrombogenic property revealed by 

there was no platelets attached on heparin coated surface as shown in Fig. 3.18. C, D.  

 

Fig. 3.18. Scanning electron microscopy of non-heparin coated DHSV and hDHSVC 

after platelets adhesion test.  
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3.3.11. Suture holding strength 

The average strength recorded was 20.7±1.5, 17.1± 0.4, and 17.6± 0.14 MPa, respectively 

in native HSV, DHSV scaffold and hDHSVC. In all three groups result showed that there 

was no significant difference in the suture holding strength. It indicates that there were no 

destructive effects occurred after decellularization process and heparin coating on 

mechanical property of the grafts (Fig. 3.19).   

 

Fig. 3.19 In suture holding strength of both DHSV and hDHSVC showing there was no 

significant difference compared to native vessel.   

 

3.3.12. in vivo study 

We have observed that after hDHSVC transplant in rat femoral artery (Fig. 3.20.) did not 

show any postoperative infection at surgical site and all animals survived after transplant 

surgery. Weight gain or weight loss did not occur after surgery.  

 

Fig. 3.20. A) hDHSVC transplant in rat femoral artery in end-to-end anastomosis and B) 

transplanted graft during explant at day 45. 
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3.3.13. Postoperative evaluation 

3.3.13.1. Blood investigation after transplantation surgery  

Hematology and Biochemical analysis 

CBC analysis showed that there was no significant difference in all parameters in control 

and hDHSVC transplanted group after 30 days (Table 3.3). Serum biochemistry analysis 

showed there was no significant differences in animal’s biochemistry parameters, 

including serum AST, ALT, ALKP, urea, creatinine of control and hDHSVC transplanted 

group (Table 3.4). Data obtained from hematology and biochemistry analysis indicates 

that existence of the hDHSVC had no harmful effect after transplantation in host animal. 

The values in a normal range for controls and treated animals were taken from Charles 

River Laboratories reference (43).  

Table 3.3. Complete blood count (CBC) analysis after 30 days of hDHSVC 

transplantation in rat. (Reference values from: Baseline Hematology and Clinical 

Chemistry Values for Charles River Wistar Rats (1998)). 
 

    CBC                        Reference range         Control group        hDHSVC transplanted group        

                                                                           (Mean ± SD) 

Hb (g/dl)                         14.1-17.1                    14.24±0.34                            14.65±0.74                           

WBC (cells/μl)               4.77-12.08x10
3               

6.15x10
3
±0.23                        6.32x10

3
±1.55                      

RBC (cells/μl)                6.86-8.75x10
6                   

8.23x10
6
±0.44                        8.01x10

6
±1.01                     

 

Plt (cells/μl)                   500-1300x10
3                   

842.20x10
3
±145.21                901.23x10

3
±114.42                                  

Neu (cells/μl)                 0.68-3.87x10
3
              0.45x10

3
±0.31                       0.46x10

3
±0.01                     

Lymph (cells/μl)             3.20-11.84.x10
3              

5.22x10
3
±0.23                       5.42x10

3
±0.17                                       

Mono (cells/μl)               0-0.72x10
3                           

0.05x10
3
±0.01                       0.06x10

3
±0.02                     

Eos (cells/μl)                   0-0.36x10
3                           

0.04x10
3
±0.01                       0.04x10

3
±0.04                   

Baso (cells/μl)                 0-0.24x10
3
                  0.02x10

3
±0.02                       0.02x10

3
±0.003                   

All values are expressed as mean ± SD (N=6). Abbreviations: Hb, hemoglobin; WBC,  

white blood cell;  RBC, red blood cell; Plt, platelets; Neu, neutrophils; Lymph,  

lymphocytes; Mon, monocytes; Eos, eosinophils; Baso, basophils. 

* Statistically significant difference (*p<0.05).  
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Table 3.4. Biochemistry analysis after 30 days of hDHSVC transplantation in rat. 

(Reference values from: Baseline Hematology and Clinical Chemistry Values for Charles 

River Wistar Rats (1998)). 

             Reference range         Control group         hDHSVC implanted group                                                   

(Mean ± SD) 

Urea (mg/dl)                    21.43-45                    31.27±1.12                       31.78±1.63                                

Cr (mg/dl)                        0.4-1                          00.72±0.01                       00.69±0.09                               

AST (IU/L)                      39-84                         63.42±15.15                     64.16±12.66                             

ALT (IU/L)                      35-80                         54.16±11.36                     53.12±20.29                               

ALKP (IU/L)                   16-50                         41.34±11.17                     42.42±31.19                             

All values expressed as means ± SD (n=6) Abbreviations: Cr, creatinine; AST,  

Aspartate transaminase; ALT, Alanine aminotransferase; ALKP, alkaline phosphatase 

* Statistically significant difference (*p<0.05.). 

 

3.3.13.2. Color Doppler 

After 15 days of graft transplantation, Color Doppler (Philips, Japan) was done to check 

patency and blood flow in the graft. The blood flow rate in right and left femoral artery 

was recorded in the control group. In Arterial Color Doppler finding blood flow rate was 

0.6±.0.1 meter/second in control group (n=6) (Fig. 3.21. A). In transplant group (n=6) 

average blood flow rate at proximal end was 0.5±0.01 m/s (Fig. 3.21. B) and at distal end 

0.4±0.01 (Fig. 3.21. C) showed in Table 3.5. Result indicated that the transplanted DHSV 

graft was patent without any aneurysms or thrombosis in the grafts till two 

weeks. Patency rate was 100% till two weeks in 6 rats evaluated by arterial color 

Doppler. 

 

Fig. 3.21. A: Arterial color Doppler of native femoral artery of the rat. B and C: blood 

flow at the proximal end and distal end of the graft. 
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Table 3.5. Blood flow rate meter per second (m/s) in grafted conduit was  

evaluated by color Doppler as follow. 

                          Proximal end              Distal end 

                                        Rat 1                           0.49±0.01                   0.4±0.01 

                                        Rat 2                            0.5±0.01                   0.39±0.01 

                                        Rat 3                          0.49±0.01                   0.38±0.01 

                                        Rat 4                          0.51±0.01                   0.41±0.01 

                                        Rat 5                          0.49±0.01                    0.4±0.01 

                                        Rat 6                          0.52±0.01                   0.42±0.01 

                                 Average (m/s) =                 0.5±0.01                     0.4±0.01 

 

3.3.14. Histological, SEM and mechanical study of transplanted graft 

3.3.14.1. H&E stain 

In transplanted graft in rat femoral artery, cells were recruited in all three layers of a 

scaffold (Fig. 3.22. A).  

3.3.14.2. AB stain (pH 2.5) 

AB staining demonstrated no obvious disruption to the overall histoarchitecture following 

graft transplant (Fig. 3.22. B). 

3.3.14.3. MT stain 

After post graft transplantation (Fig. 3.22. C) number of thick collagen fibers was raised 

in both regions, whereas thin fibers were largely present. 

 

Fig. 3.22. Histological analysis of hDHSVC after transplantation by HE (A), AB (B), and 

MT (C). 
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3.3.14.2. DNA quantification 

After hDHSVc graft transplant in rat femoral artery, DNA material present was 0.16 ± 

0.10 ng DNA/mg. The amount of DNA for transplanted graft was less than the native 

HSV (p < 0.0001) (Fig. 3.23.).  

 

Fig. 3.23. DNA quantification of hDHSVC after in vivo transplantation. 

3.3.14.3. SEM analysis 

Cellular lining were observed after 3 month of transplantation hDHSVC in rat femoral 

artery. 

 

Fig. 3.24. SEM analysis of transplanted hDHSVC graft. 
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3.3.14.4. Mechanical Testing 

In a sample of hDHSVC transplant showed one way ANOVA P < 0.0001 for maximum 

strain (mm) and stress, strength, Young’s modulus (elasticity) and burst pressure showed 

one-way ANOVA p < 0.001 for all groups Fig. 3.25. There was no significant difference 

between native HSV and transplanted hDHSVC graft instrain, strength,elasticity and 

burst pressure. Except in stress test, there was statistical difference was observed in 

transplanted graft and native HSV. The hDHSVC showing potentials of in vivo 

performance closely similar to the native HSV. 

 

Fig. 3.25. Mechanical testing of hDHSVC after three months of transplantation in rat. 

3.3.15. Immunohistochemistry 

To scrutinize the recruitment of host arterial cells into the implanted DHSVC graft and 

also the functionality of graft immunofluorescence was done. In control and graft 

transplant groups, vWF-positive cells on the luminal side of the grafts present more in the 
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control group. In the experimental group, vWF-positive cells are also present in the 

luminal side of the graft as well as some cells adherent to the adventitia (Fig. 3.26 G, H). 

β-actin and Alpha-SMA positive cells were present in both the control and graft 

transplant groups. In the graft transplant group, a large number of β-actine positive cells 

was present in a mid-layer of the vessels, but in a very small number, Alpha-SMA 

positive cells were present around or on the luminal surface in the graft transplant group 

(Fig. 3.26 A, B & E, F respectively). VAP positive cells also present on an intimal and 

medial layer of the transplanted graft (Fig. 3.26 I, J). VCAM in the control group strongly 

expressed on vascular smooth muscle layer e.g., media and in the transplant group 

VCAM positive cells also strongly present in the intimal layer of a newly formed vessel 

(Fig. 3.26 M, N). We next examined the neointimal formation that formed in the arterial 

graft blood flow. In both groups VEGF positive cells were present but in the graft 

transplant group, VEGF was weakly expressed as compared to the native vessel (Fig. 

3.26 C, D). CD13 and CD14 markers were used for the detection of inflammatory 

adhesion molecules that mediates the immune response to injured tissues. The CD13 

positively cells were plentifully observed on the luminal surface of the control vessel 

(Fig. 3.26 K). In the graft transplant group expression of CD13 was very low compared to 

the control (Fig. 3.26 L). CD14 expressed cells in both groups, in the control and graft 

transplant group are very low in numbers. In the graft transplant group, CD14 positive 

cells were one or two in number (Fig. 3.26 O, P).  
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Fig. 3.26. Immunohistochemistry of transplanted HSV graft. Scale bar, 100 μm. 

3.4. Discussion 

A xenogeneic graft can make host versus graft reaction and an inflammatory 

reaction; both these developments can lead to graft failure. In the current situation, in 

heart bypass surgery autologous radial artery and/or saphenous veins are the most 

commonly used vascular substitutes for coronary arteries because it’s easy to access and 

have very few complications related to their excision (44). Xenogeneic decellular venous 

graft patches placed into the rat IVC show infiltration venous progenitor cells, proposing 

that patch venoplasty heals with a venous phenotype and approving that the patch 

environment attracts progenitor cell accumulation (25). In another study, it showed that 

the decellular pericardium patch provides a microenvironment for the attachment, 

survival, migration, infiltration, and/or proliferation of cells, a large advantage over 

synthetic materials (45). Surface modification elicit biomolecules effectively in regulating 

endothelial cell behaviors and to prevent thrombus formation, endothelialization is an 
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effective tactic with enhance vascular graft survival (46). Kuwabara F et al. developed 0.8 

mm small diameter vascular graft with a biodegradable polymer (poly--caprolactone 

[PCL]) containing CAG peptide which showed rapid endothelialization and inhibit 

intimal hyperplasia (47). This study showed that after successful surface modification 

with heparin immobilization in DHSVC has patency for 3 months with a diameter < 0.8 

mm in the rat femoral artery. In the rat model, Bai et al. (48)   showed decellularized 

carotid artery graft in arteriovenous graft model cells were infiltrate and 

reendothelialization. The artery-like structure was drawn together and physiological 

function was established in the vascular conduit.  

Immunohistochemistry analysis showed that endothelial cells lined the luminal 

surface of the DHSVC and smooth muscle cells were accumulating in the media layer. 

An interesting observation in the present investigation was that DHSV which an 

important driving forces for cell recruitment, cell adhesion. The use of 1% SDS 

detergent-based decellularization protocols was effective and stabilized ECM. The 

histological analysis demonstrates that 7 days of decellularization resulted in the complete 

removal of cell components from the vascular tissue. H&E stained images showed cell 

free scaffold with intact all three layers of intima, media, and adventitia in scaffold 

without damaging their architecture compare to native tissue. DHSV showed GAGs intact 

expression in scaffold after decellularization Masson’s trichrome staining was also done 

to evaluate the collagen structure in the decellularized scaffold which was intact in the 

scaffold. A biocompatibility test was performed in CAM assay and an animal model. In 

CAM assay, the chick model was live after implantation of DHSV scaffold on CAM area. 

No sign of immune rejection was found in the chick. Histological analysis showed that 

epithelial cells were infiltrated in DHSV scaffold implantation. FE-SEM analysis showed 

that cells were infiltrated in the scaffold. DNA quantification was performed to evaluate 
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the DNA component in DHSV and other experimental groups. After decellularization, 

99% of DNA content was removed from the HSV. After implantation in the CAM area 

and subcutaneously, cells were recruited in a scaffold, DNA content in both groups 

showed an increase significantly. After transplantation of DHSVC in the femoral artery of 

rat, DNA present was much higher than the subcutaneous transplant but lower than native 

tissue. Decellularization could damage the biomechanical properties to some extent. 

Decellularized HSV showed decreased biomechanical properties compared to a native 

vessel in terms of strain, stress, elasticity, and burst pressure. Suture holding strength in 

DHSVC was not significantly different from native vessel. After implantation of DHSV 

scaffold in CAM and subcutaneously implantation mechanical properties were regained 

but not significant as compared to a native vessel.  

For the transplant, we remodeled the DHSV scaffold into a small vascular graft for 

matching the size of the rat femoral artery. After the reconstruction of the DHSV 

scaffold, there was no malfunction of its conduit. Heparin coating on luminal side of 

conduit was successfully achieved and it examined by positive toluidine blue stain. In an 

animal model, after subcutaneous implantation of the DHSV scaffold, the 

histoarchitecture of the scaffold was not changed. Cell infiltration was seen in all three 

layers of the vascular scaffold. Xenogeneic implants are often used to replace damaged or 

impaired various human tissues or organs. To hinder immune rejection, glutaraldehyde is 

used to crosslink the amine groups (49). Although glutaraldehyde cross-linking reduces 

immune rejection but has a chance of tissue calcification risk (50). Decellularized 

scaffolds have a property like immune reaction free. Ishii D et al. showed that 

microbiotubes used as allogeneic graft with an inner lumen diameter 0.6 mm in art model 

remained patent at 12 months with high compatibility, stability, and durability (51). 

Fibrin-heparin coating with surface modification promote the attachment and 
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proliferation of endothelial cells and preventing thrombus formation in the implanted 

graft (52). After transplantation of hDHSVC in small sized femoral artery of rat, patency 

remaining for 90 days. Arterial color Doppler showed that the flow rate was diminished 

compared to a native artery of the rat. At the proximal end, the average flow rate was 

normal but at the distal end, the flow rate was non-significantly decreased. After 90 days 

of transplantation of hDHSVC, in one graft thrombus was occurred macroscopically after 

euthanized all experimental animals. There was no change in the diameter of conduits 

after 90 days of transplantation and the patency rate of transplanted DHSVC was 91.66% 

occurred. After transplantation of hDHSVC in rat femoral artery biomechanical 

properties showing a significant increase in terms of strain, stress, elasticity, and burst 

pressure. All animals were used for experiment did not shows any sign of infection at 

surgical site. CBC and biochemistry analysis were in normal limits. Weight gain or 

weight loss not occurred in all animals after transplantation surgery. 

Immunohistochemistry analysis demonstrates cellular infiltration in DHSV scaffold 

after transplantation. Endothelial cells in the luminal layer secrete anti-thrombogenic and 

anti-inflammatory molecules (e.g., nitric oxide, prostacyclin, thrombomodulin, etc.) (53). 

von Willebrand factor (vWF), a glycoprotein produced by endothelial cells and 

megakaryocytes, is routinely used to identify vessels in tissue sections.(54) In a previous 

study, progenitor cells found in both the neointima and adventitia after transplant of 

acellular human graft in humans and it suggests that these progenitor cells may play a role 

in the transformation of a decellularized graft into a functional graft (55). Previously it 

showed that rat tail artery as a novel decellularized small vascular bioscaffold material, 

modified lumen (0.6 mm) with synthesized peptides promotes  neointima formation 

remained patent for three weeks (56). vWF positive cells were present in both control and 

transplant graft vessel. It indicates that neointimal layer was formed in DHSVC after 
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transplantation. To maintain vascular tone smooth muscles cell play an important role 

which is regulated by endothelial-derived and circulating agonists and antagonists factors 

(54). Evidence of vascular smooth muscle expression in a graft is a major milestone for 

the maturation of blood vessels (57). Expression of α-Smooth muscle actin denotes the 

presence of vascular MSCs which may be beneficial for maintaining graft compliance, 

and long-term patency.(58) β-actin positive cells are highly expressed in the control and 

transplant group (Fig. 3.6A, B) which indicates the regulation of the vascular tone of the 

conduit. Vascular Endothelial Growth Factor (VEGF) is a signaling molecule involved in 

vasculogenesis and angiogenesis (59). Control and transplant groups showed VEGF 

positive cell expression. In transplanted graft, along with a luminal layer of endothelial 

cell lining vascular adhesion protein-1 (VAP-1), positive cells were seen. Vascular cell 

adhesion molecule 1 (VCAM-1) is a surface marker of endothelial cells and guide 

leukocytes migration towards the inflamed tissue (60). We observed VCAM-1 positive 

cells in the control and transplanted groups. Interestingly, the expression of CD13 and 

CD14 in the transplanted graft was very low which suggests that the graft was cell-free 

and did not trigger an immune response after transplantation.  

In this study, we demonstrate that decellularized HSV has no residual cells that preserve 

the ECM and mechanical properties of the vessel. Important features of ECM observed in 

in vivo studies were: (1) structural integrity of the scaffold, (2) lack of thrombosis or 

hyperacute rejection, and (3) Facilitation of cellular remodeling to approximate arterial 

vasculature. 

3.5. Conclusion  

In conclusion, the development of cell free xenograft strategies exhibits more potential to 

create off-the-shelf vascular constructs for clinical use. This study demonstrates the 

feasibility of using a xenograft with successful surface modification with heparin coating 
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for transplantation without thrombosis or hyper acute rejection. The decellularization 

process used resulted in stable ECM with the durable wall structure and complete 

acellular structure. Transplantation study showed expression of endothelial markers 

denotes vasculogenesis and angiogenesis, expression of vascular smooth muscle confirms 

the functional graft and patency. Low expression of CD13 and CD14 in transplanted graft 

confirmed the acceptance of the graft. Considering the translation from the laboratory 

toward the clinic, the option of customized vascular graft is very important for surgeons. 

The future of DHSV graft looks positive with the achievements of results and showed the 

potential for success. This detailed study will finally promote the conversion from 

laboratory research to clinical application. 
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4.1. Introduction  

Blood vessels (BV) perform the blood transportation from heart to every cell of the 

body and vice-versa. The transportation of blood helps in providing oxygen and nutrients 

for growth and repairing action (1). Blood vessels which exist outside the heart are 

collectively called as peripheral vascular system. And another which rest in heart itself is 

central vascular system. Due to the deposition of calcium like salts or low-density 

lipoproteins the inner diameter of vessel decreases and it causes obstruction to the flow of 

blood (2). Endothelial proliferation responsible for the formation of clots which can 

complete or partial blockage of blood vessel due to hypercoagulability (3). The 

cardiovascular diseases are the major cause of increasing global mortality rate of about 

523 million according to study done in 2019 (4). As a solution there are surgical 

techniques of grafting techniques available till date. In the allograft and xenograft, 

immunosuppressants should be provided continuously for reducing the possibility of graft 

rejection. Even though autografts do not have any immune reaction, there are chances of 

infection and scar formation at the position of removal of graft (4). Tissue engineering 

can be the key solution for replacing the graft with no side effects.  

Synthetic or biosynthetic vascular grafts are appropriate candidates to overcome the 

shortage of autografts. Over time period synthetic grafts, biodegradable vascular grafts 

are able to provide mechanical support for tissue regeneration and be degraded and 

replaced by native tissue. (5). Increase in demand of small diameter vascular graft in 

current situation for replacement of dieased vessels (6,7). In current situation different 

types of technologies are used to fabricate three dimentional vascular grafts such as 

electrospinning, 3D printing and molding techniques. Electrospining method can easily 

control the fibrous thickness (8) with have a property like high porosity, important 

parameters for cells adhesion and proliferation within scaffolds (9). In electrospinning 
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techniques polymers fibers spun on the rotating mandrel (10,11) while in another 

technique fibers spun on the two dimentional meshes (12). For patients specific scaffold 

must be able to remolding with its diameter size and specific design, there is a need of 

customized structures becomes more evident. In recent years, using three dimentional 

printing technologies new  potential methods has emerged  to manufacture polymeric 

grafts and scaffolds (13,14). This technologies give new opportunities to fabricate 3D 

products that can mimic the physiological architecture. 3D printing technology is fast 

growing method and it is an inexpensive which can produce patient-specific medical 

implants with customized size and shape having mechanical and biological properties 

(15). 3D computer-aided design (CAD) models allow to scientist to fabricate small 

diameter vascular graft through the layer by layer based deposition polymers with high 

resolution (14). Different polymers have different roles and functions in 3D organ 

bioprinting process. The main componenet of bio-ink is polymers play different roles like 

giving support for cell adhesion, guiding cell migration for homing (16), enhance the 

mechanical properties (17), build vascular, neural, and lymphatic networks (18). After 

implantation, biodegradable grafts will provide mechanical support and gradually degrade 

and replaced by tissue. Polylactic acid (PLA), Polyglycolic Acid (PGA), and poly (ε-

caprolactone) (PCL) are common biodegradable polymers for vascular grafts 

manufacturing (17,19). Gelatin methacrylate (gelMA) can use for achieve long-term 

sustained drug release in blend with other polymer bio-ink (20). 

Goat and porcine blood vessels would be an ideal material to generate ECM which 

can be combined with polymers to generate bio-ink for the 3D printing of vascular graft. 

In this work, our objective was to prepare bio-ink from vessel ECM for 3D 

printing/molding techniques and demonstrate in vivo functionality of vascular graft.  

 



CHAPTER 4: 3D PRINTING AND MOLDING OF VASCULAR GRAFT  

 

139 

 

4.2. Materials and methods 

4.2.1. Preparation of bio-ink 

The process of synthesis of blood vessels bio-ink was done by patented techniques 

(Indian Patent Application No. 202121059406). Briefly Goat blood vessels brought from 

local slaughter house and cleaned in distilled water and immersed in 70 % alcohol and put 

on shaker for agitation for 15 min. After that distilled water containing antibiotic, 

antimycotic (penicillin, streptomycin, and amphotericin B) solution 1x liquid (Himedia 

Laboratories Pvt. Ltd. Mumbai, India) wash was given to blood vessels for another 15 

min on shaker. Alkali digestion of blood vessels was carried out using 1N Sodium 

Hydroxide (NaoH) (Cas No.:1310-73-2 Molychem, India) (5 g blood vessels/ml) at 60
0
C 

for 48 h Digested blood vessels slurry was filtered and pH was maintained neutral. In 

neutral slurry polyvinyl alcohol (PVA) (HiMedia Laboratories Pvt. Ltd) added in 5 % 

concentration and allow it to dissolve at 60
0
C for 36 to 48 h followed by to 2 % gelatine 

(HiMedia Laboratories Pvt. Ltd) was added and slurry was heated in micro oven at 300-

800 watt for 1 min following time interval of 3 min for polymerization (Fig. 4.1.). The 

bio-ink composite was allowed to cool down and kept in -40°C overnight followed by 

microwave heating was done as described.  
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Fig.4.1. Schematic representation of bio-ink preparation. 

4.2.2. Physical characterization of bio-ink  

4.2.2.1. Attenuated Total Reflection (ATR) 

ATR measurements were performed on Alpha (II) Bruker unit spectrometer and analysed 

in the range of spectral region 450–4000 cm−1. Fresh bio-ink gel was used to 

investigating polymeric chemical groups (21).  

4.2.2.2. Rheological (viscosity) analysis of bio-ink 

Rheological measurements of bio-ink were obtained as previously described (22). Briefly, 

Rheological characterization was performed on an active cone/plate system of RST-CPS 

rheometer (7030107). 25 mm glutaraldehyde-treated coverslips were attached to the 

parallel plates using double-sided tape. Freshly prepared bio-ink loaded onto the 

rheometer with mineral oil to prevent dehydration. Using a high dynamic precision the 
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motor drives of the driving system without using gears or mechanical force transducers. 

All rheology testing was performed at room temperature in oscillatory mode at 1 Hz and 

0.5% strain with a 1 mm gap. 

4.2.2.3. Thermo Gravimetric Analysis (TGA) of bio-ink 

Thermogravimetric analyzer (SDT Q600 V20.9 Build 20) was used to measure the mass 

degradation change in the vascular graft sample from room temperature to 800
0
 C under 

inactive (N2) atmosphere. Sample was ramped from room temperature to 800
0
 C at a rate 

of 10
0
 C/min under a nitrogen atmosphere. Percentage weight loss and heat flow (W/g) 

was stated as a function of the temperature. Thermogravimetric analysis (TA TGA Q500) 

used to determine the degradation temperature of the printed vascular graft. 

4.2.2.4. X-ray diffraction pattern  

The X-ray diffraction (XRD) of the sample were recorded on Rigaku X-ray 

diffractometer using Cu-Ka radiation to determine the phase of printed material at 

wavelength λ = 0.1546 nm with the step of 2
0 

min
−1

.  

4.2.2.5. Microscopy and Energy-dispersive X-ray spectroscopy (EDS) analysis  

Scanning electron microscopy images were captured with an accelerated voltage of 15 kV 

and 5 to 200 magnifications. Before SEM, samples were dehydrated with a freeze-drier 

(Star Scientific Instruments, Delhi, India) for 12 h and coated with platinum (Q150TES, 

sputter coater, UK). Energy-dispersive x-ray spectroscopy analysis was performed at a 

voltage of 15 kV after carbon coating. 

4.2.2.6. Spreadability analysis of the bio-ink    

Spreadability of bio-ink was determined as per procedure described by Shinde U et 

al.,(23). Premarked circle of 2cm diameter on a glass, 0.5 g of bio-ink was placed then a 

second glass plate was employed. Half kilogram weight was placed on upper glass plate 

for 5 min to compress the sample to a uniform thickness. The diameter of the circle after 
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spreading of the bio-ink was determined (𝑛=3). The following equation was used to 

determine the rate of spread (cm/min). 

Rate of spread = A2/time                                                                                    (1) 

Where, A1: circle diameter pre-marked on a glass plate (cm).  

             A2: final area after spreading (cm). 

            Time: time at measurement taken (min).       

The following equation (24) was used to find out the percent spread (%)  

% spread by area = × 100                                                                                    (2)                 

4.2.3. 3D printing of vascular graft 

A custom-made 3D bioprinter (RIO 3D printers India) was used to generate 3D vascular 

graft scaffolds. A hollow cylindrical shape of 3 mm in diameter was used as blueprint. 

First created Computer Aided Design (CAD) of cylindrical shape file then further 

stereolithography (STL) conversion of CAD file and finally created G-code of STL 

cylindrical shape vascular conduit file. Sliced CAD model G-codes were feed to the 3D 

bioprinter. Vascular structure were printed using the developed bio-ink with a nozzle 

having an inner nozzle diameter of 0.6 mm and other specifications like flow rate of 2.5 

mm/s depositing 5 layers with an average layer height set to 300 μm distance. The 

printing was performed using CURA software. Microchip containing G-code was inserted 

in the 3D printer as printing instruction. The bio-ink solution was loaded into a 10 mL 

syringe and attached to the 3D bio printer nozzle head with screws. The insulated printing 

plunger push syringe piston with continuous flow of melted bio-ink that was extrudes 

through its nozzle. The instructed designs were then printed under sterilized conditions at 

a speed of 2.5 mm/s at 24
0
 C.  

4.2.4. Molding of Vascular graft 

Another method used for preparation of vascular graft by deposition or coating of bio-ink 

layer by layer on stainless steel needle, glass capillaries (OD-0.4 mm to 2 mm). Briefly, 
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bio-ink was first heated at 80
0 

C in microwave and then coated on needle layer by layer. It 

was allowed to dry at room temperature for 24 hrs. Molded vascular graft removed from 

the needle and stored at room temperature for further use. 

4.2.5. Physical characterization of vascular graft  

4.2.5.1. Surface wettability (Contact angle)  

The Rame-Hart instrument (USA) was used to observe contact angle of 3D printed 

vascular graft with DDW. A contact angle is measured on each side of the droplet and 

averaged together to obtain the overall contact angle for the droplet. The surface 

wettability image was analyzed by software and a contact angle measurement was 

confirmed (25). 

4.2.5.2. Swelling or water uptake ability of 3D vascular graft         

The water retention property in 3D printed vascular graft was assessed as per procedure 

described by Mandal B et al., (26). For this, the initial dry weight (Wd) of vascular graft 

(0.5 cm in length and width) was recorded, followed by their immersion in 30 ml of PBS 

(pH 7.4) at 37
0 

C for 5 days. At predefined time point every 24 h immersed graft were 

taken out then using filter paper excess surface liquid was cleared and the swelled weight 

(Ws) was recorded. The study was conducted in triplicates, and the percent swelling was 

calculated by using the formula (27). 

Swelling ratio (%) =        Ws − Wd      ×100 

                                          Wd 

4.2.5.3. Biodegradation Study  

The degradation study was performed as per the earlier reported protocol by Bhamare et 

al., (22). Period of study was six month. Briefly, the printed vascular graft (Wi = initial 

weight = 2 g) was immersed in PBS (neutral pH) in 15 ml falcon tube (Abdos) at 37
0
C  
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with constant shaking (Shaker REMI) at 100 rpm for 180 days. Throughout the study, the 

PBS was replaced every three days. After 90 days the printed graft was removed from the 

PBS and gently rinsed with distilled water, dried at 37
0
C for 12 h and weight (Wd). The 

remaining mass (%) was calculated using the formula (26)  

% mass degraded (MD) = [(Wi – Wd)/Wd]×100  

% mass remaining = (100 − MD)   

4.2.5.4. Scanning Electron Microscope (SEM) 

A Scanning Electron Microscope (SEM) was done at the Department of Physics, Shivaji 

University, Kolhapur, MS, India. Since resolution was required at the high 

magnifications, the specimen sputtered with gold to improve image quality. SEM analysis 

was done using JEOL JSM-6360 Scanning Electron Microscope model. Several sets of 

images were taken of each sample at the scales of 10, 20, 50, 100 and 200 µm. Image-J 

open-source imaging software was used to analyze the images taken with the SEM. 

4.2.5.5. Dimension measurement of 3D printed vascular graft 

All dimensions (inner-outer diameter and wall thickness) of molded small diameter 

vascular graft (diameter <5mm) was measured using imageJ software.  

4.2.6. Biomechanical study 

4.2.6.1. Mechanical test 

Assessment of tensile properties 3D printed vascular graft and native rat abdominal aorta 

were studied by uniaxial tensile testing of the whole graft using tensometer. Using the 

stress–strain plot the ultimate tensile load, strength and elongation at break, were 

determined. 
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4.2.6.2. Suture retention strength 

For this test, vascular grafts and native rat abdominal artery were cut out to generate a flat 

rectangular shape. Therefore, the thickness of vascular graft samples corresponded to the 

average thickness in all regions was 0.14±0.02 mm. A prolene sutures (8-0) (Centenial 

suture, Thane, India) was pierced through one side of the wall of the samples membrane 

2.0 mm away from the one edge and formed a loop that attached to separate clamps and 

other non-sutured end was clamped in the stage clamp of tensometer (Instron 5565). The 

force transducer at a constant displacement rate of 0.1 mm/s. Displacement was continued 

until the suture pulled out from the vessel edge. The maximum force was recorded on the 

suture as the suture retention strength (MPa) (28). 

4.2.6.3. Burst pressure testing of 3D printed vascular graft 

Using the different diameter size vascular grafts (ID 0.5 to 3mm) and an angioplasty 

balloons (different sizes), burst pressure was measured. The experiments were conducted 

on 3 cm in length vascular graft (from 0.5 mm to 3mm diameter). For small diameter (ID 

< 0.5 mm) vascular graft an angioplasty balloon (1.25mm×10mm)(Medtronic, Sprinter 

Legend) (Fig. 4.2.A,B) and for 3mm diameter vascular graft an angioplasty balloon 

(3.5mm×22mm)(Medtronic, Resolute Integrity) being inserted into the vascular graft on 

PTCA wire (Asahi Sion blue) (Fig.4.2.A). An Inflator (Boston Scientific, Marlborough, 

MA, USA) was used to expand the balloon (Fig.4.2.D,F). A radio opaque dye Inj Iohexol 

350 (Omnipaque; GE Healthcare) 10 ml added with 10 ml Sodium chloride 0.9 g 

(Fresenius Kabi pvt. Ltd. India) was filled in inflator to inflate balloon. The balloon was 

inflated at more than its rated burst pressure. The wall expansion of vascular grafts 

against balloon was observed and atm (atmospheric) pressure in inflator was recorded. 
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Fig. 4.2. Burst pressure testing of vascular graft. 

4.2.7. MTT assay 

In order to check the ability of 3D vascular graft to harbor cells and help them proliferate, 

MTT assay was performed. Small pieces of 3D vascular graft (n=3) were cut into an 

approximate area of 0.16 cm
2  

(0.4cm x 0.4cm) and placed in the wells of a 96 well plate. 

The MNC’s isolated from cord blood were seeded on the scaffold at a density of 1×10
5
 

cells. The plate was then incubated for 24 h in CO2 incubator at 37
0
C, to allow the 

proliferation of cells on the scaffold. After 24 h incubation, tetrazolium dye was added to 

each well at a concentration of 0.5mg/ml and the plate was incubated for duration of 4 

hours. After 4 hours of incubation the solution was carefully aspirated leaving the 

formazan crystals in the wells. 100µl DMSO was added to each well to dissolve the 

formazan crystals for half an hour, which was then aliquot into separate well. The 

absorbance was measured at 570nm, while 620nm served as reference. Wells with 3DVG 

and media, served as blank while wells with only cells without 3D vascular graft served 

as control.
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4.2.8. Surface functionalization by loading of heparin in luminal surface of 3D 

printed/molded vascular scaffold  

Heparin loading in a 3D printed/molded vascular graft was done by a similar method used 

by Kong X et al., (29). 3D printed/molded vascular graft incubate in 50 mL MES buffer 

(0.05 mol/L, pH 5.60) containing 100 mg EDC (1–(3-Dimethylaminopropyl)-3-

ethylcarbodiimide) (Sigma), 100 mg heparin (Sigma) and 60 mg NHS (N-

hydroxysuccinimide) (Sigma) at 37
0
C for 4 h. After rinsing for 2 h in disodium hydrogen 

phosphate solution (0.1 mol/L), then rinsing 24 h 3-4 times in sodium chloride solution (4 

mol/L), and finally rinsing 24 h in distilled water for 3-3 times, then heparinized lumen 

vascular graft was obtained. By Ethylene oxide sterilization atmosphere (concentration of 

321 g/m3) (RUGIKON Semi-Automatic KANC-125, Mumbai, India) all heparinized 3D 

printed/molded grafts were sterilized. Sterile grafts were stored in 0.9% NaCl + 1% 

penicillin/streptomycin at 4°C for future use.   

4.2.9. Validation of heparin coating 

4.2.9.1. Toluidine Blue staining 

Toluidine blue (0.05 mg/mL) stain was used for visualization of heparin content on 

heparin treated 3D printed/molded vascular graft slides. 

4.2.9.2. Platelet adhesion test  

For obtaining platelet-rich plasma (PRP), 10 ml human whole blood was collected from 

healthy donor by venous puncture with informed consent. Blood was added into the 

centrifuge tube and centrifuged at 2000 rpm for 10 min to obtain PRP. Before performing 

test, the samples (Heparin coated and non-heparin coated) were washed with PBS and 

samples were added into the 24-well plate then 200 μL of PRP were added to samples and 

incubated for 2 h at 37
0 

C (30). After incubation, the samples were rinsed three times in 

PBS and fixed with 2.5 wt% glutaraldehyde at 4
0 

C overnight. For SEM analysis samples 
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were dehydrated with different concentrations of alcohol and sufficiently dried in a freeze 

dryer.  

4.2.9.3. Anticoagulant assay 

A human whole blood was collected from healthy donor by venous puncture with 

informed consent and an automated machine was used for this test. The anticoagulant  

activity before and after heparin coating on 3D printed/molded vascular graft (hSDVG) 

were determine by thrombin time (TT), prothrombin time (PTT), activated partial 

thromboplastin time (APTT) assay (31). Healthy human blood and an automated machine 

were used for this test. 

4.2.9.4. Hemolysis assay  

The hemolysis assay was performed to study the hemolytic activity of hSDVG with 

human erythrocytes (32). 10 ml of blood was taken from healthy human volunteer with 

informed consent. Blood sample collected in ethylenediaminetetraacetic acid (EDTA) 

containing centrifuge tube and centrifuged at 3000 rpm for 15 min to obtain RBC pellet. 

RBC pellet was washed with phosphate-buffered saline (PBS). 200 μl of RBC diluted 

with PBS was added with heparin coated 3D printed/molded vascular graft. Fresh whole 

blood 200 μl diluted, incubated with 10 ml of distilled water (D/W) and 10 ml of 0.9 % 

NaCl (Normal Saline NS) aqueous solution were used positive and negative controls 

respectively.  All the samples were incubated at 37
0
C for 2 h, followed by centrifugation 

at 3000 rpm for 15 min. After centrifugation, the supernatant was used to read 

spectroscopic analysis at 540 nm.  The percentage of hemolysis was calculated from the 

formula:  

OD 540 (sample) – OD 540 (0% lysis)/OD 540 (100% lysis) – OD 540 (0% lysis) 

×100%. 
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4.2.10. Biocompatibility of 3D vascular graft in chick embryo model 

Biomaterials need to be tested vigorously before its preclinical development or 

application. Fresh fertilized eggs of Gallus were collected from the local government 

central hatchery, Kolhapur. Eggs were cleaned with 70% alcohol for disinfection of shell 

surface. Eggs were incubated at 37
0 

C and 80% (Hally Instruments, Mumbai, India) 

humidified atmosphere condition with a blunt area in an upward direction. Humidity was 

maintained and monitored regularly by using a hygrometer. Fertilized eggs are divided 

into two groups the control and experimental group (n=40). On third day of incubation, 

embryo location was marked and eggs punctured in lower end with 5ml syringe, needle 

no.24 (Dispovan, Hindustan syringes, India), albumin (3-3.5 ml) removed. After that eggs 

were transferred in an incubator. On day 4 of the incubation, a circular window was 

created and SDVG (size 4 mm, D = 3 mm) was placed on the chorioallantoic membrane 

(CAM) area (33). The egg windows were closed with sterile transparent tape and eggs 

returned to the incubator. On days 7, 10 and 13 the CAM area and the chick embryo 

observation were recorded with a stereomicroscope (Lawrence & mayo India Pvt. Ltd.). 

Implanted vascular graft and adjacent CAM were removed and collected in 10% neutral 

buffered formalin for histological study. 

4.2.11. in vivo biocompatibility study of 3D vascular graft  

In vivo experiments were performed according to guidelines of the Institutional 

Ethical Committee (IAEC) (Ref.-6/IAEC/2017), D Y Patil Education Society, Kolhapur, 

India. Seven wistar rats ((male/female weighing 200-250 gm) obtained from Central 

Animal House, D Y Patil Education Society, Kolhapur, India for this experiment. All 

animals were acclimatized for a week before experiment. Animal were anesthetized with 

injection Thiosol (Thiopentone injection, NEON 173251 Neon Laboratories Ltd, 

Mumbai, India), by intraperitoneal (IP) route (45 mg/kg/body wt.) (34). 3D vascular graft 
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implanted subcutaneously and incision was closed with 3-0 prolene (Centenial suture, 

Thane, India) surgical sutures. Implanted scaffolds were excised after 14 days and fixed 

in 10% formalin buffer for further histological analysis.  

4.2.12. Transplantation study 

4.2.12.1. Study design and animals  

The animals (n=18) were acclimated for two weeks before the surgical procedure. 

Animals were randomly divided into control and experimental groups (9 rats in each 

group). In experimental group 3D vascular graft were transplanted in the femoral artery 

by end to end anastomosis. In the control group, the same surgical procedure was 

performed but an excised native femoral artery segment was implanted at its position. 

Clopidogrel (1.5 mg/kg/day) and Aspirin (5.5 mg/kg/day) as anticoagulants were 

administered in the drinking water beginning three days before surgery.  

4.2.12.2. Transplantation surgery 

After acclimatization for two weeks rats were anesthetized with Inj. Thiosol (45 

mg/kg/body wt.) by IP route. Before surgical procedure, Inj. Heparin (Caprin, Samarth 

Lifesciences Pvt Ltd, Himachal Pradesh, India) (100 U/kg) was administered IP and half 

dose (50 U/kg) was given every hour till procedure completed. Oblique incision was 

taken at the inguinal site and femoral vessels were exposed by skin and fat tissue 

removing. The femoral artery was dissected and separated from the femoral vein. Micro 

clamp were applied at the proximal and distal region and in between micro clamp, 7-8 

mm arterial segment was excised. 3D vascular graft in the length of 10 mm was 

transplanted in the femoral artery by end-to-end anastomosis with 8-0 prolene sutures 

(Centenial suture, Thane, India) (Fig. 4.8. A, B, C). After confirmation of no blood 

leakage from the anastomosis site, micro-clamps were removed. The fat tissue was placed 

in its position and sutured by 7-0 prolene and the skin was closed in an interrupted 
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manner. During whole surgical procedure, body temperature of animals was maintained 

at 37
0
 C by using a heating pad. After surgery animal was returned to the cage and 

allowed to freely access food and water. After 90 days, experimental rats were euthanized 

and implanted 3D vascular grafts were excised and fixed in 10% formalin buffer for 

further histological analysis.  

4.2.13. Postoperative evaluation 

4.2.13.1. Blood Investigation after transplantation surgery 

Before 3D vascular graft transplant surgery and 30 days of surgery blood sample was 

collected from retro-orbital sinus and collected in vial containing anticoagulant and vial 

without anticoagulant (1ml in each vial). Hematological parameters including 

hemoglobin (Hb) (g/dL), packed cell volume (PCV; %), total red cell count (RBC), total 

white cell count (WBC; (lymphocytes, monocytes, neutrophils, eosinophils, and 

basophiles) were calculated morphologically by blood smears), absolute erythrocyte 

indices, differential WBC count. CBC was performed using Abacus (Nihon Kohedon, 

Japan) hematology analyzer. Separated serum was utilized for evaluation of serum 

biochemistry parameters such as liver enzymes and creatinine and urea were evaluated on 

Erba Chem-5 Plus (Erba Mannheim, Germany) semi-autoanalyzer using commercial 

reagent kits.  

4.2.13.2. Arterial color Doppler 

The animals were anesthetized with inj. Thiosol by IP route on a 30
th

 day. Arterial color 

doppler (Philips, Japan) was done in the control and experimental group on the 30
th

 day to 

evaluate the patency and blood flow in the transplanted graft. 

4.2.13.3. Histological, SEM and mechanical study of transplanted vascular graft  

Histochemical and SEM analysis of transplanted 3D vascular graft was done after 3 

months of transplant. All animals were euthanized with anesthesia overdose and 
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transplanted vascular graft explanted with native artery from proximal and distal end for 

histochemical and SEM analysis. Explanted specimens cut into segments and fixed in 

10% neutral buffered formalin for histology and immunofluorescence analysis and in 4% 

glutaraldehyde for electron microscopy analysis. 

4.2.13.4. Immunofluorescence analysis 

For the immunofluorescence analysis paraffin-embedded, 3 µm thickness tissue sections 

were used. The sections were processed by xylene, alcohol grading for rehydration. Tris 

citrate buffers (pH 6) were used for heat induced epitope retrieval techniques. For 

blocking goat and rabbit serum were used. Then the samples were incubated with primary 

antibodies and fluorescence secondary antibodies (38). The primary antibodies for 

endothelial cell biomarkers were von Willebrand factor (vWF; Cat. #PA5-16634, 1/100 

dilution, Thermo Fisher Scientific), vascular endothelial growth factor (VEGF-A; Cat. 

#bs-1665R, 1/400 dilution, Bioss Antibodies, Netherlands). The primary antibodies for 

vascular smooth muscle biomarkers were Alpha-smooth muscle actin (Cat. #MA1-06110, 

1/1000 dilution, Invitrogen). The primary antibodies for cell adhesion were VCAM-1 (E-

10; Cat. #sc13160, 1/200 dilution, Santa Cruz Biotechnology), VAP-1 (A-8; Cat.#sc-

166713, 1/100 dilution, Santa Cruz Biotechnology). The primary antibodies for cell 

migration and antigen presentation Anti –CD3 Antibody ((PS1) Cat. #sc-59013, 1:100 

dilution, Santa Cruz Biotechnology), Anti-CD4 Antibody ((W3/25); Cat. #sc-20079, 

1:500 dilution, Santa Cruz Biotechnology). The primary antibodies incubated at 4
0
C 

overnight. The secondary antibodies Goat anti-mouse (Alexa Fluor Cat. #A-11001, 1:500 

dilution, Invitrogen) & Donkey anti-rabbit (Alexa Fluor Cat. #A-21206, 1:500 dilution, 

Invitrogen) incubated at room temperature for 1 h. The fluorescence reagent DAPI (4’6-

diamidino-2 phenylindole, dihydrochloride) (Cat. #D1306, 1/2000 dilution, Life 

Technology) was for cellular nuclei visualization. The various biomarkers were 

https://www.scbt.com/p/cd4-antibody-5b4
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visualized using Nikon Ti inverted microscope (Nikon Eclipse Ti, Japan) with Nikon Nis 

Elements software, ver. 5.2 (Nikon, Japan). 

Statistical Analysis 

The data are expressed as the mean ± standard deviation (SD). Statistical significance was 

determined using the Student's t-test. A p-value of <0.05 was considered to indicate 

statistical significance. In the figures, statistical significance is denoted as ∗ for p-value ≤ 

0.05, ∗∗ for p-value ≤ 0.001, ∗∗∗ for p-value ≤ 0.0001.  

4.3. Results 

 

4.3.1. Physical characterization of bio-ink 

4.3.1.1. Attenuated Total Reflection (ATR) 

 

Fig. 4.3. Confirmation of PVA and Gelatin in bio-ink by Attenuated Total Reflection 

(ATR). 

The cross-linking was confirmed using ATR analysis, as shown in Fig. 4.3. bio-ink 

showed a characteristic broad absorption band at 3330.49 cm-1 due to O-H vibrations of 

the polymer and a peak at 2790.34 cm-1, which was associated with C-H stretching 

vibrations. The bands at 2213.73 cm-1 and 1636.23 cm-1 were due to C-H bending and 

C-O-C bending vibrations, respectively. The sharp peak at 1458.57 cm- corresponded to 
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the C-O-C stretching vibrations. This confirmed the successful cross-linking of polymer 

with blood vessels powder by ATR spectrum of bio-ink. 

4.3.1.2. Rheological (viscosity) analysis 

For 3D printing process viscosity of bio-ink is an essential parameter, and higher 

viscosities facilitate superior print resolution and precision. Bio-ink concentration and 

viscosity is shown in fig. 4.4. Viscosity remained on the same level when bio-ink 

concentration was constant, suggesting that the viscosity could act as an intrinsic property 

parameter representing bio-ink rheology. The viscosity increased from 0.91 ± 0.05 Pa s to 

1.89 ± 0.11 Pa s. 

 

Fig. 4.4. Rheological analysis of bio-ink. 

4.3.1.3. Thermo gravimetric analysis (TGA) 

To investigate the ratio between the organic and inorganic components of the mineralized 

PG collagen, thermogravimetry of the freeze-dried sample was performed, assessing the 

mass decrement throughout the heating process. In the characteristic oxygen DTG curve, 

three peaks (between 100 and 500
0
 C) corresponding to collagen degradation 
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(74.8%±6.1) were observed (Fig. 4.5.). The organic part was burned entirely at 500
0
 C, 

and the final mass, corresponding to the inorganic part produced during the in situ 

mineralization process, was 49.33% ± 0.90. The final result was that the initial 3D printed 

vascular graft weight was 7.639 mg thermally degraded its mass 0.8694 mg degradation 

residue obtained as ash at 700-800
0 

C. TGA result indicated that the composite 3D printed 

vascular graft thermal strength was properly composed by the arrangement of hydrogen 

bond among the polymer. 

 

Fig. 4.5. Thermogravimetric analysis of bio-ink. 

4.3.1.4.  XRD 

The XRD analysis of the bio-ink material is shown in Fig. 4.6. XRD pattern of gelatin, 

PVA, where curve represents the XRD pattern for gelatine with a sharp peak at 6.6
0
 2θ 

and a sharp peak at 21.46
0
 2θ with intensity respectively, it confirm that gelatine and 

PVA possesses crystalline region in its structure (39,40). A broad peak 35 to 50
0
 2θ in 

curve confirms the amorphous molecules in PVA-Gelatin and blood vessels ECM blend 

(41). Most of the peaks are amorphous in nature because bio-ink was polymeric blend. 
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Fig. 4.6.  X Ray Diffraction Analysis confirmed that crystallinity of elements in bio-ink  

4.3.1.5. Energy-dispersive X-ray spectroscopy (EDS) analysis  

EDS results show carbon (C), oxygen (O), and phosphorous (P) in the composition 

sourced from a constituent of the biomaterial. EDS scans show (Fig. 4.7.) the presence of 

calcium in 0.02 Mass% which is a low concentration as expected throughout the bio-ink. 

Oxygen was 42.86 Mass% observed in bio-ink. This elemental analysis confirms the 

presence of carbon and oxygen deposition.  

 
Fig. 4.7. Energy-dispersive X-ray spectroscopy (EDX) analysis of cross section of 

vascular graft after element analysis.  
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4.3.1.6. Spreadability 

Many researchers reported that the application of the bio-ink also depends upon its 

spreading ability and printability. The spread ability % value bio-ink: 10 % to 40 %. The 

average spreading is 0.2 ± 0.04 in total 5 min, while the average percent of bio-ink spread 

is 22% with decreasing rate of spread with 0.008–0.02 cm min−1 within 5 min as shown 

in Fig. 4.8. and Table 4.1. 

 
Fig. 4.8. Spreadability test and spreading rate with respect to time of bio-ink 

Table 4.1. Spreadability of bio-ink.  

Weight (g)    Time (min)   A1 (cm)         A2 (cm)       Rate (cm min−1)  Bio-ink spreadability (%)     

   500               1             2           0.1 ± 0.06         0.1 ± 0.03                  10 ± 2.2                               

   500               2             2           0.2 ± 0.02         0.1 ± 0.02                  10 ± 2.2                               

   500               3             2           0.2 ± 0.08       0.06 ± 0.04                  20 ± 2.2                             

   500               4             2           0.3 ± 0.02       0.07 ± 0.01                  30 ± 2.2                             

   500               5             2           0.4 ± 0.06       0.08 ± 0.02                  40 ± 2.2                             

  Average                                     0.2 ± 0.04       0.08 ± 0.02                  22 ± 2.2  

‘±’ indicated the standard deviation in parameters 
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4.3.2. Fabrication of vascular graft by 3D printing and Molding techniques 

 

Fig. 4.9. By using 3D printing technology vascular graft were fabricated (ID < 3mm). 

 

Fig.4.10. In molding technique small diameter vascular grafts were prepared. 
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4.3.3. Physical characterization of vascular graft 

4.3.3.1. Surface wettability (Contact angle) of 3D printed vascular graft 

Water drop was absorbed by the 3D printed vascular graft surface and showed no any 

contact angle. 3D printed vascular graft characterized as a super hydrophilic material. 3D 

printed vascular graft makes available hydrophilic exterior and zero measurable contact 

as showed in Fig. 4.11. 3D printed vascular graft surface wettability properties significant 

in the tissue engineering and regenerative medicine in particular, important to maintain 

biophysical properties, cytocompatibility, and microstructure, and biocompatibility and 

attractive for cellular fate. 

 

Fig. 4.11. Contact Angle of vascular graft. 

4.3.3.2.  Swelling or water uptake ability 

Swelling or water uptake ability of 3D molded material is important from the point of 

view to maintain three-dimensional structure in aqueous solution. Swelling behaviors % 

value of 3D molded vascular graft such as 1% to 5 % as showed in Fig. 4.12. 3D molded 

vascular graft properties such as swelling and flexible uniqueness match with finest 

scaffold properties in aqueous solution. 
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Fig. 4.12. Swelling Analysis: water absorbance by vascular graft evaluated in PBS (n= 3). 

4.3.3.3.  Biodegradation 

There was no degradation on the surfaces of graft observed after immersion in PBS, and 

the construction of the scaffolds were complete intact (Fig. 4.13. A and B). Total 2.0 ± 

0.071 % weight loss of the SDVG observed after immersion in PBS for 180 days (Table 

4.2.). The microscopic surfaces of the scaffolds were smooth and regular after 180 days. 

SEM images also confirm that there was no morphological changes after immersion in 

PBS after 180 days (Fig. 4.13. C). 

 
Fig. 4.13. Biodegradation analysis: degradation of the vascular graft in PBS. SEM image 

of vascular graft after biodegradation test. 
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Table 4.2. Biodegradability of 3D printed vascular graft  

 
3D printed vascular graft   Time in PBS     Temperature      Biodegradable 3D printed     Biodegradable Graft         

    initial weight (gm)             (day)                  (
0
C)                       vascular graft(g)                      weight (%) 

  
       2                                 30                    37                           1.9 ± 0.01                              98 ± 0.01  

       2                                 60                    37                           1.9 ± 0.01                              98 ± 0.01 

       2                                 90                    37                           1.8 ± 0.02                              98 ± 0.02 

       2                                 120                  37                           1.8 ± 0.03                              98 ± 0.03                 

       2                                 150                  37                           1.8 ± 0.03                              98 ± 0.03 

       2                                 180                  37                           1.8 ± 0.03                              98 ± 0.03 

 

  ‘±’ indicated the standard deviation. 

 

4.3.3.4. Dimension of vascular graft 

We were succeeding to develop very small diameter vascular conduit with inner diameter 

0.5± 0.02 mm (Fig. 4.14. B). The outer diameter was 0.7± 0.04 mm (Fig. 4.14. A) and the 

thickness of the wall measured 0.018± 0.04 mm (Fig. 4.14. C). We were able to develop 

small size conduit with the ideal dimensions which are essential for the replacement in 

peripheral vascular diseases. 

 
Fig. 4.14. Dimension measurement of 3D printed vascular graft. 
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4.3.4. Biomechanical study 

4.3.4.1. Mechanical properties 

Applied force and the elongation of the 3D molded vascular graft and rat abdominal aorta 

was used to obtain a biomechanical data measurements. Ultimate tensile load (N), Tensile 

strength and Elongation of 3D molded vascular graft, native rat abdominal aorta shows in 

Fig. 4.15. The graft scaffolds showed averaged ultimate tensile load of 7.1 ± 0.1 MPa, 

ultimate tensile strength of 1.7 ± 0.2 MPa, and elongation at break of 21% ± 0.1. Here, we 

noticed that the mechanical properties of the SDVG significantly higher than of the native 

blood vessels. This is a great significance of the mechanical properties that have less the 

chance of graft failure due to mechanical property mismatch. 

 

Fig. 4.15. Mechanical testing of 3D printed vascular graft.  
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4.3.4.2. Suture retention 

For evaluation of resistant strength of material, suture retention strength was measured 

(Fig. 4.16.). The average strength of 3D printed and molding vascular graft was 2.1± 0.12 

and 2.0± 0.10 MPa recorded respectively. Native abdominal aorta of rat was used as a 

control and its strength was 0.99±0.10 MPa recorded. The result showing that suture 

retention strength in 3D printed and molding vascular graft showed sufficiently high 

enough than native artery.   

 

Fig. 4.16. Suture retention strength of 3D printed vascular graft and molded graft 

compared with native rat abdominal aorta.  
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4.3.4.3. Burst pressure 

Fig.4.15. A to E shows that vascular graft holds the ability to resist bursting pressure up 

to its higher capacity.  For this experiment we choose small diameter (ID 0.5 mm) to 

large diameter (ID 3.5 mm) vascular grafts. Burst pressure depends on thickness of wall 

of vascular graft is marked (42,43). As expected, vascular graft with low ID (Fig. 4.17. 

A,B) and large ID (Fig. 4.17. C,D,E) shows to bear the applied pressure.  For 0.5 mm ID 

vascular graft the mean inflation pressure 15.2 atm ± 5.6 was applied. The balloon was 

inflated at 1.25 mm so the vascular graft. There was no morphological damage was 

observed. After releasing the pressure vascular graft was retain its original size.   

 

Fig. 4.17. Burst pressure test of vascular graft. 
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4.3.5. MTT assay 

The cytotoxicity of 3D vascular graft was evaluated using tetrazolium dye (MTT). The 

results are presented as percentage of cells viable, which was calculated by the following 

equation: 

Percentage of cells viable = Mean OD of Scaffold / Mean OD of Control × 100 

The percentage of cells viable on 3D printed vascular graft was found to be relatively 

high when compared to that of control (Fig.4.18.). Thus, indicating that the 3D vascular 

graft has no cytotoxic effect, rather promoting cellular proliferation. 

 

Fig. 4.18. MTT assay study effect of 3D vascular graft after an incubation of 24 hours, on 

the proliferation of cord blood MNC’s was represented as percentage of cells viable (** P 

value < 0.01). 

4.3.6. Validation of heparin coating 

4.3.6.1. Toluidine Blue staining 

In 3D printed/molded vascular graft heparin was well linked with the inner wall of lumen   

revealed by toluidine blue staining after heparin treatment (Fig. 4.19. B) Without heparin 
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coated vascular graft did not showed toluidine blue stain (Fig. 4.19. A). These results 

confirmed that heparin coating was well achieved on luminal surface of vascular graft. 

 

Fig. 4.19. Toluidine blue stain for evaluation of heparin coating on Non-Heparin and 

Heparin coated vascular graft.  

4.3.6.2. Platelet adhesion test 

A platelet adhesion test was performed to evaluation the effect of the heparin coating on 

luminal surface of vascular graft for the risk of thrombus formation in vascular graft after 

transplantation. Thrombogenicity of the luminal surface after heparin coating revealed 

after SEM analysis. SEM images showed that morphologies of the platelets adhered on 

the non- heparin coated 3D printed/molded vascular graft (SDVG) luminal surface (Fig. 

4.20. A, B). Many platelets were found on the non-heparin treated 3D printed/molded 

vascular graft surfaces. Platelets not adhered to hSDVG suggesting improved 

hemocompatibility (Fig. 4.20. C, D). These observations suggest that heparin treated 

vascular graft is anti-thrombogenic behavior than the non-heparin coating vascular graft.  
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Fig. 4.20. SEM images of of platelets adhered to non-heparin coated graft and heparin 

coated vascular graft. 

4.3.6.3. Anticoagulation assay 

Data obtained in these tests showed in Table 4.3. Data indicates that all clotting times 

after heparin coating on 3D printed/molded small diameter vascular graft (hSDVG) were 

significantly increased. All clotting times parameters were exceeded the instrument limit 

set after heparin coating (PT, 50 s; APTT, 150 s; and TT, 200 s). It specifies that heparin 

coating on 3D printed/molded enhance the anticoagulant activities. 

Table 4.3. Coagulation times for SDVG and hSDVG. 

Surface Type                    PT (s)                  APTT (s)                 TT (s) 

       SDVG                       11.3±1.7*               33.2± 0.1*             24.7±0.4* 

                 hSDVG                           >50                          >150                       >200 

SDVG: Non heparin coated small diameter vascular graft; hSDVG: heparin 

coated small diameter vascular graft;  PT: prothrombin time; 

APTT: activated partial thromboplastin time; TT: thrombin time. * p＜0.05. 
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4.3.6.4. Hemolysis assay  

It was reported that clotting of blood occurred when it comes in contact with water and 

when RBCs contact with allogenic or xenogeneic materials then the condition of the red 

blood cells will be aggravated. Hemolysis test is performed for the evaluation of blood 

compatibility of biomaterials. It was reported that materials with hemolysis values below 

5% are considered as safe. Above 5% value of hemolysis rate indicates the bad blood 

biocompatibility. In Fig. 4.21. results of biocompatibility of hSDVG with human RBCs 

incubation for 2 h in haemolytic study showed. A result showed that hemolysis rate of 

hSDVG was 0.5 which is smaller than 5.0 %, indicates no hemolytic activities. 

 

Fig. 4.21. Hemolysis percent of vascular graft.  
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4.3.7. CAM assay 

The CAM assay allows direct visualization and quantification of angiogenesis and 

biocompatibility of materials after grafting on CAM area. CAM assay was performed to 

evaluate the biocompatibility of SDVG. Observation was done under a stereomicroscope. 

No any toxic or harmful effect was observed on CAM and chick embryo after placement 

of vascular graft. Adjacent blood vessels in CAM along with graft were growing 

normally. Local observation showed that blood vessels were formed and overlapping on a 

graft. In the Fig. 4.22. E-H, the SDVG showed satisfactory biocompatibility with CAM 

tissue without severe inflammatory response. Macroscopic results indicate that vascular 

graft was biocompatible and no graft rejection was observed. In histological analysis, HE 

study of CAM revealed that a differentiated cell with nucleus was better organized as 

shown in Fig. 4.22. I-L. SEM analysis revealed cell attached on 3D printed vascular graft 

(Fig. 4.22. M). In this study, the functionalized grafted 3D molded vascular graft on to the 

chick embryo CAM to assay to evaluated angiogenesis significantly promote endothelial 

cell migration and in ovo. 

 

Fig. 4.22. Biocompatibility of vascular graft observed by macroscopical and histological 

in chorioallantoic membrane (CAM) assay.  
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4.3.8. Subcutaneous implantation study 

We have observed that after implantation of vascular graft in subcutaneous space did not 

show any postoperative infection at surgical site and all animals survived after transplant 

surgery (Fig. 4.23).  

Fig.4.23. Subcutaneous implantation of 3D printed vascular graft. 

HE staining of hSDVG showed (Fig. 4.24. A) that cells were engrafted in the intimal and 

adventitial layer. AB staining showed that GAGs was intact in vascular graft (Fig. 4.24. 

B). MT stain indicates that collagen was preserved in vascular grafts (Fig. 4.24. C).  

 

Fig. 4.24. (A-C) Histological and SEM analysis of subcutaneously implanted graft for 14 

days. 
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SEM analysis showed cellular attachment on surface of vascular graft (Fig. 4.24. D).  

 

Fig. 4.24. D. SEM analysis of subcutaneous implanted vascular graft 

4.3.9. in vivo transplant study                                                                                                          

After transplantation of vascular graft in femoral artery in rat did not show any 

postoperative infection at grafting site and all animals survived after transplant surgery 

(Fig. 4.26.). Weight gain or weight loss did not occur after surgery.  

 

Fig.4.25. Right femoral artery of rat exposed for vascular graft anastmosis  

D 
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Fig.4.26. Vascular graft transplanted in rat femoral artery at day 0 

 

Fig. 4.27. Images after 90 days of graft transplantation during graft explant. 

4.3.10. Post-operative evaluation 

4.3.10.1. Assessment of the Body and Organs weight of animals 

In first week weight loss was observed in all experimental rats (Table 4.4). After one 

week weight gain was observed till it was constant with normal rat weight. No significant 

difference was observed in body weight of the experimental groups during 3 month study 

period.  One more observation showed that there was no significant difference in liver, 

kidney, lung, heart weight of vascular graft transplanted rats group compared to the 

control (without graft transplant) rats (Table 4.5).  
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Table 4.4. Comparison of the Body Weight of rats during the three month study period.  

Day               Control group                  Graft transplanted group 

                                   (Without graft transplant) 

 

                      1                  222.42±12.86                              231.24±10.52 

                      7                  224.54±12.52                              211.22±12.32 

                      15                223.14±10.18                              230.54±10.42 

                      30                228.22±11.40                              231.62±10.34 

                      60                229.12±12.24                              230.88±10.44 

                      90                230.12±16.24                              230.42±10.78 

Data was analyzed by one-way measures ANOVA.  Here, N = 7 

for both groups. Significant value was considered as *p< 0.01. 

 

 

Table 4.5 Weight comparison of the organs of the experimental rats at the end of the 

experiment period.  

Weight of the organs                    Control group               Graft transplanted group 

                 (mg)                           (Without graft transplant) 

Kidney                                 1.12 ± 0.04                         1.14 ± 0.06 

Liver                                    6.44 ± 0.12                         6.12 ± 0.22 

Lungs                                  0.81 ± 0.11                          0.84± 0.06 

Heart                                    0.69 ± 0.02                         0.70 ± 0.01 

Data are expressed as Mean (± SD). Sample t-test was used for the analysis. N = 7 

for both groups. Here, *p< 0.05, compared to the healthy control are significant. 

4.3.10.2. Hematology and Biochemical analysis  

After 30 days of transplantation there was no significant difference in CBC and 

differential leukocytes counts observed in vascular graft transplanted group compared to 

the control (without graft transplant) (Table 4.6). Evaluation of serum biochemistry 

parameters also indicated that including there was no significant differences in both graft 

transplanted animals and control group (Table 4.7). The hematology and biochemistry 

data suggests that 3D printed/molded vascular graft had not shown any rejection and 
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inflammatory reaction after transplantation in rat. The values in a normal range for 

controls and treated animals were of the Charles River Laboratories reference (44).  

Table 4.6. Complete blood count measured after 45 days of graft transplantation in rats. 

[Reference values from: Baseline Hematology and Clinical Chemistry Values for Charles 

River Wistar Rats (1998)]. 

 

     CBC                     Reference range            Control group          Graft transplanted group        

                                                               (without graft transpalnt)       

                                                                         (Mean ± SD)  

Hb (g/dl)                          14.1-17.1                    13.88±0.14                  14.10±0.64                           

WBC (cells/μl)                4.77-12.08x10
3                

6.12x10
3
±0.22             6.67x10

3
±1.56                     

RBC (cells/μl)                 6.86-8.75x10
6                   

7.78x10
6
±0.12             7.08x10

6
±1.48                     

 

Plt (cells/μl)                    500-1300x10
3                    

898.00x10
3
±147.22     901.12x10

3
±178.56             

Neu (cells/μl)                  0.68-3.87x10
3
             0.56x10

3
±0.54             0.46x10

3
±0.24                    

Lymph (cells/μl)             3.20-11.84.x10
3              

5.98x10
3
±0.22             5.24x10

3
±0.12                     

Mono (cells/μl)               0-0.72x10
3                           

0.05x10
3
±0.01             0.05x10

3
±0.03                 

Eos (cells/μl)                   0-0.36x10
3                           

0.03x10
3
±0.02            0.04x10

3
±0.01                    

Baso (cells/μl)                 0-0.24x10
3
                  0.02x10

3
±0.01             0.02x10

3
±0.002                   

All values are expressed as mean ± SD (N=7). Abbreviations: Hb, hemoglobin; WBC, 

white blood cell;  RBC, red blood cell; Plt, platelets; Neu, neutrophils; Lymph, 

lymphocytes; Mon, monocytes; Eos, eosinophils; Baso, basophils. * Statistically 

significant difference (p<0.05).  

 

Table 4.7. Biochemistry analysis after 45 days of graft transplantation in rats.  

(Reference values from: Baseline Hematology and Clinical Chemistry Values  

for Charles River Wistar Rats (1998))(44). 

                              Reference range           Control group            Scaffold implanted group   

            (Without graft transplant) 

             (Mean ± SD) 

 Urea (mg/dl)              21.43-45                    34.28±1.68                           32.45±1.18 

 Cr (mg/dl)                   0.4-1                         00.42±0.02                          00.51±0.04 

AST (IU/L)                   39-84                       69.49±12.21                        62.33±18.56                               

ALT (IU/L)                   35-80                       65.24±14.48                        59.09±31.24 

ALKP (IU/L)                16-50                       38.46±22.16                        42.22±14.28 

All values expressed as means ± SD (n=7) Abbreviations: Cr, creatinine; AST, Aspartate  

transminase; ALT, Alanine aminotransferase; ALKP, alkaline phosphatase  

* Statistically significant difference (p<0.05.). 
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4.3.10.3. Arterial Color Doppler 

Arterial Color Doppler was done after 45 days of graft transplantation to check patency of 

the 3D printed/molded vascular graft (Fig. 4.28.). The blood flow rate in femoral artery 

was recorded in both experimental groups. In control rat (n=7) blood flow rate was 

0.60±0.9 meter/second. In graft transplanted group (n=7) blood flow rate at proximal end 

0.55±0.02 m/s and at distal end 0.52±0.01 was recorded. Result shows that the 

transplanted vascular graft was patent till 45 days.  

 

Fig. 4.28. Patency, blood flow and velocity were confirmed by color Doppler. 

4.3.10.4. Histology study 

Histology study revealed that blue stained cells were present in graft (Fig. 4.29. A). 

Collagen and GAGs were preserved and intact after transplantation (Fig. 4.29. B, C).  

 

Fig. 4.29. Histology of transplanted vascular graft. 
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4.3.10.5. Transplant SEM study 

SEM image of transplanted graft showed that cellular attachment on surface of vascular 

graft (Fig. 4.30).  

 
Fig. 4.30.  SEM study of transplanted vascular graft. 

4.3.11. Immunohistochemistry 

The immunohistochemistry was done for to scrutinize the cellular recruitment in 

transplanted 3D printed/molded graft. Results of the native human saphenous vein and 

transplanted vascular grafts showed in Fig. 4.31., 4.32. vWF is a marker of endothelial 

cells which were observed in the lumen of the native vein and transplanted vascular grafts 

(Fig. 4.31. A, B). vWF positive cells were present abundant in native vessel as compared 

to transplanted graft. In luminal surface vWF positive cells are present in transplanted 

graft. Positive expression of smooth muscle cells by α-SMA were observed in the tunica 

media of the native vessel and transplanted graft (Fig. 4.31. C, D). In transplanted graft α-

SMA positive cells were abundantly observed in medial layer of graft.  In native vessel 

and transplanted graft VEGF positive cells were present but in transplant graft, VEGF 

was weakly expressed as compared to the native vessel (Fig. 4.31. 5E, F). Expression of 

VCAM positive cells were detected in outer layer of native vessel and transplanted graft 
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(Fig. 4.32. A, B). VCAM positive cells were detected in the sub-endothelial region of the 

intima, media as well as in adventitial layer of the graft. VAP positive cells were present 

in both native vessel and transplanted graft. VAP positive cells also strongly present in 

the adventitial layer of transplanted graft (Fig. 4.32.  C, D). For detection of inflammatory 

adhesion molecules that mediates the immune response to injured tissues, CD13 and 

CD14 markers were used. Very few localized CD13
+
 cells were observed in the adventitia 

of the transplanted grafts, but it was absent in native vessels (Fig. 4.32.  E, F). CD14
+
 

cells were absent in both native vessel and transplanted graft (Fig. 4.32. G, H).  

 

Fig. 4.31. Immunofluorescence staining of native human saphenous vein (HSV) and 

vascular graft after 3 months of implantation  
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Fig. 4.32. Immunofluorescence staining of native human saphenous vein (HSV) and 

vascular graft after 3 months of implantation  

4.4. Discussion  

The aim of present study was to generate a small diameter vascular graft with 

heparin coating on luminal surface to improve hemocompatibility of vascular grafts for 

clinical applications. The ideal vascular graft must display suitable mechanical strength, 

hemocompatibility, biocompatibility and should oppose the thrombogenicity. All this 

requirements about ideal vascular grafts was previously  reported (45). Our work focus on 

the preparation of a bio-ink which combines the various components of blood vessels 

extracellular matrix (ECM) incorporated in PVA and gelatine to mimic the blood vessels 
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ECM and mechanical properties of the native blood vessels. This bio-ink provides 

mechanical strength to support specific blood vessels cells like, smooth muscles cell and 

endothelial cell growth. We also focused on generating small diameter vascular conduit 

(<1mm) by 3D printing and molding techniques with retaining the ability of arterial 

compatibility, biomechanical integrity and less immunogenic under in vivo conditions. 

3D printed/molded small diameter vascular grafts have excessive possibility of an ideal 

substitute for limited autologous vein grafts. The construction of ideal vascular graft now 

days very easy because there is lots of new techniques evolved in 3D printing field. We 

can accurately manufacture the ideal vascular graft with diverse diameters and lengths as 

well as shapes, and easily stored. Cardiovascular disease (CVD) is the leading cause of 

mortality and peripheral arterial disease (PAD) is the third leading cause of 

atherosclerotic morbidity worldwide (46). Vascular graft development technology will 

provide the key to reach the unmet clinical demand (47). In today’s line of treatment, 

autologous vessels serve as the main source of grafts for vessel replacement surgery. In 

this respect, our methods for developing of vascular graft by 3D printing and molding 

with surface modification with heparin coating  is categorized with customized shape and 

size. 

Since 1950 it was reported that synthetic vascular conduit for repair of damaged 

blood vessels (48). Biodegradable polymers provide the two dimensional or three 

dimensional structural environments for the cellular growth and differentiation (20). For 

the selection of suitable polymers it has to be essential need of understanding interaction 

between cell and polymers (49). Till date it has been challenge to develop ideal polymer 

for vascular TE because each polymer have different cellular responses when it come 

with contact with different cells. From long time, synthetic degradable polymers such as 

PGA and PLA, and their copolymers are the most widely used in medicine (50). Unlike 
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PGA or PLA, PCL is a slowly degrades and it is most desirable for long-term implantable 

graft (51). For development of vascular conduit, cell seeding on biodegradable polymers 

is a typical approach to the development of TEVG. Foreign body reaction after 

transplantation can occur as well as  inflammation is a crucial part of tissue engineering 

(52).  

   3D-printing approach is a new hope for the development of patient specific grafts 

and it offer tremendous opportunities in TEVG. Fabrication of vascular graft have 

challenges to make ideal graft in view of its size constrictions with insufficient 

mechanical properties as well as long term patency (53,54). In previous studies it was 

reported that to mimic the structures and functions of natural blood vessels, a triple-layer 

poly (e-caprolactone) (PCL) and printable polyurethane used to develop vascular graft by 

combining 3D printing and electrospinning techniques (55,56). In our study we used PVA 

and gelatin to develop bio-ink with combination of vessel specific ECM and examine the 

techniques of 3D printing of vascular tissue-engineering scaffolds to demonstrate their 

efficacy in the rat model.  

PVA was printed as a scaffold with plenty of microspores that hold properties such 

as porosity, water adsorption and mechanical strength, can be tailored by adjusting the 

mass ratio other polymers (57). In another study, printed PLA scaffold demonstrated 

highest biocompatibility and structural integrity regarding morphology, and has the 

ability to assist the tissue repair and regeneration (58). By extrusion method gelatin was 

printed with highly porous and soft constructs demonstrated permit cell survival and also 

enhance the cell proliferation as well as spreading at lower concentrations of the bio-inks 

(59). PVA, PLA and gelatine is biocompatible and biodegradable polyester that enables 

crosslinking between the polymer chains (17,18). Polymer bio-ink can be initiated by 

crosslinkability and its biocompatibility, these polymers are ideal materials for 3D 
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fabrication techniques to construct functional, TEVG. Biological inert polymers and 

biological ECM will play an important role in developing cross-linked vascular graft 

(60,61). In another work, a novel strategy was developed to fabricate pre vascularized 

cell-layer blood vessels in thick tissues and small-diameter blood vessel substitutes using 

three-dimensional (3D) bioprinting technology. Mechanical properties of the molded 

scaffold and found that its elastic modulus approximated that of the natural aorta. These 

findings demonstrate the feasibility of fabricating different kinds of vessels to imitate the 

structure and function of the human vascular system using 3D bioprinting technology 

(62). Molding techniques was used for solve the currently existing problems of bad blood 

vessel 3D printing quality and short molding length when a blood vessel is molded by the 

3D biology printing technology (63).  

      Although numerous advantages, in small diameter vascular graft, patency is a 

major problem in synthetic materials (64). Degradation of synthetic materials directly 

affects the  material and surface functionality, surface modification of synthetic materials 

is very essential (65). For improving hemocompatibility and to achieve long-term patency 

of artificial vascular grafts surface modification of biomaterials in luminal surface 

are common tactics (66). Heparin immobilization on luminal surface of synthetic 

biomaterials can prevent thrombus formation and maintain long-term vascular patency 

(67,68).  In many research it has been reported that heparin coating reduce platelet 

adhesion and inhibits the adsorption of nonspecific protein and improves cell attachment, 

proliferation and differentiation (69). Inner diameter less than 6 mm of artificial vascular 

grafts shows poor performance prominent to risk of thrombosis (70). Most of the 

transplant studies of synthetic or biosynthetic vascular graft with inner diameter were 

more than 6 mm. we were developed small size heparin coated 3D molded vascular grafts 

(diameter <1mm). In our study we found that no significant differences in mechanical 
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properties in terms of strain, tensile strength, elasticity, burst pressure and suture holding 

strength of vascular graft compared with native arteries.     

The bio composite analyzed for growth, migration, and differentiation for tissue 

repair in vitro and in vivo. Subcutaneous implantation of SDVG in rats showed intact and 

stable graft after 14 days. In vivo experiments revealed that 3DVGs had 90 % patency 

rate at 3 months after transplantation. Graft was patent till 45 days of transplant revealed 

after color Doppler. Immunohistochemistry performed to investigate cellular infiltration 

after transplant in vascular graft. Endothelial cells secret anti-thrombogenic and anti-

inflammatory molecules such as nitric oxide, prostacyclin, thrombomodulin in the 

luminal layer of vessel (71). Neointimal layer was formed in luminal layer after 

confirmation of vWF positive cells were present intimal layer of transplanted graft. 

Vascular tone maintained by smooth muscles cells and its expression in graft indicates 

maturation of blood vessels and which is regulated by endothelial-derived and circulating 

agonists and antagonists factors (72). Expression of α-Smooth muscle actin in 

transplanted graft denotes the presence of vascular MSCs which may be beneficial for 

maintaining graft compliance, and long-term patency (73). Vascular endothelial growth 

factor (VEGF) is a signaling molecule involved in vasculogenesis and angiogenesis 

which were present in outer layer of transplanted graft (74). β-actin positive cells are also 

vastly expressed in the transplanted graft which shows the regulation of the vascular 

nature of the graft. VCAM used as a surface marker for endothelial cells and direct 

leukocytes movement towards the inflamed tissue (75). Expressions of CD13 and CD14 

were very low in the transplanted graft which suggests that the graft was well accepted 

and there was no any immune response after transplantation. Immunohistochemistry 

study of transplanted graft showed that endothelial cells were attached on the luminal side 

of the transplanted grafts. The heparinization of graft indicates its anticoagulant effect on 
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the early endothelialization which efficiently improved the patency rate of blood vessels. 

This novel 3 D printed or moulded vascular construct can be used for revascularization. 

4.5. Conclusion 

Our study presents the development and application of a platform for the fully 3D-printed 

fabrication of non-cellular biodegradable scaffolds for vascular tissue engineering, which 

is demonstrated in vivo. Such a platform may eventually enable the production of more 

complex structures customized for experimental studies or clinical applications by 

incorporating customized macroscale geometry with controlled microscale architecture 

like heparin coating. 
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5. Discussion 

The ideal vascular graft should possess properties like blood biocompatibility, 

appropriate mechanical strength and promote endothelialization of its inner surface (1-3). 

Currently, for vascular repair autologous vascular grafts are use and it is considered the 

gold standard (4). Multiple surgeries are required during harvesting of autologous 

grafts/tissues (5,6). Demand for xenogeneic vascular grafts increased because of the 

limitation of autologous grafts (7). After xenogeneic graft transplants, graft rejection is 

the biggest drawback so decellularized xenografts have revealed a high potential for 

implantation (7). In Commercial market numerous clinical products are available and 

approved by the Food and Drug Administration (8). In humans, several commercially 

available biological tissue/grafts and synthetic are used (9-16). Biomaterials having 

extracellular matrix (ECM) derived from mammalian origins have been successfully used 

to reconstruct and repair a variety of tissues (17). ECM is derived from an allogeneic or 

xenogeneic source that converts into biological scaffold materials and is used to repair 

injured tissue or organs. In the last decades, decellularized scaffolds for vascular have 

been intensively developed from the allogeneic or xenogeneic source. Various sources 

provide xenogeneic materials, such as cadaveric donors and goats, porcine, bovine, and 

other animals (17). Heart valves derived from pigs is an excellent example of xenogeneic 

source materials used in human (18).  

Currently available decellularized vascular grafts in the market are SynerGraft® 

(Bovine ureter), ProCol® (Bovine mesenteric vein), Artegraft® (Bovine carotid artery), 

and  Solcograft (Bovine carotid artery) (19). After transplantation of vascular grafts graft-

related thrombosis, aneurysm, and infection are the main drawback. Synthetic grafts are 

used in overall diameter vascular repair. After transplantation of synthetic graft 

anticoagulation treatment is necessary (20). Various types of matrices developed from 



CHAPTER 5: GENERAL DISCUSSION 

 

189 

 

different decellularized tissues like human umbilical artery and vein, porcine carotid, 

radial, saphenous, iliac artery, porcine small intestine submucosa (SIS), and bovine ureter 

have been studied in animal models for their usefulness in small-diameter vascular tissue 

engineering (21-30).  

Researchers have developed decellularization protocols for various native tissues, 

typically divided into three categories such as chemical, enzymatic, and physical 

methods. Maximum of the time, decellularization protocol contains of combinations of 

these three tactics. Removal of all cellular components from allogeneic or xenogeneic 

tissue is the final target of decellularization to avoid immunogenic rejection after 

transplantation. In enzymatic decellularization protocols various nucleases are used as 

complement agents. Enzyme concentrations depend upon the tissue properties, such as 

tissue thickness, type and cell density (31). In chemical decellularization protocol, 

decellularization of tissue/organs is accomplished by disturbing the protein-protein 

connections based on metal cation bounding. Isopropanol acetone/hexane are organic 

solvents used to prepare acellular ECM by removing lipid content from the scaffold 

(10,32). For decellularization, detergents are the leading and most common agents used. 

Sodium Dodecyl Sulfate (SDS) is the most commonly used detergent for tissue 

decellularization. SDS is an ionic detergent, and it disrupts cell-cell interactions between 

biomacromolecules (33). In numerous protocols, sodium deoxycholate (SD) is another 

ionic detergent used as a decellularizing agent. Its action is disturbance of cell 

interactions between biomacromolecules by DNA precipitation (34). For tissue 

decellularization, non-ionic detergent can disrupt cell interactions more mildly than ionic 

detergent (35). Negatively charged functional group contained in SDS making it an 

anionic surfactant that acts on cell membranes, thus disturbing their firmness. One 

research showed that SDS was used to decellularize the human saphenous vein (36).  
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In decellularization process final product obtained is a decellularized ECM. ECM 

consists of a three-dimensional fibrous structure mainly include collagen, fibronectin, 

laminin, glycosaminoglycans (GAGs), and growth factors (37-41). Cell adhesion, 

proliferation, and differentiation depend on the ECM, which provides both biological 

cues and physical support (42–45). After transplant of decellularized ECM for vascular 

repair, collagen (38,39), laminin (46), and vascular endothelial growth factor (VEGF) 

(47,48), chondroitin sulfate (49), fibrin (50), fibronectin (40), have been shown to 

encourage endothelialization. ECM also possesses mechanical properties similar to native 

vessels, which is very important for translational study (51,52,43). In vascular tissue 

engineering, thrombus formation is the main problem after transplantation which 

concerns the performance and patency of the tissue-engineered graft. Platelet activation 

and thrombosis formation can occur due to ECM components (53-55). To overcome this 

drawback, surface modification of vascular grafts could be an ideal process to improve its 

functionality. Surface modification with different ECM proteins such as fibronectin, 

laminin, collagen IV, and functional peptides like GFPGER, YIGSR, and cyclic RGD 

could improve biological functions (56,57). Most of the researchers proved that surface 

modification of vascular grafts improves its biocompatibility hemocompatibility 

(4,58,59).  

Most of the time, small-diameter vascular grafts (<6 mm) developed from natural 

and synthetic materials exhibit a high rate of failures due to thrombosis, calcification, 

infection, and no growth potential in animal model experiments (60–62). A previous 

study reported that heparin immobilization from ECM promotes HUVEC proliferation 

but inhibits HUASMC growth, which prevents intimal hyperplasia and obtains 

satisfactory hemocompatibility that inhibits thrombosis formation and finally promotes 

endothelialization (4). In our study, we demonstrate that xenogeneic decellularized small-
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diameter vascular graft developed from HSV with surface modification with heparin 

coating could be helpful in the replacement of small diameter vessels. We used 1% SDS 

subjected to perfusion for decellularization of HSV for seven days. After completing the 

decellularization process, we observed the complete removal of cellular components and 

preservation of histoarchitecture. The HSV's decellularization was evaluated by 

quantifying the residual DNA content and HE staining. SEM analysis showed no 

distortion of ECM ultrastructure after decellularization, which is required for retaining 

lumen patency (63).             

One of the crucial challenges in a small-diameter vascular graft is obtaining the 

required size and shape of decellularized tissue, which matches the host vascular system. 

In recent studies, decellularized ECM sheets were reconstructed into small-diameter 

vascular grafts, and after transplantation, these constructed grafts showed excellent results 

in an animal model (64,65). To overcome the problem of compliance mismatch, we 

shaped decellularized HSV and reconstructed it into a small-diameter vascular graft that 

is less than 1 mm in outer diameter. For further studies, such as acellular graft patency 

and its regenerative potential, we implanted the acellular reconstructed HSV scaffolds 

into the femoral arteries of the Wistar rat. Doppler study of transplanted acellular graft 

confirmed the patency of the scaffolds for 30 days following the surgery. Balasundari 

Ramesh and the group proved that crosslinked decellularized HSV could be reproduced 

in small-diameter vascular grafts (66). In another study, transplantation of acellular HSV 

xenograft in pigs showed patency up to 1 month without any immunosuppressant (67). 

Histologic assessments showed cellular recruitment in three layers of decellularized HSV 

conduit. Immunohistochemistry analysis confirmed that endothelial and smooth muscle 

cells were detected in tunica intima and tunica media, respectively.                             
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The ECM, which is secreted by cells, is used in regenerative medicine for its 

property, such as it provides instructive cues for cell attachment, proliferation, 

differentiation, and ultimately tissue repair (68). ECM also provides essential supportive 

structure, particularly after binding with cell surface receptor for direction cell signal and 

regulates gene transcription (63). The ECM derived from different tissues provides a 

tissue-specific microenvironment for attachment, migration, and proliferation of resident 

cells. ECM scaffold used for the transplantation in regenerative medicine. 3D printing 

technology is an alternative to conventional scaffold manufacturing methods rapidly 

proliferating tissue engineering (68). 3D printing technology based on information from 

magnetic resonance imaging and computer-aided transfer processes allows scientists to 

control better the fabrication of scaffolds with précised microstructure, shape, and size 

(69). In 3D printing technology, the essential element is bio-ink for tissue or organ 

regeneration. Bio-ink should have possessed the necessary physical properties for 3D 

micro patterning (70). Several types of bio-inks are produced by researcher groups with 

improved physical and biological properties (71). For biofabrication of tissue or organs 

bioassembly bringing together of cells, bioactive growth factors and biomaterials (69).  

Currently, bioprinting technology includes laser-assisted, inkjet, extrusion, and UV-

based bioprinting. 3D printing of decellularized ECM material is promising that several 

researchers believe and dECM holds all necessities which are crucial point for tissue 

design (69). In present situation, different types of tools are used to construct three 

dimensional vascular grafts such as 3D printing, molding and electrospinning techniques. 

Electrospinning technique can simply control the fibrous thickness (72) with have a 

property like high porosity, vital factors for cells adhesion and proliferation within 

scaffolds (73). In electrospinning techniques polymers fibers spun on the spinning 

mandrel (74,75) while in another technique fibers spun on the two dimensional meshes 
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(76). For patients specific scaffold must be able to remold with its diameter size and 

specific design, there is a need of tailored structures becomes more evident. In recent 

years, using three dimensional printing technologies, new potential methods has emerged 

to manufacture polymeric grafts and scaffolds (77,78). These technologies give new 

opportunities to fabricate 3D products that can mimic the physiological architecture. 3D 

printing technology is fast growing method, and it is an inexpensive which can produce 

patient-specific medical implants with customized size and shape having mechanical and 

biological properties (79). 3D computer-aided design (CAD) models allow to scientist to 

fabricate small-diameter vascular graft through the layer by layer based deposition 

polymers with high resolution (78). Different polymers have different roles and functions 

in 3D organ bioprinting process. The main component of bioink is polymers play 

different roles like giving support for cell adhesion, guiding cell migration for homing 

(80), enhance the mechanical properties (81), build vascular, neural, and lymphatic 

networks (82). After implantation, biodegradable grafts will provide mechanical support 

and gradually degrade and replaced by tissue. Polylactic acid (PLA), Polyglycolic Acid 

(PGA), and poly (ε-caprolactone) (PCL) are common biodegradable polymers for 

vascular grafts manufacturing (81,83). Gelatin methacrylate (gelMA) can use to achieve 

long-term sustained drug release in blend with other polymer bioink (84).  

Our work objective was to prepare bio-ink from vessel ECM for 3D 

printing/molding techniques and demonstrate in vivo functionality of vascular graft. The 

process of synthesis of blood vessels bio-ink was done by patented techniques (Indian 

Patent Application No. 202121059406). Prepared bio-ink was evaluated with FTIR, 

viscosity, TGA, XRD, EDS and spreadability analysis. The FTIR, XRD, EDS analysis of 

the material indicated that the two PVA, gelatin and ECM were consistent in their 

elements, but different in their chemical bonds and crystal phases. Rheological property 
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plays key roles for the bioink. To achieve improved viscosity and gelling property, ECM 

was blended with PVA and gelatin. The improved stability of the bio-ink correlates with 

the TGA results. We manufactured vascular grafts (3 mm OD) by extrusion 3D printer 

which was custom made. Another method used for preparation of vascular graft by 

deposition or coating of bioink layer by layer on stainless steel needle, glass capillaries 

(OD-0.4 mm to 2 mm). 3D printed and molded vascular grafts were tested with contact 

angle, swelling test, mechanical and burst pressure test. Although numerous advantages, 

in small diameter vascular graft, patency is a major problem in synthetic materials (85). 

Degradation of synthetic materials directly affects the material and surface functionality, 

surface modification of synthetic materials is very essential (58). For improving 

hemocompatibility and to achieve long-term patency of artificial vascular grafts surface 

modification of biomaterials in luminal surface are common tactics (59). Heparin 

immobilization on the luminal surface of synthetic biomaterials can prevent thrombus 

formation and maintain long-term vascular patency (86,60). In many research it has been 

reported that heparin coating reduce platelet adhesion and inhibits the adsorption of 

nonspecific protein and improves cell attachment, proliferation and differentiation (87). 

Inner diameter less than 6 mm of artificial vascular grafts shows poor performance 

prominent to risk of thrombosis (88). Most of the transplant studies of synthetic or 

biosynthetic vascular graft with inner diameter were more than 6 mm. we were developed 

small size heparin-coated 3D molded vascular grafts (diameter <1mm). In our study, we 

found no significant differences in mechanical properties in terms of strain, tensile 

strength, elasticity, burst pressure, and suture holding strength of vascular graft compared 

with native arteries.  

The bio composite was analyzed for growth, migration, and differentiation for 

tissue repair in vitro and in vivo. Subcutaneous implantation of SDVG in rats showed 



CHAPTER 5: GENERAL DISCUSSION 

 

195 

 

intact and stable graft after 14 days. In vivo experiments revealed that 3DVGs had 90 % 

patency rate at 3 months after transplantation. Graft was patent till 45 days of transplant 

revealed after color Doppler. Immunohistochemistry was performed to investigate 

cellular infiltration after transplant in vascular graft. Endothelial cells secrets anti-

thrombogenic and anti-inflammatory molecules such as nitric oxide, prostacyclin, 

thrombomodulin in the luminal layer of vessel (89). Neointimal layer was formed in 

luminal layer after confirmation of vWF positive cells were present intimal layer of 

transplanted graft. Vascular tone maintained by smooth muscles cells and its expression 

in graft indicates maturation of blood vessels and which is regulated by endothelial-

derived and circulating agonists and antagonists factors (90). Expression of α-Smooth 

muscle actin in transplanted graft denotes the presence of vascular MSCs which may be 

beneficial for maintaining graft compliance, and long-term patency (91). Vascular 

endothelial growth factor (VEGF) is a signaling molecule involved in vasculogenesis and 

angiogenesis, which were present in the outer layer of transplanted graft (92). β-actin 

positive cells are also vastly expressed in the transplanted graft which shows the 

regulation of the vascular nature of the graft. VCAM is used as a surface marker for 

endothelial cells and direct leukocytes movement towards the inflamed tissue (93). 

Expressions of CD13 and CD14 were very low in the transplanted graft, which suggests 

that the graft was well accepted and there was no any immune response after 

transplantation. Immunohistochemistry study of transplanted graft showed that 

endothelial cells were attached on the luminal side of the transplanted grafts. The 

heparinization of graft indicates its anticoagulant effect on the early endothelialization 

which efficiently improved the patency rate of blood vessels. Our work results conclude 

that 3D/molded vascular grafts would be a better option for the reconstruction of diseased 

vessels.  
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6. Conclusion 

The use of autologous vessels for the treatment of small diameter vascular diseases 

is common practice. However, the use of autologous tissue poses significant 

complications due to tissue harvest and limited availability. Developing an alternative 

vessel for use for the treatment of small diameter vessel diseases can potentially increase 

the success rate of autologous vascular grafting by eliminating complications related to 

the use of autologous vessel and increased availability. In our study we demonstrates the 

potential of non-antigenic extracellular matrix (ECM) scaffolds derived from xenogeneic 

vascular (artery and vein) and 3D printed/molded vascular graft as off-the-shelf vascular 

grafts for the treatment of small diameter vascular diseases.                    

In transplantation study of acellular arterial graft we conclude that xenogeneic 

decellularized scaffolds using combination of detergents and modified in luminal area 

with immobilized heparin improve re-endothelialization. A combination 0.5% sodium 

deoxycholate and 0.5% sodium dodecyl sulphate, can decellularize goat arteries 

successfully without no residual cell components. This protocol can avoid large damage 

to extracellular matrix, but the biochemical and mechanical properties of decellularized 

arteries still weakened. Surface modified heparinized small diameter vascular grafts resist 

early thrombus formation. Transplanted graft was repopulated by host cells resulted in 

functional multilayered living blood vessel. This xenogeneic small diameter vascular 

graft is a promising approach for the treatment of patients undergoing coronary artery 

bypass graft surgery (CABG) and/or peripheral arterial diseases and in vascular 

complications. The heparinized vascular scaffolds may be ideal scaffolds for TEVGs. 

This investigation potentially paves the way to addressing the considerable clinical need 

for small-diameter vascular grafts. However, several limitations of our study should also 

be considered. First, the observation time was relatively short and a longer postoperative 
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follow-up period would be desirable.  

In our study we demonstrate manufacturing of small diameter venous graft for 

replacement of small diameter vascular graft. We conclude that the development of cell 

free xenograft strategies exhibits more potential to create off-the-shelf vascular constructs 

for clinical use. This study demonstrates the feasibility of using a xenograft with 

successful surface modification with heparin coating for transplantation without 

thrombosis or hyper acute rejection. The decellularization process used resulted in stable 

ECM with the durable wall structure and complete acellular structure. Transplantation 

study showed expression of endothelial markers denotes vasculogenesis and 

angiogenesis, expression of vascular smooth muscle confirms the functional graft and 

patency. Low expression of CD13 and CD14 in transplanted graft confirmed the 

acceptance of the graft. Considering the translation from the laboratory toward the clinic, 

the option of customized vascular graft is very important for surgeons. The future of 

DHSV graft looks positive with the achievements of results and showed the potential for 

success. This detailed study will finally promote the conversion from laboratory research 

to clinical application. The results of this study demonstrate the possibility of achieving 

no antigenicity of xenogeneic scaffolds and highlight the critical importance of doing so 

while maintaining the composition, structure and function of integral ECM components 

to adoptive recipient pro-regenerative responses.                   

Our study is limited, and future studies should address whether acellular venous 

graft elicits an immune response directly when presented for human immunological cells 

or blood. Initially, such studies should at least include immune response activation after 

implanting small pieces of acellular venous graft beneath the skin of healthy individuals. 

Moreover, the diameter and possibly compliance mismatch between acellular venous 

graft and the host vessels may have affected the outcome. Despite these limitations, it 
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seems reasonable to speculate that DHSV as an allogeneic graft will exhibit much less 

adverse immune responses and a higher patency in a human host than observed here in 

the xenogeneic human-rat design. In conclusion, our results suggest that DHSV 

represents an abundant source with high biocompatibility and a great potential to be 

modulated as a fully recellularized small diameter graft for bypass surgery. 

Nowadays, there is a tremendous requirement for developing small diameter 

vascular grafts.  Artificial grafts represent a consolidated solution for the replacement of 

large and medium diameter vessels solving the present limitations of autologous vessels 

use. Until now, random technologies such as electrospinning were used to fabricate 

scaffolds for three-dimensional cell culture as well as small diameter tubular scaffolds. 

However, when scaffolds must be patient-personalized with a specific design, the need 

for more customizable structures becomes evident. Over the past few years 3 

Dimensional printers, has emerged as a potential technique to manufacture polymeric 

grafts and scaffolds. Manufactured 3D products can mimic the physiological architecture 

of some specific anatomical regions such as, for example, blood vessels.  

Our study presents the development and application of a platform for the fully 3D-

printed fabrication of non-cellular biodegradable scaffolds for vascular tissue 

engineering. The novel 3D Printer presented in this work has demonstrated its viability 

for the manufacture of small diameter tubular scaffold for tissue engineering. This 

machine allows the fabrication of customized scaffolds for different purposes such as 

vascular, tracheal and bones; in just one step. Such a platform may eventually enable the 

production of more complex structures customized for experimental studies or clinical 

applications by incorporating customized macroscale geometry with controlled 

microscale architecture like heparin coating.  
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Low-cost machines such as 3D printers allow the production of customizable and 

small-diameter scaffolds, manufacturing the optimal design. In conclusion, ECM based 

bio-ink used for manufacturing 3D printed vascular graft have a great potential for 

vascular tissue engineering applications.  
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7. Summary                               

The critical aspect of manufacturing a small-diameter vascular graft is developing 

an ideal graft with early endothelialization (for its antithrombotic property) and size 

compliance with the host vessels. We aimed to develop an acellular small-diameter 

vascular graft for direct transplantation in the animal model. We succeeded in developing 

a small-diameter (ID >0.6 mm) vascular graft from xenogeneic vessels (artery and vein) 

with surface modification by heparin coating on the luminal surface. After manufacturing 

SDVG, specific evaluation tests were performed, including histological analysis, 

biochemical and DNA quantification, biomechanical analysis, biocompatibility assay, and 

platelet adhesion assays. Developed acellular grafts showed excellent results in all tests, 

as mentioned earlier. In order to assess the functionality of SDVGs, in-vivo experiments 

were performed. After transplantation in the animal model, SDVGs showed a reasonable 

patency rate in the acellular artery and venous graft. Immunohistology proved that 

endothelial cells and smooth muscles cells from the host were recruited into the 

transplanted small-diameter vascular grafts.                                

Apart from developing xenogeneic vascular graft, we worked on manufacturing 3D 

printing/molding of vascular graft from ECM composite bio-ink. As ECM is an excellent 

source for making bio-ink, we synthesized bio-ink from blood vessels of animal sources 

and the addition of polymers. FTIR, XRD, EDS, Rheology test, spreadability test was 

performed of bio-ink to assess the composition of molecules and behavior of bio-ink. By 

using a customized 3D printer, we manufactured 3D printed vascular grafts. We used 

molding to manufacture small-diameter vascular grafts (ID >0.6 mm). Heparin coating 

was done for surface modification on the luminal surface of vascular grafts. Contact 

angle, biodegradation, biocompatibility, and mechanical and burst pressure tests were 

performed for the manufactured vascular grafts before their final application. Above 
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mentioned tests characterize the initial evaluation experiments that should be performed 

to assess the ideal vascular grafts. After getting excellent results, we performed a 

transplantation study in an animal model. Transplanted small-diameter vascular grafts 

developed by molding technique showed patency up to three months with 

recellularization by host cells. 
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8.1. Recommendations 

Decellularized vascular grafts have attracted a lot of attention over the past decade 

as it allows for xenotransplantation of the vascular graft, thereby increasing the source of 

vascular graft. Although decellularized vascular graft have multiple advantages, the major 

flaw lies in the ECM as it contains multiple components that are thrombogenic in nature. 

herefore, if the decellularized vascular graft, especially that of small diameter is 

transplanted, they immediately result in the formation of thrombus. In order to develop 

transplantable arterial xeno grafts, we surface modified the luminal side of the 

decellularized goat artery by coating it with heparin, which when transplanted resulted in 

no thrombus formation. The heparin immobilization also resulted in the early 

endothelialization of the graft. 

In cases of coronary artery disease (CAD) and peripheral artery disease (PAD), the 

arterial bypass is done by the use of autologous or allogenic blood vessels like LIMA, 

RIMA, radial and HSV. Although the results for CAD are clinically beneficial, the 

problem arises in the use of HSV for PAD due to the size mismatch. AS some peripheral 

arteries are as small as 1mm, we developed a way to produce a transplantable vascular 

conduit of required size out of decellularized HSV along with surface modification on the 

luminal side via heparin coating.  

Along with the development of transplantable arterial xenograft and vascular 

conduit of varying size, we also developed ECM composite based bioink made from 

digest of blood vessels, PVA and gelatin, which was then used to 3D print/mold 

transplantable small diameter vascular graft. We were able to 3D print SDVG with the 

OD above 3mm, while the SDVG as small as 0.6 mm OD were synthesized using 

molding technique. Apart from being small in size the SDVG were also very flexible in 

nature, while handling a burst pressure of 15.2 ± 5.6 atm and regaining its original size 
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upon decreasing the pressure. As the SDVG contained components of ECM, the luminal 

side of the SDVG was coated in order to make it a transplantable vascular graft. 

8.2 Conclusions of the research work  

The chapter wise conclusions of the research work carried out and summarized below are  

Chapter 1:  

This is a preamble chapter that provides general information on blood and 

circulatory system and its components. The chapter also highlights the anatomical 

structures of various blood vessels and also the difference between artery and vein. This 

chapter also discusses various diseases associated with the defects in the vasculature, the 

current available intervention methods and their limitations. This chapter also gives the 

general concepts, history and current medical practices followed in tissue engineering. It 

also provides a detailed note on the process involved in tissue engineering. Lastly the 

chapter discusses about the critical elements of artificial blood vessels, various 

approaches for generation of vascular graft and their future prospects. 

Chapter 2: 

This chapter focuses on tissue engineering of xenogenic arteries. In order to 

produce xenogenic arteries, goat arteries were subjected to 4 comparative 

decellularization methods. The extent of decellularization by all the 4 methods was 

characterized by histology, DAPI staining, DNA quantification, and SEM analysis, 

wherein combination of detergents showed no traces of cells while keeping the damage to 

extracellular matrix minimum. The mechanical properties and suture retention of the 

decellularized goat artery was compared to that of the native rat artery. The interior 

surface of the decellularized goat artery was coated with heparin, which was then 

subjected to toluidine blue staining, anticoagulant assay, hemolysis assay, and platelet 

adhesion test. The tests indicated the heparin coating decreased the adhesion of platelets, 
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thus reducing the thrombus formation. The heparin coated decellularized artery was 

checked for its biocompatibility by implanting it subcutaneously. After the confirmation 

of biocompatibility, the heparin coated decellularized artery was then transplanted into 

the femoral artery of a rat. The flow of blood through the graft was confirmed by 

performing an arterial color doppler test. After 3 months histology, DNA quantification, 

SEM, and IHC was performed, which showed the repopulation of the graft by artery 

specific host cells resulting in a multilayered functional blood vessel.  

Chapter 3:  

This chapter focusses on the atypical application of human saphenous vein by 

forming a decellularized matrix of HSV and reconstructing it into a conduit of required 

size. The decellularization was performed by first subjecting HSV to agitation in 1% SDS 

for one day and then subjecting it to perfusion with 1% SDS in a specially designed 

bioreactor for 7 days. The efficiency of decellularization was characterized by histology, 

which showed complete cell removal along with ECM retention. The decellularized HSV 

was then checked for its biocompatibility in-ovo by performing cam assay. After 14 days 

the CAM area was checked for its histology, showing no effect on the CAM area due to 

the decellularized HSV. The conduit was constructed by taking a longitudinal section of 

decellularized HSV and making its sheet which is rolled onto a needle of required 

diameter and stitched at the end. The luminal surface of the conduit was coated with 

heparin and then subjected to toluidine staining and anticoagulation assay. The heparin 

coated conduit was then checked for its biocompatibility by implanting it subcutaneously 

into a rat. After the confirmation of biocompatibility, heparin coated conduit was then 

transplanted into the femoral artery of a rat (in order to show the extent of size reduction 

for the preparation of conduit). The blood flow through the conduit was checked by 

arterial color doppler test. After 3 months histology, DNA quantification, SEM, and IHC 
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was performed, which showed the repopulation of the graft by artery specific host cells 

resulting in a multilayered functional size adjustable HSV. 

Chapter 4:  

This chapter focusses on the synthesis of small diameter vascular grafts (SDVG) by 

3D printing and molding techniques. In order to 3D print or mold SDVG, a bioink was 

prepared by patented techniques (Indian Patent Application No. 202121059406). Briefly 

goat blood vessels were digested in sodium hydroxide and then the slurry was filtered. To 

the slurry, PVA and gelatin were added and then subjected to heat in microwave for 1 

min followed by 3 min interval for polymerization. The physical properties of bioink like 

FTIR, XRD, EDS, TGA, rheology, and spreadability were tested. The prepared bioink 

was used to 3D print SDVG with OD above 3mm while molding technique was used to 

synthesize SDVG with OD from 0.6mm - 3mm. The physical properties of SDVG like 

surface wettability, swelling analysis, SEM, dimensions and biodegradation study were 

tested. The SDVG was also tested for its biomechanical properties, mainly suture 

retention test, burst pressure and flexibility analysis. In the burst pressure analysis, an 

inflatable balloon was inserted through the SDVG and then inflated which increased the 

diameter of 0.5mm ID SDVG to 1.25mm, without causing any damage to the SDVG and 

upon releasing the pressure the SDVG regained its original size. The luminal side of 

SDVG were coated with heparin and then subjected to toluidine blue staining, 

anticoagulation assay, platelet adhesion test and hemolysis analysis. The biocompatibility 

of the SDVG was tested in-ovo by CAM assay and heparin coated SDVG in-vivo by 

subcutaneous implantation. The histology and SEM of CAM area and the heparin coated 

SDVG were also analyzed. The heparin coated SDVG was then transplanted into the 

femoral artery of rat. The blood flow through the conduit was checked by arterial color 



CHAPTER 8: 80 RECOMMENDATION 

 

211 

 

doppler test. After 90 days the histology, DNA quantification, SEM, and IHC were 

performed, which showed the repopulation of the graft by artery specific host cells. 

Chapter 5:  

This chapter provides the general discussion on ideal vascular graft, disadvantages 

of autografts and importance of decellularization for acceptance of xenografts. The 

chapter also discusses about various currently available decellularized and synthetic 

vascular grafts, along with their drawback and solution to the drawback. This chapter also 

explains the objective of decellularization along with its methods. This chapter also 

provides some insight on ECM, its components, their use in transplant and advantage of 

surface modification of ECM. This chapter also gives a note on thrombosis in SDVG, 

role of heparin coating in general and in study conducted on tissue engineering of HSV. 

The chapter also focusses on importance of ECM in bioink and 3D printing. It also 

focusses on various ways for 3D printing, advantage and disadvantage of dECM, 

importance of various components of bioink. Lastly the chapter discusses the work 

performed on synthesis of SDVG by 3D printing and molding. 

Chapter 6 & 7:  

Chapter 6 encloses the conclusion of all the work by focusing on ECM, heparin 

immobilization, use of SDS for decellularization, 3D printers and 3D printing and 

molding technique for production of SDVG. Chapter 7 encloses the summary of the 

overall work  with regards to the tissue engineering of vascular grafts. 

8.3 Summary  

1. The major purpose of our study was to manufacture suitable and transplantable tissue 

engineered small diameter vascular grafts. 

2. In our first study, we developed transplantable decellularized arterial xeno graft by 

decellularizing a goat artery and then immobilizing heparin on the luminal side.  
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3. In our second study, we developed transplantable decellularized vascular conduits of 

variable size from HSV (essentially for patients suffering with PAD) along with 

immobilization of heparin on the luminal side.  

4. In our final study, we developed ECM composite based bioink, which was used to 3D 

print/mold small diameter vascular grafts (0.6mm OD - >3mm OD), with excellent 

flexibility and burst pressure. To make the SDVG transplantable heparin was 

immobilized onto the luminal side.  

5. After transplantation of all the above-mentioned graft, we observed all the grafts were 

repopulated with arterial specific host cells, proving in-vivo recellularization. 

6. Compared to other surface modifications heparin immobilization led to no thrombus 

formation along with early endothelialization of the graft after transplant. 

8.4 Future Scope  

In our study all the vascular grafts were transplanted for a short duration only, so 

before translating the study into human models, long-term patency along with the in-vivo 

degradation of the vascular grafts needs to be evaluated for a longer period of time. Apart 

from heparin immobilization, other surface modifications have to be explored to stimulate 

rapid endothelialization. The clinical application of the current methods is not yet fully 

successful, but in future favorable results are estimated from the emerging and developing 

new generation technologies. 

 


