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Abstract 

The prime stumbling block for achieving prolonged patency of SDVG (<6 mm in 

diameter) is to forgo the high incidence of arteriosclerosis, thrombosis and re-stenosis, 

specially its major pathology, arterial intimal hyperplasia. Intimal hyperplasia arises from 

migration and proliferation of vascular smooth muscle cells (VSMCs). Intimal 

hyperplasia accounts for around 40% (late implantation) failure of the SDVG (small 

diameter vascular graft). Though there have been well established results for the potential 

of Fucoidan as a drug for intimal hyperplasia there has not been any attempt to 

impregnate Fucoidan into the vascular stents which can thereby aid in successful long 

term patency of SDVG. Hence, in this work Fucoidan is sought after for its potential in 

improving SDVG patency by inculcating it in PEO/PCL nanofiberous scaffold of SDVG. 

Fucoidan, a sulfated polysaccharide is now a well established drug with anti-coagulant, 

anti-complimentary, anti-oxidant, anti-tumor, anti-viral properties, apart from this the 

therapeutic potential of Fucoidan being effectuated is reduction of neo-intimal 

hyperplasia. 

At first, Fucoidan is extracted from the brown sea weed Sargassum wightii by slight 

modification of acid hydrolysis method. The extracted Fucoidan was confirmed by FTIR 

and APTT assay. After which, the PEO/PCL blend composition, and the operating 

parameters of electrospinning for producing uniform PEO/PCL nanofiberous scaffold 

were established by Taguchi (Orthogonal array) DOE. The parameters thus obtained were 

then adopted for fabricating First and Second layer of hi-layered graft like conduit, the 

intermediate layer (i.e. one between first and second) of the graft is a Fucoidan loaded 

PEO/PCL layer, formed by electrospraying Fucoidan loaded PEO/PCL polymer blend. 

Thus, the conduit fabricated is a bi-layered graft, in which a Fucoidan loaded PEO/PCL 

layer sandwiched between two layers of PEO/PCL nanofibers. The Fucoidan release 

profile from the bi-layered vascular conduit was monitored in vitro. The Fucoidan release 

profile depicted a sustained and uniform release profile after a small initial burst; hence it 
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was established that this system can serve the purpose of delivering drugs in latter phase 

of SDVG implantation. 

To establish the significance of drug loading in the intermediate layer drug release 

profile from Fucoidan loaded monolayered conduit is also monitored. The comparison of 

which indicated that the release profile of the graft fabricated can be tuned according to 

the requirement by varying the depth of drug loaded layer across the conduit cross-

sectional thickness. Once the Fucoidan loaded nanofiberous scaffold attains the 

mechanical compliance and cell compatibility it would of critical importance in SDVG 

fabrication. 
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Chapter 1 

Introduction 

(1.1) Background: 

Coronary heart disease peripheral vascular disease, Atherosclerosis and heart disease all 

together account for 51% of cardiovascular death and morbidity [1].The major therapy for 

coronary heart disease is to bypass the blocked artery using autologous blood vessels, such as 

internal mammary artery or saphenous vein. Synthetic blood vessels prostheses are 

successfully being used for large-diameter vascular reconstruction. However, until now, no 

functional small-diameter (< 6 mm) artificial blood vessel is available, due . to thrombus 

formation early after implantation. Although endothelial cell seeding in small-diameter 

vascular prosthesis improves the patency to some extent, this approach has not resulted in 

large-scale clinical applications. Therefore, tissue engineering of small-diameter vascular 

constructs is an expanding area of research. 

The ideal tissue-engineered vascular construct should be prepared from a biocompatible 

material that degrades and re-sorbs at a controlled rate, to match cell and tissue ingrowth in 

vitro and/or in vivo. The material should be processable into a porous tubular scaffold with 

interconnected pores, which allows cell adhesion, thus providing a suitable environment for 

cell growth and transfer of nutrients, gases and metabolic end products. The mechanical 

properties of the resulting construct should match those of a native artery, especially in terms 

of compliance, to avoid the development of intima hyperplasia after implantation and 

subsequent vascular failure 
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In the past, many attempts to produce a successful tissue-engineered small-diameter 

vascular construct have been made using either collagen gels [2-5] or synthetic materials [5]. 

Only 15-30% of small-diameter synthetic vascular grafts remain open (or patent) after 5 years 

[6]. The rate of thrombosis (static aggregation of blood factors) occurred in synthetic vascular 

grafts is greater than 40% in the early phase after 6 months followed by continuous intimal n 

hyperplasia (excessive tissue ingrowth and plasma protein depositions) in the chronic 

- phase[7]. Thrombosis and intimal hyperplasia are caused by host tissue foreign body 

responses, initiated first by plasma protein depositions, followed by leukocytes and platelets 

adhesion and migration of endothelial cells (ECs) and smooth muscle cells (SMCs) onto the 

lumen of vascular grafts. Effects of these factors will even be amplified in a low flow rate and 

high resistance small-diameter vascular graft, resulting in easier graft occlusion and 

subsequent failure. It is to this challenge that vascular tissue engineering is seeking to answer. 

One of the commonly accepted methods for developing tissue engineered small-diameter 

vascular grafts is to hybridize vascular grafts made from biodegradable materials with 

vascular cells[8,9,10]. 

Small diameter vascular grafts made out of synthetic biomaterials have been unsuccessful as 

they have been associated with high incidence of thrombosis (11). The failure of SDVG in 

traversing its course from a table top product to bed side product is attributed to either one or 

a combination of the following complications, high incidence of infection, anenrism, 

anastomosis at the site of graft clamping, secondary arthrosclerosis, fibrosis, mechanical 

incompliance etc(12,13,14). Most of these pathological complications which lead to failure of 

graft are instigated by a cascade of events starting from cellular scale, and one such 

discernable aberration in characteristics of cell is manifested as neo-intimal 

hyperplasia(1 5,16). 

Intimal hyperplasia is an unregulated regenerative response leading to migration and 

proliferation of vascular smooth muscle cells (VSMCs) when its endothelial layer (tunica 

intima) is tempered by any means(16). Intimal hyperplasia is set off by a rapid surge in 

release of certain signaling molecules by the endothelial cells (in tunica intima) which 

mediate over proliferation of SMC's in tunica media followed by, their migration towards 

tunica intima(17). The activation of nuclear factor (NF)-xB has been found to be involved in 
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the process of neointimal hyperplasia, inciting growth factor-dependent activation of smooth 

muscle cell (SMC) proliferation, protease-dependent migration of cells to the wounded area, 

and cytokine-dependent matrix deposition. The SMC's once on their arrival at the luminal 

side of the vessel, secrete collagen, whose deposition facilitates the recruitment of fibrin 

molecules from circulating blood to the vicinity; this cascade of events eventually primes 

thrombosis and stenosis(18). Hence, potential to overcome intimal hyperplasia plays a vital 

role in determining long term patency of implanted SDVG. 

On enumeration of pathological significance of neo-intima formation in success of SDVG, 

few physical techniques and drugs to regulate over proliferation of SMC's have been 

employed with diverse success rate, few' of those which deserve mention are, use of high 

energy laser beam to burn or scrap off the accumulated SMC's over the luminal surface(19), 

use of angioplasty(20), and use of certain anti-proliferative drugs like paclitaxel(21), 

taxane(22), actinomycin D, and everolimus. A potent drug called Fucoidan which is very 

much analogous (functionally) to those mentioned previously is now a well established 

therapeutic compound for its potential in resolving intimal hyperplasia. It is a sulfated 

polysaccaraide with diverse therapeutic potential range, as anti-coagulant anti-complimentary, 

anti-oxidant, antitumor, anti viral properties and anti-proliferative. The therapeutic index for 

each its potential varies according to the source and composition of Fucoidan. The source of 

Fucoidan adapted in this work is a brown sea weed "Sargassum weitti" procured forms the 

shores of Gulf of Munnar. Fucoidan had a stronger antithrombotic activity than heparin. 

Further, vascular cells treated with fucoidan - demonstrated a decrease in proinflammatory 

cytokine and chemokine production as well as inhibition of proliferation (intimal 

hyperplasia). 

Each kind of drug has its own biological half-life and cannot maintain an effective 

concentration for a long time. Merely increasing the dose of drug will extend itself into the 

toxic response region, whereas taking the selected dose of drug for several times during a 

period of time (e.g. three times a day) is not convenient for the patient. To overcome such 

barriers and improve the amount of drug delivered at the target site there has been attempts to 

inculcate these therapeutic drugs to the stent itself as sited in the table. 
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Table 1.1: Drug eluting vascular grafts in market. 

Product Components of the stent Company 
Drug 

inculcated 

316L stainless steel (low-magnetic, low-carbon) Cordis, 

CYPHER and 	are 	coated 	with 	a 	mixture 	of 	two Johnson and Sirolimus 

polymers(PEVA AND PBMA), parylene C. Johnson. 

316L 	stainless 	steel 	and 	is 	coated 	with 	the 
Boston 

TAXUS Translute polymer [poly (styrene-b-isobutylene-b- Paclitaxel 
Scientific. 

styrene)] . 

Table 1.2: Other drugs that are inculcated in vascular stents. 

Category of drug. Drug Company name Clinical Trials 

Rapamycin 

Derivatives 

SIROLIMUS Cordis RAVEL/SIRUS 

Tacrolimus JOMED ---------------- 

Everolimus Guidant FUTURE I/II/III 

ABT-578 Medtronic Abbott ENDEAVOR 

Taxol Derivatives 

Paclitaxel Boston Scientific TAXUS I/II/III/IV 

Batimistat Bio Compatibles BRILLIANT 

Actinomycin D Guidant ACTION 

Others 

Batimistat Bio Compatibles BRILLIANT 

Dexamethosone BiodivYsio STRIDE 

Actinomycin D Guidant ACTION 



Page 15 

In spite of such appreciable results in the use of Fucoidan in overcoming intimal hyperplasia 

there have been no attempts to inculcate the drug in the vascular stent, so this work is pursued 

with an aim to fabricate a Fucoidan loaded nanofiberous SDVG. In tandem with the drug 

mediated improvement of SDVG patency, fabrication of certain physical features (i.e. surface 

patterning) can provide a positive edge over conventional SDVG's. It include fabrication of 

graft surface with nano-scale features which can well mimic the ECM of the SMC's, and 

thereby aid in better integration of seeded cells to the biomaterial. The better the merge at the 

biomaterial and cell interface better is the scope of the grafts for long term patency. 

A successful vascular graft can also be fabricated with nano-patterened surfaces so as to 

provide suitable scaffold for better proliferation and migration of SMC's, this in recent past 

has been well accomplished by fabrication of nano-scale engineered surfaces whose 

dimensions mimic those of the ECM. One easier and versatile rout to attain such nanoscale 

constructs is by electrospinning. Electrospinning is a technique to produce nanofibers of 

polymers (synthetic and biopolymers) form their melts or solution. The great ease in 

controlling the dimensions of the fibers and short fabrication time has given it an edge over 

other conventional nano-fiber generation techniques. The morphology of the fiber depends on 

the operating parameters and the inherent properties of the polymer being used. On 

consideration of the kind of mechanical strength that is required for a vascular graft to sustain 

the blood pressure, PCL is attributed to serve that purpose. The lone drawback of PCL to 

serve as a component of the vascular graft is its hydrophobicity and to over come this blend of 

hydrophilic LMW PEO is supplemented to PCL. Apart from improving the hydrophilicity of 

the fibers PEO presence also improves the degradability rate so as to comply with normal 

tissue regenerative response. 

With this as the basis a hybrid structure Fucoidan loaded nanofiberous scaffold of the 

synthetic biopolymer polycrapolactone (PCL) and polyethylene oxide (PEO) was prepared. 

This drug loaded layer is sandwiched between two layers of nanofiberous PEO and PCL to 

form a bi-layered conduit like structure. Fucoidan had a stronger antithrombotic activity than 

heparin. Further, vascular cells treated with fucoidan demonstrated a decrease in 

proinflammatory cytokine and chemokine production as well as inhibition of proliferation. 
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Each kind of drug has its own biological half-life and cannot maintain an effective 

concentration for a long time. Merely increasing the dose of drug will extend itself into the 

toxic response region, whereas taking the selected dose of drug for several times during a 

period of time (e.g. three times a day) are not convenient for the patient. 

In this case, drug controlled release formulations and devices exhibit particular advantage 

because they can maintain the desired drug concentration in blood for a long period of time 

without reaching a toxic level or dropping below the minimum effective level. The PEO-PCL 

system of polymers are the subject of analysis as each can render a specific favorable 

properties to the SDVG constructed out of it.PEO being hydrophilic provides better patency 

of the SDVG along with certain other favorable properties like control in blood flow, 

implication in controlling over proliferation of cells. With this as the basis the work is sought 

over to fabricate SDVG with a better patency and that being achieved by overcoming neo-

intimal hyperplasia. The Fucoidan loaded graft is also verified for its mechanical compliance 

to the native vascular system through certain standard testing procedures. 

1.1 Thesis objectives: 

The purpose of this study is to construct biomimetic electrospun nanofiber scaffolds which 

mimic the extracellular matrix (ECM)/basement membrane (BM) (step 1), with the objective 

of achieving effective endothelialization of the Fucoidan loaded PEO-PCL nanofiber 

scaffolds in terms of viability, attachment, as well as to observe phenotypic and functional 

manifestation in response to Fucoidan(step 2), and the final goal of constructing blood vessel-

like 3-D tubular nanofiber scaffolds with the anti-intimal hyperplasia lumen composed of 

Fucoidan loaded PEO-PCL for small-diameter vascular grafts (step 3). The outline for this 

study is shown in Fig 1.1. 

Moreover we proposed to pursue the following specific aims in this study: 

1. Extraction of Fucoidan form brown sea weed S.wightii and its characterization. 

2. To design a solvent system for PEO-PCL polymer blend and thus arrive- at attainment 
of PEO-PCL nanofiber. 
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Hypothesis: 
PEO-PCL nanofiber scaffold can render desired hydrophilicity in addition to this PEO 
has favorable implication in suppressing intimal hyperplasia. 

3. To fabricate PEO-PCL nanofiber meshes (NFM) with high levels of reproducibility in 

fiber diameter uniformity and orientation. 

4. To produce fucoidan loaded nano-fiberous vascular conduit and study the drug 

distribution and release profile from thus prepared conduit. 

5. To evaluate the patency of Ar75 smooth muscle cells over the fucoidan loaded PCL-

PEO conduit. 

ECs- seeded nanofiber mesh 
Tubular nanofiber scaffold 

Fig 1.1. Schematic outline for the study: step 1, fabrication of nanofiber meshes (NFM); step 

2, evaluation of the in vitro endothelialization on the flat NFM; step 3, constructing the blood 

vessel-like 3-D tubular nanofiber scaffolds with the lumen seeded with ECs. 
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Chapter 2 

Literature Review 

(2.1) Historic Review of Small Diameter Vascular Grafts 

In 1993, L'Heureux et al. [23] prepared a TEBV using human cultured vascular cells and 

collagen and encountered the same mechanical challenge. In order to produce a TEBV with 

high burst strength, L'Heureux et al. [24] then took advantage of the abundant production of 

extracellular matrix (ECM) by mesenchymal cells (SMCs and fibroblasts) when cultured in 

the presence of vitamin C. In this work, an acellular ECM was synthesized human skin 

fibroblasts and upon dehydrated formed into a tubular sheet. This ECM sheet was wrapped 

around a polytetrafluoroethylene mandrel followed by a sheet of smooth muscle cells to form 

the basis of a vascular tube as the media. After maturation in a bioreactor for one week, a 

sheet of fibroblasts was wrapped around the construct to provide an adventitia. Following 

another maturation period of about 56 days, the inner mandrel was removed and endothelial 

cells were seeded onto the luminal side to construct a three-layered vascular graft 

characteristic of natural artery. To date, this approach is the most promising in small diameter 

vascular graft tissue engineering [25]. 

L'Heureux et al. then expanded this method by exclusively using autologous human cells. 

Their latest progress is using adult human fibroblasts extracted from skin biopsies to construct 

tissue-engineered blood vessels (TEBVs) that serve as arterial bypass grafts in long-term 

animal models. The patency and mechanic stability of this TEBV was proved through 8 

months in vivo on animal models [26]; the grafts were mechanically sufficient for 21 months 

in human arterio-venous (A-V) shunt safety trails [27]. In addition, —60% of these TEBVs 

maintained their primary patency for 6 months as A-V shunts for haemodialysis access, the 
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proportion of which•is consistent with the value across all patient populations [28]. Very 

recently, they included other indications, such as the elastin enrichment by altering 

proteoglycan versican expression of SMCs to promote the synthesis and assembly of elastic 

fibers [29]. Currently, L'Heureux and colleagues are trying to shift their efforts toward 

shortening the generation time for this TEBV [27]. 

Other attempts by using natural materials to produce small diameter vascular grafts with im 

proved mechanical properties are also impressive. For example, Nerem and coworkers [30, 

31 ] extensively studied the interaction of collagen gel and vascular cells under both dynamic 

and static conditions. Constructs that underwent dynamic conditioning exhibited higher 

mechanical strength and increased tissue organization. More recently, they found that shear 

stress could induce the differentiation of embryonic stem cell toward endothelial like 

phenotype [32], which shed some light on addressing the ample needs of mature ECs in 

cardiovascular tissue engineering. Another interesting approach was the use of decellularized 

porcine small intestine submucosa (SIS) [33]. 

In this approach, SIS was coated with bovine fibrillar collagen and complexed with heparin 

at the luminal surface to reduce the potential for thrombosis. The underlying porcine collagen 

layer was crosslinked to mechanically support the construct. Strikingly, vascular cells (SMCs 

and ECs) became incorporated into these constructs during implantation. However, whether 

those vascular grafts with animal collagen are applicable to the human cardiovascular system 

remains uncertain and no further investigation has been reported. More recently, a study 

showed that decellularized porous collagen or elastin scaffolds could promote cell adhesion, 

proliferation and infiltration, yet the mechanical properties of these scaffolds need to be 

enhanced for this application [32]. The authors proposed to use bioreactor system to 

mechanically condition their cell-populated scaffolds and stimulate ECM synthesis, which 

waits for investigation. In conclusion, though decellularized scaffolds and cellular sheets are 

promising for inducing proper vascular cell activities, such as cell adhesion, proliferation and 

infiltration, they are often mechanically too weak to withstand pulsatile flow [32-34]. In most 

cases, natural materials or decellularized scaffolds were seeded with vascular cells to enhance 

the mechanical properties of the cell populated vascular grafts [31-33]. The time and cost 
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associated with the preparation of such grafts eliminates their potential for application in 

acute cases. 

(2.2) Challenges of artificial SDVG: 

The first synthetic vascular grafts used clinically were made of the woven fabric Vinyon N 

by Voorhees in 1952 [35]. From then on, a variet of materials including nylon, Orion, PET 

(poly(ethylene terephthalate), Dacron®), ePTFE (expanded polytetrafluoroethylen, Teflon®), 

polyethylene, and polyurethane have been made into vascular grafts. For replacement of the 

abdominal aorta and iliac arteries, which have an inner diameter more than 6 mm, knitted 

Dacron® is the common choice, whilst for the femoropopliteal and femorotibial bypass, 

which have an inner diameter less than 6 mm, ePTFE is used together with knitted Dacron 

[36]. Although very inert, those materials do evoke host-tissue foreign body responses, 

initiated first by plasma protein deposition known as the Vroman effect [37], followed by 

leukocytes and platelets - adhesion and the migration of endothelial and smooth muscle cell. 

These lead to thrombosis (static aggregation of blood factors) in the early phase followed by a 

continuous and intimal hyperplasia (excessive SMC ingrowth and plasma protein deposits) in 

the chronic phase. Thrombosis phenomenon will be more severe in small-diameter vascular 

grafts (inner diameter < 6 mm). This is because in small-diameter vascular grafts, blood 

pressure, resistance of blood flow, shear stress, and surface-to-volume ratio are high, which 

result in increased contact time of blood components with grafts and increased activation of 

blood coagulation (thrombosis)[38] As a result, smalidiameter synthetic vascular grafts suffer 

thrombosis rates greater than 40% after 6 months [39] and only 15-30% of them remain 

patent after 5 years[40]. The higher propensity of small-diameter vascular grafts to 

thrombosis has spurred the scientists to improve the standard materials and develop new 

materials. It is also to this challenge that tissue engineering approach is seeking to answer. 

(2.3) Rationale of constructing tissue engineered vascular grafts 

(2.3.1) Natural vascular structure 

Current research on tissue engineered small-diameter -vascular grafts focused more on the 

development of native blood vessel-like tubes (or conduits). The development of biomimetic 
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vascular grafts relies on the understanding of the anatomical structure and the biological 

functions of blood vessels. Normal blood vessels (except capillaries) have tri-lamellar 

structures, with each layer having specific functional properties (Fig 2.1). The intima (tunica 

intima) contains the endothelium, which is a single layer of ECs functioning to prevent 

spontaneous blood coagulation. As an interface between dynamic blood flow and static blood 

vessel wall, ECs are directly exposed to flow and the associated shear stress and blood 

pressure, which make ECs elongate in response to flow and orient their major axis with the 

direction of flow. Moreover ECs attach to a sub-endothelial layer which is a connective tissue 

bed, called the basement membrane (BM). This is adjacent to ' the internal elastic lamina 

which is a band of elastic fibers, found most prominently in larger arteries. The media layer 

(tunica media) is composed of smooth muscle cells _ (SMCs) and variable amount of 

connective tissues such as collagen, elastin, and proteoglycans. Specially, SMCs and collagen 

fibers have a marked circumferential orientation to withstand the higher pressures in the blood 

circulation, as well as their abilities to contract or relax in response to external stimulus. The 

adventitia layer (tunica adventitia) is composed primarily of fibroblasts and loose connective 

tissue fibers. In arteries with diameter greater than 1 mm, the innermost layer of the wall 

(intima) is nourished from blood flow in the lumen while the outer layers (the adventitia and 

part of the media) are supplied from small blood vessels called vasa vasorum. 

The ECM in the vascular tissues forms a network composed primarily of collagen (mainly 

type I and III), elastin fibers, proteoglycans .(including versican, decorin, biglycan, lumican, 

and perlecan), hyaluronan, and glycoproteins (mainly laminin, fibronectin, thrombospondin 

and tenascin). The mechanical properties critical to blood vessels' functions include tensile 

stiffness, compliance, elasticity and viscoelasticity. Collagen provides the tensile stiffness; 

elastin offer elastic properties; proteoglycans contribute to compressibility; the combination 

of all are responsible for the viscoelasticity property. 

One important ECM structure in human body is the basement membrane (also called basal 

lamina), which is a flexible thin (40-120 nm thick) mat that underlie all epithelial cells (Fig 

2.3) or endothelial cell sheets to separate them from the underlying connective tissue. In 

blood vessels, the basement membrane under the EC layer is mainly composed of EC- 
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secreted type IV collagen and laminin nanofibers embedded in heparin sulfate proteoglycan 

hydrogels. The basement membrane shows a nano- to submicron-scale topography of ECM 

macromolecules, including fiber mesh, pores, ridges, grooves, and peak valleys, which are 

also the features of the nanofiber scaffold. Therefore it makes sense to use the non-woven 

polymer nanofiber scaffold to construct the inner surface of vascular graft capable of quick 

endothelialization. 
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Fig 2.1: Schematic graph of the basic tri-lamellar structure of blood vessels. 

Mimicking the three layer structure of native blood vessels has been the principle in tissue 

engineering approaches to design vascular grafts. Basically, three models have been used to 

construct the native-like tissue engineered vascular grafts using vascular cell types: 1) a 

mono-layer of EC seeded collagen gel; 2) a bi-layer of EC-monolayered intimal and SMC-

inoculated medial layer; 3) a three-layer of EC, SMC, and fibroblasts. Results showed that 

three-layered vascular grafts had the highest potential of vascular wall regeneration, followed 

by the hi-layer vascular .grafts. Robert Langer gave another criterion for the ideal tissue 

engineered vascular grafts: confluent endothelium, differentiated SMCs, sufficient 

mechanical integrity, and elastic modulus. It was found that the short-term patency of 

vascular grafts is highly dependent on the luminal surface properties while long-term patency 
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depends on mechanical properties of the grafts. 

(2.3.2) Mechanical properties 

Mechanical property is an important parameter to decide the long-term patency of vascular 

grafts. One of the main failure modes of vascular grafts is intimal hyperplasia especially at the 

anastomosis regions, which is believed to be associated with shear stress disturbances due to 

the compliance mismatch of the compliant artery and the rigid graft at the end-to-end 

anastomosis a). Most of the commercialized vascular grafts made from PET (DacronTM) and 

PTFE (TeflonTM) are much less compliant (or too stiff) compared with that of the native blood 

vessels. This is one of the reasons for their lack of patency when used as the small- diameter 

vascular grafts. Besides compliance, vascular grafts should have sufficient tensile stiffness to 

withstand forces from the initial wound contraction and later tissue remodeling, as well as the 

physiological blood pressure (120 mmHg for typical systolic pressure). Although significant 

progress has been made, fabrication of vascular grafts with identical mechanical properties to 

those of native blood vessels remains an elusive goal. It should be highlighted, however, that 

a major advantage of tissue engineered vascular grafts is that they don't need to have 

mechanical properties identical to those of native blood vessels at implantation. Being 

composed of viable tissues with the potential to remodel, repair, and grow, tissue engineered 

vascular grafts should be theoretically able to completely adapt to local dynamic conditions 

and acquire the structure and mechanical features of the blood vessels, for which they replace. 

(2.4) Potential of polymer nanofibers as tissue engineered scaffolds 

(2.4.1) Electrospinning 

Methods to produce nanoscaled polymeric fibers include electrospinning, self assembly, and 

phase separation, among which electrospinning is the most simple and efficient one. 

Electrospinning has been known for over seventy years. The patent of electrospinning was 

granted in 1902 in the USA [41]. Special needs in biomedical and other applications have 

stimulated renewed interests and studies on electrospinning since 1990s. Since then over 200 
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universities and research institutes worldwide have investigated various aspects of 

electrospinning. The number of patents applied for process and applications based on 

electrospinning are also growing over the years. Startups such as eSpin Technologies, 

NanoTechnics, and KATO Tech are just some companies that sought to reap the unique 

advantages offered by electrospinning while companies such as Donaldson have been using 

electrospun fibers in their air filtration products for the last two decades[42]. 

A key advantage of electrospinning to prepare ultra-fine polymer fibers is that almost any 

polymer with sufficiently high molecular weight that forms solution can be electrospun. 

Nanofibers made of natural polymers, polymer blends, nanoparticles or drug impregnated 

polymers and ceramic precursors have been successfully electrospun. Different fiber 

morphologies such as beaded fibers, ribbon fibers, porous fibers and core-shell, have also 

been spun[42]. The principle of electrospinning is to use an electric field to draw polymer 

solution or melt from an orifice to a collector. High voltages (10-20 kV) are used to generate 

sufficient surface charge to overcome the surface tension of the solution and a jet then erupts 

from the tip of the spinneret. The jet is only stable near the tip of the spinneret, after which the 

jet undergoes bending instability[43]. As the charged jet accelerates toward regions of lower 

potential, the entanglements of the polymer chain will prevent the jet from breaking up while 

the solvent evaporates resulting in fiber formation. Generally, a grounded plate is used to 

collect the fibers (Fig 2.3)[42]. 
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Fig 2.3: Electrospinning set up [42]. 
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The diameters of the electrospun fibers are at least one order of magnitude smaller than 

those made by conventional extrusion techniques. Electrospinning usually produces non-

woven sheet with a flat profile due to the ejection rate of the polymer solution through the 

orifice must be controlled at a low value if nanoscaled fiber diameter is desired. I lowever, 3-

D non-woven fibrous mesh can be obtained if the electrospinning time is long enough. Our 

experiences show that the thickness of the nanofiber increases with the electrospinning time at 

a typical speed of 20 µm/h. One effective method to increase the thickness of the nonwoven 

sheet is to use more than one orifice simultaneously, in which the electrospinning speed will 

be proportional to the number of the orifices. This method may produce 3-D nanofibrous 

scaffold in a short time in the future[44]. 	 GENTRAI_ 

~accNo(n21g~n"qp-c 
(2.4.2) Nano-fiber scaffolds 	 Date.................. 

ROORK-~ 

The principle of designing tissue engineered scaffolds is clear: the scaffold should mimic 

the structure and biological function of native extracellular matrix ([CM) as much as 

possible. both in terms of chemical compositions and physical structures. In terms of chemical 

compositions. ECM is mainly composed of three major classes of biomolecules: structural 

proteins like collagen and elastin, specialized proteins like fibronectin and laminin, and 

proteoglycans composed of a protein core and glycosaminoglycans (GAGs). In terms of' 

physical structures, ECM is consisted of various protein fibrils interwoven within a hydrated 

network of GAG chains 1451. The function of the ECM is far more than providing a physical 

support for cells. It also provides a substrate with specific ligands for cell adhesion and 

migration. and regulates cellular proliferation and functions by storing and presenting various 

growth factors[46l. It is reasonably expected that an ECM-mimic tissue engineered scaffold 

may play a similar role to promote tissue regeneration in vitro as the native [CM does in vivo. 

Polymer nanofiber scaffold is among the most promising biomaterials for native ECM 

analogues [441. The potential of applying electrospinning in tissue engineered scaffolds is 

enormous since nanotiber scaffolds can mimic the nanoscaled dimension of the natural ECM 

and mesoscopic scale of ECM's spatial organization by controlling fiber's orientation and 
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spatial placement. Moreover, nanofiber scaffolds can emulate chemical compositions of ECM 

by including biomolecules into fibers. We found that there is a vivid similarity between the 

electrospun polycaprolactone (PCL) nanofiber scaffold and native ECM in rat cornea[47]. 

Another example is the apparent similarity between the electrospun collagen 'nanofibers and 

the ECM of the small intestine, which is composed of collagen bundles, in terms of both 

physical structure and chemical composition. In fact, non-woven microscaled polymer 

scaffolds have already been widely used in tissue engineering for a long time due to their high 

surface area and high porosity [48]. 

Electrospinning of the natural occurred biornaterials is much more challenging compared 

with the synthetic polymers for the difficulties in looking for appropriate solvent. 1,1,1,3,3,3-

hexafluoro-2-propanol (HFP) is a commonly used solvent for electrospinning of proteins [49]. 

Electrospinning of silk fibroin has been performed with formic acid as the solvent[50]. The 

silk fibroin can also be mixed with PEO in water and electrospun, followed by washing with 

methanol to remove the PEO[51]. Huang et al prepared polypeptides containing repeated 

elastomeric peptide sequence of elastin by genetic engineering method. The polypeptide was 

dissolved in water and electrospun into nanofibers with diameter from 200 to 300 nm under 

appropriate conditions[52]. Fang X et al reported the electrospinning of calf thymus Na-DNA 

aqueous solutions with concentrations from 0.3% to 1.5% into nanofibers with diameters 

around 50 to 80 nm [53]. 

The simplicity and reproducibility of fabricating well-controlled polymer nanofiber 

scaffolds by electrospinning have invigorated big interests in the field of tissue engineering. 

In addition to the ECM-like architecture, polymer nanofibers have other desired features for 

tissue engineered scaffolds such as biocompatibility, high porosity for tissue ingrowth, high 

surface area-to-volume ratio, adjustable mechanical and biodegradable properties, capability 

of surface modification [53],and flexibility of loading drugs or genes [54]. 

(2.4.3) Cells-nanofiber scaffolds interactions 

The reason why we need to study the interactions between cells and biomaterials in vitro is 
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based on the theory that "macroscopic tissue-level events are ultimately derived from, and 

thus could be controlled by, cellular and molecular level events at the tissue-implant 

interface" [55]. Thus any implant should be studied in vitro first before implantation in vivo 

for the interactions of cells and biomaterials in terms of cell adhesion, proliferation, 

phenotype maintenance, and functional development. 

It has been well established that gross change in ECM affects cell behaviors. However little 

is known about how cell behaviors will be affected by fine changes at the nanometer scale in 

the synthetic ECM. Researchers as early as 1960s claimed that nanoscaled features influenced 

cell behaviors [56]. Cells attached and organized well around fibers with diameters smaller 

than size of cells[57]. Nanoscaled surface roughness with dimensions ranging from. 20 to 50 

nm produced by chemical etching on Silicone wafer enhanced neural cell adhesion and 

hydroxylase activity[58]. Nanoscaled surface . topography, has been found to promote 

osteoblast adhesions. Recent studies reported that osteoblast adhesion, proliferation, alkaline 

phosphatase activity, and ECM secretion on carbon nanofibers increased with deceasing fiber 

diameters in the range of 60-200 nm, while the adhesion of other cells like chondrocytes, 

fibroblasts, and smooth muscle cells was not affected. It has been postulated that the 

nanoscaled surface affects the 'conformation of the adsorbed adhesion proteins like vitronectin 

to affect the cell behaviors [59]. In addition, the nanoscaled dimension of the cell membrane 

receptors like integrins should also be considered. 

Most of the works about in vitro cell culturing on nanofiber scaffolds was to evaluate cell 

adhesion, proliferation, gene expression and ECM secretion. Li et al cultured fibroblasts, 

cartilage and bone marrow derived mesenchymal stem cells on PLGA or PCL nanofibers[60]. 

It was found that the nanofiber scaffolds were capable of supporting cell attachment and 

proliferation. Fetal bovine chondrocytes were cultured on PCL nanofibers and their 

phenotype was evaluated. In addition to promoting phenotypic differentiation, the PCL 

nanofibers also promoted chondrocyte proliferation when the cultures were maintained in 

serum-containing medium. Adult bone marrow derived mesenchymal stem cells cultured in 

the PCL nanofibers were able to be induced to form chondrocytes in the presence of 

transforming growth factor (TGF- (3l ), as evidenced by chondrocyte-specific gene 



Page 118 

expressions and synthesis of cartilage-associated ECM proteins. The chrondrogenic ability of 

the stem cells cultured in the PCL nanofibers was comparable to that observed for the stem 

cells maintained as cell aggregates or pellets. 
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Chapter 3 

Materials and methods 

(3.1) Extraction and Characterization of Fucoidan: 

(3.1.1) Extraction of Fucoidan from brown seaweed Sargassum weitti: 

The drug of interest'— Fucoidan, was extracted from brown seaweed Sargassum weitti by 

slight modification of method adapted by Kim et al.. In brief, the weed was dried in hot air 

oven at 40°C for 48 hrs; and then ground down to fine chips roughly of around 2'*2' . This 

was subjected to acid hydrolysis by suspending them in 2 L of 0.1 N HCl for 24 h. Further the 

acid suspended chips were then sonicated in periodic intervals with following sonication 

parameters: Sonication power: 30W, Sonication duration: 3 mins, Sonication cycle interval: 5 

mins, Number of sonication cycles: 5 cycles. 

The resultant aqueous phase of the extract was separated from the rest by filtering the mixture 

through a fine meshed cloth followed by its neutralized with 1 N NaOH (pH — 7.2). Followed 

by this, the mixture is supplemented with 3 volumes of ethanol to precipitate the Fucoidan in 

the fraction. The mixture was allowed to stand for 24hrs to allow the precipitated mass to 

settle down (Fucoidan). The lower fraction of the extract is centrifugation for 10 min at 

6000xg, the pellets obtained were re-suspended in water. The pH of the suspension was 

brought down to 2.0 with 1 N HC1 and to this CaC12 added to the final concentration of 4 M 

CaC12 solution. The pellet was removed by. centrifugation and the supernatant was treated 

with 3 volumes of ethanol. The ethanol precipitation was repeated twice and the pellets was 

re-dissolved in water, dialyzed (MWCO 14,000) at 4°C in water for 48 h and then freeze-

dried. The final fraction was then confirmed to be Fucoidan by FTIR, APTT assay. 
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(3.1.2) Confirmatory APTT assay for Fucoidan in the extract: 

Activated partial thrombloplastin time (APTT) assays were carried out by the method of 

Andreson et al. Hundred µL of normal human platelet-poor plasma was mixed with 50 p.L of 

a solution of purified fucoidan (0.1, 0.25, 1.0, 5.0 µg) and incubated for 2 min at 37°C. For 

control, equal volume of dH2O was added instead of fucoidan solution. To the reaction 

mixture, 100 µL of APTT reagent was added and incubated for 2 min at 37°C and then 100 

.tL of 0.35 M CaC12 was added and the clotting time was noted. 

(3.1.3) FTIR confirmation and characterization for extracted Fucoidan: 

Fucoidan isolated from Sargassum wightii was characterized by FTIR to confirm its 

presence in the crude fraction obtained from the extraction process. The extracted fraction 

maintained at 45C for 1 day to remove the moisture content present in it. The dried powder 

was then transferred to a vial and then carried forward for FTIR analysis. To the 2 mg of 

sample 1 gram of KBr was mixed in a mortar- pestle to obtain a homogenous mixture. Then 

the resultant mixture was struck between the presses to form a sheet like structure. After this 

it was transferred to the sample holder in the FTIR scanner, transmittance was measured from 

400 cm' to 5000cm 1 . 

(3.1.4) Estimation of amount of Fucoidan extracted: 

Fucose forms the major monosaccharide component of Fucoidan hence its estimation is 

taken as approximate estimation of Fucoidan. A standard graph of Fucose was prepared by 

phenol sulfuric acid method followed by measuring absorbance at 490 nm. With this as the 

standard the amount of Fucoidan in the fraction extracted was estimated. A 2mg of L-Fucose 

was purchased from Sigma Aldrich it was dissolved in l Oml distilled water to give a standard 

solution of concentration 200 micro-gram/ml. From this standard solution a gradient in 

concentration was developed by suitable dilution in separate tubes: 

Add 6ml of concentrated sulfuric acid to each, immediately after these add 2 ml of 5% 

phenol to each of these solutions. The resultant solution is kept for incubation in water bath at 

90°C for 5 min's. The solutions were taken out from the water bath, allowed to cool down to 

room temperature then its absorbance was measured at 330 nm. The compositions of each are 
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as follows: 

About 50 gram's dry biomass of Sargassum wightii was taken for fucoidan extraction 

process. The final fraction obtained from the extraction process, which is crude fucoidan, 

weighed around 4 grams. A small portion 1 gram of this extract was carried forward with 

phenol-sulfuric acid method for estimation of L-Fucose content. The absorbance value thus 

obtained was then correlated to the standard graph of L-Fucose to obtain an approximate 

estimation of the Fucoidan content in the extracted fraction. 

Table 2.1: Composition of L-Fucose standard solutions 

S.N Fucose Volume of water Sulfuric acid Phenol o.  (µg)  Standard (µL) (ml) (ml) 
(µL) 

1 200 1000 2000 6 2 

2 300 1500 1500 6 2 

3 400 2000 1000 6 2 

4 500 2500 500 6 2 

5 600 3000 0 6 2 

(3.2) Electrospinning setup: 

The electrospinning apparatus was equipped with a high-voltage power supply with 

maximal voltage of 50 kV. The PEO and PCL were dissolved in a mixture of acetic acid and 

chloroform as per DOE. The resultant blend is added in a 5-mL syringe attached to a 0.5mm 

diameter metal spinneret attached to its tip. A horizontal cylindrical counter electrode was 

located about 15 cm from the capillary tip; one of the ends of cylindrical collector was 

coupled to the axel of a motor regulated by a feedback system to control its revolution per 

minute. The flow rate of the polymer solution was controlled by a precision pump to maintain 

a steady flow from the capillary outlet. The experiment of temperature was controlled at 

27°C, and the environment humidity was controlled between 45% and 50%. All the 

nonwoven fiber mats were vacuum dried at room temperature for 3 days to completely 

remove any solvent residue prior to further characterization. 



Page X22 

(3.2.1) Optimization of PEO:PCL nanofibers by electrospinning: 

Electrospinning is a very simple and versatile method of creating polymer-based high-

functional and high-performance nanofibers. But most of the investigations are not systematic 

and describe the electrospinning process without quantitative accuracy. Inconsistent and even 

opposite results have been reported, which has hindered the consistent interpretation of the 

experiments. Orthogonal experimental (Taguchi method) method was used to investigate 

qualitative and, quantitative correlations between fiber characteristics (diameters and 

morphologies) and the processing and materials parameter. Uniform fibers. can be obtained 

without any beads by proper selection of the processing parameters, and a lower glass 

transition temperature was observed for electrospun fibers than that of native polymer. 

(3.2.1.1) Taguchi Method - Design of Experiments 

The solution properties and processing parameters for producing uniform PEO:PCL 

nanofibers by electrospinning were established through Taguchi DOE analysis (also called 

orthogonal array method of optimization). The factors taken into consideration for the 

optimization process were polymer proportion, solvent proportion, flow rate, and voltage. 

Three levels for each variable were taken up for the analysis on the basis of preliminary pilot 

experiments. Thus a four variable-three level (Table 5) orthogonal (L9) design of experiment 

(DOE) was adapted for the analysis. 

The general steps involved in the Taguchi Method are as follows: 

1. Define the process objective, or more specifically, a target value for a performance 

measure of the process. This may be a flow rate, temperature, etc. The target of a process may 

also be a minimum or maximum; for example, the goal may be to maximize the output flow 

rate. The deviation in the performance characteristic from the target value is used to define 

the loss function for the process. 

2. Determine the design parameters affecting the process. Parameters are variables within 

the process that affect the performance measure such as temperatures, pressures, etc. that can 

be easily controlled. The number of levels that the parameters should be varied at must be 

specified. For example, a temperature might be varied to a low and high value of 40 C and 80 
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C. Increasing the number of levels to vary a parameter at increases the number of experiments 

to be conducted. 

3. Create orthogonal arrays for the parameter design indicating the number of and 

conditions for each experiment. The selection of orthogonal arrays is based on the number of 

parameters and the levels of variation for each parameter, and will be expounded below. 

4. Conduct the experiments indicated in the completed array to collect data on the effect on 

the performance measure. 

5. Complete data analysis to determine the effect of the different parameters on the 

performance measure.With the above stated information and a reference to a paper dealing 

with optimization process using the same DOE, the range of parameters were set as required. 

No of levels: 3 levels. 	 No of factors: 4 factors. 

Table 2.2: Different factors and levels of each factors taken into consideration. 

Factors 

Levels Polymer composition Solvent Voltage Flow rate 
(PEO:PCL) (Aceticacid: (kV) (ml/hr) Chloroform)  

Level 1 1:1 5:95 14 0.20 

Level 2 1:2 10:90 16 0.25 

Level 3 1:3 20:80 18 0.30 

Table 2.3: Composition of different PEO:PCL and Chloroform: Acetic acid solution. 

Levels 
Polymer 

composition 
Solvent 

PEO PCL Chloroform 
Acetic 

acid 

3.75% (g/ml) Per 20 ml 

Level 1 1:1 5:95 0.375 0.375 1 19 

Level2 1:2 10:90 0.25 0.5 2 18 

Level3 1:3 20:80 0.1875 0.5625 4 16 
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The vector table L9 array is given as: 

Table 2.4: Generating vectors tabulation (L9) for Taguchi DOE. 

Experiment Parameter 1 Parameter 2 Parameter 3 Parameter 4 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 . 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

The fiber generated out of these 9 experiments was imaged by a SEM after gold coating 

the samples so as to avoid charge accumulation. The fiber diameter was obtained from SEM 

(2500X) image of each sample, from each image fiber diameter was measured at 20 random 

data points by and these 20 observations were averaged to give mean fiber diameter (Fig 1). 

The software "Minitab-16" and "SPSS-12" was used in the orthogonal table design and 

ANOVA analysis respectively. An inbuilt function for Taguchi analysis in Minitab 16 is used 

to interpret the significance level of each factor on fiber diameter and morphology of obtained 

fibers. The four variables, PEO: PCL, solvent, flow rate and voltage were set as factors and 

mean fiber diameter obtained from the analysis of SEM image was fed as response variable. 

The result of range analysis aided in arriving at the most significant parameter of the four 

thus prioritizing each factor with respect to other in order to gain a better control of the fiber 

morphology. Minitab 16 was executed to open a generalized excel worksheet in Minitab. The 

input parameters as per L9 DOE values were fed into the respective cells in column wise 

order PEO: PCL, Solvent, Flow rate and then followed by Voltage (Table 6). The mean fiber 

diameter obtained for corresponding experiments were also entered in respective rows. 
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Table 2.5: Taguchi DOE for PEO: PCL fiber diameter optimization. 

Trial PEO:PCL 
(3.75% g/ml) 

Solvent 
AA: C (%) 

Flow rate 
(ml/hr) 

Voltage 
(kV) 

1 1:1 5:95 0.2 14 
2 1:1 10:90 0.25 16 
3 1:1 20:80 0.3 18 

4 1:2 5:95 - 0.25 18 
5 1:2 10:90 0.3 - 14 
6 1:2 20:80 0.2 16 
7 1:3 5:95 0.3- 16 
8 1:3 10:90 0.2 18 

9 1:3 20:80 0.25 14 

The following steps were followed to set the parameters for Taguchi analysis: 

1) Click on the tool STAT in the toolbar, >DOE, >Taguchi, >Create Taguchi design 

Following this a popup window appears with different number of levels and factors, 

off these the Level of design was set to 3-Level design. Click on Designs option in 

the same window and select on L9 option under Runs. 

2) Again navigate through the following: STAT>DOE>Taguchi>Analyze Taguchi 

design. A new window appears with a box in the left side containing list of all 

columns, select the column containing the response values one by one.In the same 

window i.e. Analyze Taguchi design, Graphs option is selected to open up with a 

new popup window, mark on Signal to Noise ratios and Means option. Click on 

Analysis to mark Signal to Noise ratios and Means option under Display response 

table for. Under Options > Signal to Noise ratios was set as Nominal is best. 
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Fig 2.1: Procedure for Taguchi Analysis by Minitab 16 
Ism -HMLwi-IWi i.g1-1 

file 	Edit D1ta 	yak St+t Qt+ph E&w look 	Wmdo* 	Help 	Assistant 

ao x~4 I. 	s 	s ► 0? 	<Qe®4)~~"~1i Q©®t '. 
1-- —n ► 

x BNOYA ► _ 
+ C1-T C2-T 	 Eactoriel 	 ► C8 	C9-T 	C10 

PEO:PCL Sohn 
Sontrol Chats ► 3 	PEO:PCL 1 OUTPUT 

B 	ase SuA«e 	► 1 11 595 
Quality Tools ► Mi tt,e 	► 

76 

2 11 1090 

~~ ~ ► ®• T9 create Taguchi Design... 3 1 1 2080 

4 12 595 
'lt iv.natt ► od 	T$ Qdn 	 n- 

r+o Ld 	rfY Design•.. 	e Custom Taguchi Design... 

5 12 1090 
Time knes 

► 
~. Display Desig^_. 	em+lya Taguchi Design... 

► 6 12 2080 I 
1 13 595 N°" aKs ► 

	

13 	 1 19 	

• 
Tg ere6ct Taguchi Results .. 

	

16 94 	577 	437 

8 13 1090 JDA 0 1716 	4 	13 	583 585 

9 13 2080 P—V+~d S-V a Siff ► 8146 	58794 	936 125 

14 	o 

C11 	C12 	C13 	C14 

10  

Type of pest 
2ievd Daipn (2 6o 31 factors) 
3{evd Deep (25013 factors) 

r 4-evel Des n (2505 factors) 
r SA evd Des*, (2506 factors) 

Kxed Level Dead (2 to a6 factors) 

f 06V 

 

0q 5. 	: . 	Dr01+Y AvSW* 

D y I 

J 

Mdya Taguchi Desge 

CS Trd 1 	Remaued►n+rero 
C6 Trw 2 
C7 Trd3 
C24 PSTDE1 
C25 PtSTD1 
C26 1. N1 

Cr 	Mdylt. j Temf... 

Sbrapl... 

Tq oegn-O ,. 	 rte+ 

U7 	34 

r lea. Are.ce. for &...c  

Cwwd J 

A % T.lKWOMWO-opm- 	A' 

r ltgvsbr -10np to vN, l/,"?j.) 
r - m1o. 	slat -10%.9305s 	2) 
r rbww abet 10'•e010(` w_z1,_A 

r u..4+~.dbwrkrrarr.er 
r uN 14)19 r,Wdvd 	.f.50 a.s,* 

_ 

'reS00fli! li$16 tr Ft 1f1eer r 	eft 

bNoser+50t r SVWmNocer►OOw 
w r►e► 

Sta drd d won r Standard demon 

i:L 
rr+r.T ter- V 

G w.a. dual.., aff.Is dw.,aa.ti 5. .d5 Por 
- 	- 	A 9~rl bltlerNO. 

_ 	-~re 	A Meter 
r st d.d 

lie d 	 .t.. 
tar... 

r aoin..th 5050. on a 	aa.wwh 

M 
	

U Cid 



Page 127 

(3.2.1.2) ANOVA analysis: 

ANOVA analysis for the fiber diameter with respect to each parameter is obtained in order to 

find out any significant variation being brought into effect by individual parameter. This 

analysis helps in arriving at a conclusion that it is combination of the factors or the individual 

factor which determines the fiber morphology. 

Background. In case 3 treatments are to be compared (A, B, C) then it would require 3 

separate t-tests (comparing A with B, A with C, and B with C). Similarly for seven treatments 

we would need 21 separate t-tests. This would be time-consuming moreover, it would be 

inherently flawed because in each t-test we a 5% chance of our conclusion being wrong is 

accepted (when we test for p = 0.05). Hence, in 21 tests there is a probability that one test 

would give us a false result. ANalysis Of Variance (ANOVA) overcomes this problem by 

enabling to detect significant differences between the treatments as a whole. Thus a single test 

is enough to perceive any differences between the means at our chosen probability level. 

Describing a population: practical steps 

1. Tabulate the data. 

2. Sum the data to obtain E x, then square this to obtain (E x)Z 

3. Calculate the mean, x 

4. Square each data value and sum the squares to obtain E x2 

. _7d2-_Tx2_(~x)2 5. Calculate 	 n 

6. Estimate the variance of the population (62) as: 

,d2 
n-I 

7. Find the estimated standard deviation of the population (6) = square root of the variance. 

8. Calculate the estimated standard error (SE) of the mean (r „) = a / 1 — n 
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(3.3) Fabrication of SDVG with Fucoidan loaded luminal surface: 

The optimized operating and solution parameters which were established by Taguchi 

analysis was employed as such in this fabrication process and also in the experiments carried 

out further. To form a Fucoidan loaded PEO: PCL layer the drug Fucoidan had to be 

dispersed in PEO:PCL polymer blend. On considering the insolubility of Fucoidan in 

chloroform a specific order of component addition was followed to obtain a stable and 

homogenous Fucoidan-PEO-PCL blend. A stipulated quantity of Fucoidan (100mg) is 

supplemented to 20ml of acetic acid and subjected to constant stirring in a magnetic stirrer for 

10mins. After obtaining the uniformity in dispersion of Fucoidan 125mg of PEO is added to 

the mixture and stirred for 30 min's. This is followed by addition of 250mg of PCL and 80m1 

of Chloroform to the mixture and then the resultant solution is agitated for 3 hrs to obtain 

stability and uniformity in dispersion of each of the mixture components throughout the 

solution. 

To form a Fucoidanloaded luminal surface of SDVG the Fucoidan-PEO-PCL blend is first 

electro-sprayed over rotating mandrel collector with following operating and parameters: 

(1)Voltage: 22Kv (2) Collector distance of 12 cm and Flow rate: 0.4 ml%hr. The initial 

preliminary experiments to attain such a graft suffered from a problem in retrieval of the graft 

form the rotating mandrel collector after the fiber is deposited. This happens because the 

Fucoidan loaded layer which is deposited first arrives at the collector in a semisolid phase and 

solidifies over the collector in course of time leading to tight attachment of the Fucoidan 

loaded layer on the collector. In order to overcome this complication a thin PEO/PCL 

polymer nanofiberous mat is deposited over the collector prior to electro-spraying of 

Fucoidan laded polymer blend. The PEO: PCL nano-fiber mat was deposited by employing 

the same solution and operating parameter as obtained from the Taguchi optimization process. 

The PEO:PCL nanofiberous mat deposited first over the collector solidifies almost to 

completion before its arrival at the collector hence does not attach to the collector firmly and 

thus the SDVG fabricated at the end can be drawn out of the collector easily. Over this 

nanofiberous mat now a Fcoidan loaded PEO: PCL is electro-sprayed with operating 

parameters: (1) Voltage: 22Kv (2) Collector distance of 12 cm and Flow rate: 0.4 ml/hr. 
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Once the luminal surface is fabricated a thicker layer of uniform and oriented PEO: PCL 

nano-fiber is deposited over the collector. To form a SDVG with a thickness of 0.250mm the 

PEO: PCL solution is electrospinned at a Flow rate of 0.3 ml/hr for 3 hrs. Other operating 

parameters were Voltage: 16kV, Collector distance: 14cm and temperature and humidity 

being maintained as 20 °C and 55% respectively. On completion of the sequence to fiber 

deposition the SDVG thus formed over the collector is retrieved from the collector carefully 

and kept in a dissicator for about 4 hrs to air dry. The same construct was then taken forward 

for SEM analysis later on to confirm uniformity in the SDVG fabricated. 

(3.4) Fabrication of Fucoidan loaded bi-layered vascular graft like conduit: 

The optimized value for the uniform. and oriented nano-fibers from the above analysis was 

employed for further graft fabrication. The SDVG sought after in this work is a bi-layered 

graft with an intermediate Fucoidan loaded layer. In order to fabricate a SDVG the diameter 

of the rotating mandrel collector fixed as 5mm. The collector was coupled with the axel of an 

motor whose rpm could be well regulated to desired value. The polymer solution that forms a 

drop at the tip of the spinneret experience a extension force due to charge repulsion and this is 

counterected by the surface energy of the droplet. On increasing the voltage applied to certain 

threshold value the charge accumulated in the droplet is sufficient enough to overcome the 

surface energy and thus the polymer solution forms a jet. This polymer jet undergoes thinning 

and solidification during its course towards the collector and finally gets deposited over it as it 

is grounded. 

The first layer deposited form the innermost layer of the graft, a solution of 1:2 PEO: PCL 

polymer proportion in chloroform and acetic acid (80:20) solvent system is used to form a 

uniform and oriented nanofiberous first layer. After time lapse of 5 min's, a Fucoidan loaded 

intermediate layer is fabricated by electrospraying a solution of PEO/PCL-Fucoidan in 

chloroform and acetic acid (80:20). About 0.15g of Fucoidan, 0.125g of PEO and 0.250g of 

PCL was mixed in 2m1 of acetic acid and 8ml of chloroform for 4 hours to obtain a 

homogenous and stable solution. Then the construct was allowed to stand for another 5 min's. 
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This is followed by electrospinning 3ml of PEO/PCL polymer solution with same polymer 

composition and operating parameters as that of the first layer. The operating parameters for 

the first layer and the second layer being 14kV voltage, tip-collector distance of 14cm, rpm of 

1500 and flow rate of 0.3ml/hr. Similarly the operating parameter for the intermediate layer 

was also same except voltage which was set to be 20kV. Temperature and humidity were 

maintained as 20 °C and 55% respectively. 

(3.5) Study of interface and dimensional uniformity: 

The bi-layered conduit fabricated over the base of aluminum foil removed from the 

collector, the polymer conduit. is then cut crossectionally with good precision. The sections 

obtained were then examined under SEM for the uniformity in diameter along the length of 

the graft. The thickness of each layer (first layer , intermediate layer, and second layer) is 

measured by mounting the sections over a 0.lmm*0.lmm gridded colony counter glass slide 

and observing then under optical microscope. The graft was examined at three predestined 

points along the length i.e. at 2cm, 4cm and 6cm. 

(3.6) FTIR characterization of Fucoidan loaded nanofibers: 

In order to characterize the mode of drug inculcation in PEO: PCL nanofiber matrix a FTIR 

analysis of PEO/PCL, Fucoidan and Fucoidan inculcated PEO/PCL was carried out. A' 

comparative IR absorption of PEO/PCL, Fucoidan and Fucoidan inculcated PEO/PCL in 

4000cm 1  to 800cm' range was used as the basis to identify any new group formation 

between PEO/PCL and fiber matrix. Thus this study characterizes the mode of Fucoidan 

immobilization in PEO/PCL. 

(3.7) Study of Fucoidan release profile from the hi-layered: 

The bi-layered fucoidan loaded conduit is cut cross-sectionally into 8 equal pieces, each 

weighing around 10 ± 0.5mg. These segments were then placed, in a 12 well tissue culture 

plate (triplicate) and immersed in 2m1 of 33mM phosphate buffer saline (PBS, pH 7.4) 

solution at 37°C. The experiment set was mounted over a gel tracker to simulate a dynamic 
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release medium. At pre-determined time intervals, lml of release medium was collected and 

replaced with an equal volume of fresh buffer medium. The amount of Fucoidan in the 

reservoir PBS was estimated by phenol-sulfuric acid method (absorbance at 330 nm which is 

A, for L-Fucose). To bring the absorbance values in the range of the standard graph, to each 

lml of release medium sampled lml of PBS is added. The UV-Visible spectrometer was 

baseline corrected with 33Mm PBS and the absorbance for the sampled out release medium 

was measure with PBS as blank. The uniformity in the distribution of the drug (Fucoidan) in 

the nano-fiberous construct is established by the analysis of the total Fucoidan released by 8 

equal pieces of the same conduit into PBS over a prolonged period of time. 

With an aim of providing a good absorbance for the Fucoidan concentration in the release 

medium, the intermediate layer of the bi-layered graft was loaded with 100mg(upper limit) of• 

Fucoidan, in spite of the know intuition that such high levels can foster a change in fiber 

morphology. A small disparity in the total Fucoidan added to the polymer blend and the total 

Fucoidan inculcated in the vascular conduit was observed (0.2mg) which was ascribed to the 

following: 

1) Loss of the small portion of fiber in the electrospinning process and graft retrieval 

from the collector. 

2) The Fucoidan estimation is based on the L-Fucose content rather than the Fucoidan 

itself. 
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Chapter 4 

Results and discussion 

(4.1) Extraction and Characterization of Fucoidan: 

(4.1.1) Extraction of Fucoidan from brown seaweed Sargassum weitti: 

The anticoagulant activity of the purified Fucoidan was examined by activated 

partial thrombloplastin time (APTT) assay. Fucoidan significantly prolonged the 

clotting time; 5 µg of Fucoidan delayed the blood clotting time approximately by 7 

times than untreated control. The anticoagulant activity of the purified Fucoidan 

increased almost linearly with increasing concentration (0.1, 0.2, 1.0, 2.0, 3.0, 5.0 µg) 

of the Fucoidan (Fig.4.1). 1 microgram/ml standard solution of extracted Fucoidan 

was prepared and clotting time was noted for 0.1 ml, 0.2,1,2,3,5 ml of the solution. 

Table 4.1: Response of clotting time with change in Fucoidan concentration. 

Concentration of 
Fucoidan 

(1 microg/ml) 

Clotting time —1 
(seconds) 

Clotting time — 2 
(seconds) 

0 35 32 

0.1 55 58 

0.2 88 82 

1 150 161 

2 172 174 

3 224 231 

5 280 274 
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APTT Assay 

• —Clotting time-1 
—.—Clotting time-2 
- 	Linear Fit of Sheetl B 

Equation y = a + b*x 
Weight No Weighting 
Residual Sum 3587.80592 
of Squares 
Pearson's r 0.96242 
Adj. R-Square 0.91151 

Value 	Standard Error 
B Intercept 	68.30544 	13.86979 
B Slope 	46.53645 	5.8723 

300 

250 

200 

150 

El 
100 

0 

6'101 

0 
0 	1 	2 	3 	4 	5 

Fucoidan (microgram) 

Fig 4.1 : Plot of Clotting time with amount of Fucoidan (micrograms), almost a linear 

raise in clotting time is observed with increase in quantity of Fucoidan. Implying that 

the major component of the fraction extracted is Fucoidan. 

(4.1.2) FTIR confirmation and characterization for extracted Fucoidan : 

A FTIR analysis of the crude Fucoidan extracted from Sargassum wightii was 

carried out for confirmation of the presence of Fucoidan. The IR spectrum showed 

typical absorption bands of Fucoidans. Absorption at 1322 and 1103 cm' signifies the 

presence of sulfate groups in the mixture (i.e. sulfate group attatched to the poly-. 

saccharide unit). The 1103 cm'absorbance was reported in a previous study of 

Fucoidan and was suggested to be due to sulfate groups at the axial C-4 position. 

Sulfate groups at the equatorial C-2 and C-3 positions were reported to give a small 

shoulder of absorption at 1190 cm, and there is such a shoulder in the Fucoidan 

extract at 1160 cm'. The Fucoidan contained a hydroxy group band at 3430 cm-1 as 

well as a carbonyl band at 1629-1  cm. Small disparities in the JR spectra obtained in 

different reports can be due to a number of factors including sample handling and the 

extraction processes used. While IR spectroscopy confirmed key. signature features of 

Fucoidans in the Sargassum wightii isolated, comparative analysis of IR spectra 
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obtained in this work for commercial Fucoidan and the Fucoidan extract clearly 

supports the identification of extracted polysaccharide as a Fucoidan (Fig 4.2). 

0 
HO «  

 

0  n 

Fucoidan FTIR 

1 symmetric S02 	 Fucoidan 
100 1103 116  

60- 
/ 

 

• E40 	 1322 i 	2360 combination; C-H stretching 
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H• 	 \~ 	i 

20 -  

567 	1629 c=c stretching 

s stretching 	 3430 alcohol 0-H stretching 
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Wavenumber(cm-1) 

Fig 4.2: FTIR analysis of the fraction extracted and its correspondence to the groups 
present in Fucoidan. 

(4.1.3) Estimation of Fucoidan extracted from Sargassum weitti. 

The L-Fucose solutions with a uniform gradient in concentration of L-Fucose were 

taken for phenol-sulfuric acid assay. The absorbance of each solution at 330nm was 

measured and tabulated thereby generating a standard graph for L-Fucose sugar. As 

the major content of Fucoidan is L-Fucose an estimation of L-Fucose will give an 

approximate estimation of Fucoidan hence this standard is used to estimate the 

amount of Fucoidan in further experiments. 
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Table 4.2: Absorbance with change in concentration of L-Fucose. 

Fucose 

(micro-gram) 

OD-1 OD-2 OD at 330nm. 

200 0.15 0.18 0.16 

300 0.34 0.26 0.30 

400 0.58 0.46 0.53 

500 0.82 0.94 0.88 

600 1.52 1.40 1.46 

The absorbance of the sample (crude Fucoidan fraction from mild acid-ethanol 

extraction process) of 4m1 in volume was found to be 0.62 which was corresponds to 

460micro-gram of L-Fucose (i.e. approximately 370 micro-grams of Fucoidan in 

4ml). The total volume of the extract was 45m1, hence about 4070 micro-grams (i.e. 

4.07g) of Fucoidan was extracted from 100 grams of dry Sargassum wightii (which is 

4% by weight of the biomass). 

Standard graph for L-Fucose 
1.6 

Equation 	Y = a + b•x 
1.4 Weight 	No Weighting • 

Residual Sum 	0.09484 
of Squares 

1.2 Pearson's r 	0.95718 
AdJ. R-Square 	0.88826 ■ OD-1 

Value 	Standard Error 
OD-2 10 B 	 Intercept 	-0.606 	0.23855 

l B 	 Slope 	0.00322 	5.62257E  ' A 	Mean OD 
0.8 ;___ Linear fit 

0.2 ~• 

OO il l l  

200  300  400 500 600 

L-Fucose(micro-g ram/3m1) 

Fig 4.3: Plot of absorbance with increase in concentration of Fucoidan, this standard 

graph, was used to interpret the Fucoidan concentration in the fraction extracted. 
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4.2 Fiber diameter and Morphology: 

The study of the SEM images of the PEO-PCL nanofibers helps perceiving the 

effect of each polymer and solvent individually on the fiber morphology and 

orientation. Fiber orientation plays an important role in the as it determines to a great 

extent the motility and endotheliasation of the nanofiber scaffold. The high rpm of the 

collector ensures the orientation of the polymer nanofiber depositing over the 

collector. An aluminium . foil conduit of 5mm inner diameter was employed as 

collector for preliminary study. All the nanofibers produced by the possible 

combination had two things in common, first being that the fibers were well oriented, 

and the other one being that the fiber surface has roughness/irregularity (Fig 4.4). 

Fig 4.4: SEM images of PEO-PCL polymer nanofibers with composition as 20% 

acetic acid and 80% chloroform solvent system and 1:2 PEO:PCL 20ml (g/20m1) of 

PEO-PCL.(a) Orientation of the fibers (b) surface morphology of the fiber. 

The fiber surface roughness improves the attachment of the EC's and SMC's over 

them and thus helps in improving the chances of improved patency of the nano-fiber 

scaffold. The roughness is imparted to the nano-fiber to a large extent by the high 

proportion of chloroform employed i.e. 90%, 80% and 95% and this trend could be 
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easily conceived from the nanofiber surface obtained for corresponding solvent 

system. 

This arises because of the fact that chloroform being less volatile relatively to that 

of acetic acid moves out of the polymer fiber in the latter phase of polymer stream 

solidification process thereby rendering roughness to the fiber surface. Other 

significant observation is that with increase in proportion of PEO:PCL produced 

beaded and non-oriented nano-fibers this could be explained by the contrast in SEM 

images between two solution compositions 1:1 and 1:3 PEO:PCL in 10% acetic acid 

and 90% chloroform(Fig 4.5). This is an outcome of the differences in two properties 

one is crystallinity and the other being the molecular weight. In PEO and PCL 

polymer blend, PEO being semi-crystalline has an inherent tendency to remain as 

randomly oriented molecular chains and hence it favors the bead formation rather 

than the fiber formation (Fig 4.5 (b)). 

Fig 4.5: SEM images showing the fiber morphology variation with respect to 

PEO:PCL composition.(a) 1:2 PEO:PCL in 20ml of (10% acetic acid and 90% 

chloroform), (b) 1:1 PEO:PCL in 20m1 of (10% acetic acid and 90% chloroform). 

Thus higher the proportion of the PEO higher will be tendency to produce beads. 

The other factor i.e. discrepancy in molecular weight of PCL and PEO also 

contributes to the bead formation though to a smaller extent than the crystallinity. 
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Molecular weight signifies the polymer chain length, larger the polymer length higher 

will be the tendency to form intra-chain bonding, this kind of intra-chain interaction 

improves the chances of a polymer to extrude as a fiber rather than a bead. Hence 

PEO which has a lower molecular weight than PCL produces beads. 

Fig 4.6: PEO-PCL nano-fibers prepared by electrospinning 1:2 wt% in 20ml solvent 

of 20% acetic acid and 80% chloroform (a) at lower magnification (b) at higher 

magnification. 

Table 4.3: L9 Taguchi DOE with fiber diameter response for each corresponding 

trial. 

Trial PEO:IPCL*  
(3.75% g/ml) 

Solvent 
AA: C **(%) 

Flow rate 
(ml/hr) 

Voltage 
(kV) 

Mean Fiber 
diameter (nm) 

1 1:1 5:95 0.2 14 564.71 ±215 nm 
2 1:1 10:90 0.25 16 877.70±413 nm 
3 1:1 20:80 0.3 18 249.78 ±54 nm 
4 1:2 5:95 0.25 18 291.66 ±53nm 
5 1:2 10:90 0.3 14 287.86 ±37 nm 
6 1:2 20:80 0.2 16 381.19±124 nm 
7 1:3 5:95 0.3 16 577 ±139 nm 
8 1:3 10:90 0.2 18. 477.37 ±106nm 

.9 1:3 20:80 0.25 14 758.79 ±177 nm 
* PEO/PCL — poly-ethylene oxide, * * AA:C — Acetic acid : Chloroform 
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As an oriented nano-fiber with almost no beads is the most preferable morphology 

for patency of SMC's and EC's the polymer solution with lower proportion of PEO is 

favorable for nano-fiber production. The study of morphology of the nano-fibers 

gives a composition of the polymer and solvent system that is most suitable for the 

desired fiber morphology (Fig 4.6).The most favorable one being PEO:PCL polymer 

solution with 1:2 wt% in 20 ml of 20% acetic acid and 80% chloroform solvent 

system. 

Table 4.3: Fiber diameter and morphology for L9 Taguchi DOE. 

Trial: 1, PEO: PCL proportion: 1:1, Trial: 2, PEO: PCL proportion: 1:1, 

Chloroform: acetic acid proportion: 5:95, Chloroform: acetic acid proportion: 10:90, 

Voltage: 14 kV, Flow rate: 0.2 ml/hr Voltage: 16 kV, Flow rate: 0.25 ml/hr 

Fiber diameter: 564.71 ±215 nm 	Fiber diameter: 877.70+413 nm 
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Trial: 3, PEO: PCL proportion: 1:1, Trial: 4, PEO: PCL proportion: 1:2, 

Chloroform: acetic acid proportion: 20:80, Chloroform: acetic acid proportion: 5:95, 

Voltage: 18 kV, Flow rate: 0.3 ml/hr 

Fiber diameter: 249.78 ±54 nm 

Voltage: 18 kV, Flow rate: 0.25 ml/hr 

Fiber diameter: 291.66 ±53.74 nm 

Trial: 5, PEO: PCL proportion: 1:2, Trial: 6, PEO:PCL proportion: 1:2, 

Chloroform: acetic acid proportion: 10:90, Chloroform: acetic acid proportion: 20:80, 

Voltage:14 kV, Flow rate: 0.3 ml/hr  Voltage:16 kV, Flow rate: 0.2 ml/hr 

Fiber diameter: 287.86 ±37 nm 	Fiber diameter: 381.19±124 nm 



Page 141 

Trial: 7, PEO: PCL proportion: 1:3,  Trial: 8, PEO: PCL proportion: 1:3, 

Chloroform: acetic acid proportion: 5:95, Chloroform: acetic acid proportion: 10:90 

Voltage: 16 kV, Flow rate: 0.3 ml/hr 

Fiber diameter: 577 ±139 nm 

Voltage: 18 kV, Flow rate: 0.2 ml/hr 

Fiber diameter: 477.37 + 106nm 

Trial: 9, PEO: PCL proportion: 1:3, 

Chloroform: acetic acid proportion: 80:20, 

Voltage: 14 kV, Flow rate: 0.25 ml/hr 

Fiber diameter: 758.79 ±177 nm 
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Fig 4.7: Fiber diameter measurement by Materials Plus 12. 

(4.2.1) Range analysis by Taguchi DOE: 

Range analysis was carried out in order to know the significance level of each 

operating factor on the fiber morphology and fiber diameter. Table represents the 

statistical analysis of effect of different factors on nanofiber diameter. The K value for 

each level of a parameter was the average of three values shown in Table I and the 

range value for each factor was the difference between the maximal and minimal 

value of the three levels. The square of deviation (s) of three levels for each factor 

was also determined. On the basis of the results of the range analysis and the square 

of deviation, the significance level was determined to be as follows: Voltage, 

PEO:PCL proportion, Flow rate and then Solvent proportion. 

Output Sheet: 

Taguchi Orthogonal Array Design 
L9(3**4) 
Factors: 4 
Runs: 9 
Columns of L9(3**4) Array 
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1234 

Table I: Response table for Means: 

Level PEO:PCL Solvent Flow rate Voltage 
K1 564.1 541.6 468.4 537.1 
K2 320 463.3 642.7 612.0 
K3 598.4 477.8 371.6 333.6 

Delta 278.1 78.4 271.2 278.4 

Rank 2 4 3 1 

Table II: Response Table for Signal to Noise Ratios 

Level PEO:PCL Solvent Flowrate Voltage 

1 9.378 11.613 9.580 12.861 
2 13.993 11.849 11.288 9.514 

3 11.875 11.785 14.378 12.872 

Delta 4.614 0.236 4.798 3.358 
Rank 2 4 1 3 

Nominal is best - (10*Log10(Ybar**2/s**2)) 

FOU 	 of et 

81 

10 
d 

1.1 	12 	ifl90 	5 
c 	Fb r 	 u3_ 

02) 	(1a 	Q3 	14 	16 	18 

Fig 4.8: Main effects for (A) Means and (B) S/N ratio. 



Page 144 

(4.2.2) Analysis of variance for fiber diameter with respect to each parameter: 

The sum of squares of deviation (SS), degree of freedom (DF), and mean squared 

deviation (MS) of fiber diameter and beads percent were determined and summarized 

in Table III. The F value of a factor is the ratio of the MS value of the factor to that of 

error line. Through comparing the obtained F value with the theoretical one of 

specific level and DF, the significance level can be determined for each factor. As 

shown in Table the F value for all the parameters taken into consideration are less 

than the standard value of 5.1 hence four parameters do not give raise to significant 

level of difference in fiber diameter with respect to single parameter into 

consideration. Thus it is the combination of parameters that bring in wide variation in 

fiber diameter rather than single parameter determining it solely. 

From the range analysis in Taguchi optimization method it was inferred that 

Voltage had maximum level of significance over the fiber diameter then followed by 

PEO: PCL, Flow rate and solvent system. The analysis of variance analysis aided in 

arriving at a conclusion that none of the four parameters had an individualistic effect 

over the fiber diameter. 

Table III: One-way ANOVA: Trail 2 versus PEO: PCL Solvent FIow rate Voltage 

Source 
Degree of 
Freedom 

Sum of 
Squares 

Mean Sum 
of Squares 

F Value P Value 

Solvent 2 12211 6106 0.10 0.908 

PEO:PCL 2 141818 70909 1.75 0.252 

Flow rate 2 112439 56220 1.24 0.355 

Voltage 2 118795 59397 1.34 0.331 
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Step by step ANOVA for PEO: PCL proportion's effect on fiber diameter. 

Table IV: ANOVA table for nanofiber diameter: 

PEO:PCL PROPORTION 

Replicate 1:1 1:2 1:3 Row totals 

1 564.71 291.66 577 1433.37 

2 877.70 287.86 477.37 .1642.93 

3 249.78 381.19 758.79 1389.76 

x 1692.19 960.71 1813.16 4466.06 
(call this GT) 

N 3 3 3 

564.06 320.23 604.38 

6 x2  1151644.72 313234.93 1136573.381 2601453.03 
(call this A) (_x}_  954502.33 307654.56 1095849.72 2358006.6 
(call this B) 

&12  197142.39 5435.37 40723.661 243446.43 (A - B) 

8 2  (=6d2  /n-1) 98571.195 2717.685 20361.83 

D = (Grand total)2  = total observations = 19945710.27 = 9 = 2216190.03 

Total sum of squares (S of S) = A - D = 385263.44 
Between-treatments S of S = B - D = 141818.61 

SNurce of variance Sum of squares 
(S of S). 

Degrees of freedom 
* 

Mean square 
(=SofS =df) 

Beitween treatments 141818.61 u - 1 (=2)* 70909.305 

u  Residual 243446.43 u(v-1) (=6)* 40574.405 

a 	Total 385263.44 (uv)-1 (=8)* 48157.93 

SofS=A-B=243446.43 
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[* For u treatments (3 in our case) and v replicates (3 in our case); the total df is one 

fewer than the total number of data values in the table (9 values in our case)] 

F = Between treatments mean square /Residual mean square = 1.75 

The tabulated value of F (p = 0.05) where u is df of between treatments mean square. 

(2) and v is df of residual mean square (6) is 5.1. Our calculated F value does not 

exceeds this (F = 5.1). Hencethere is no significant difference between treatments. 

(4.2.3) Regression analysis: 

Based on above analysis, voltage and PEO/PCL polymer proportion were the most 

significant 

factors that influenced the fiber diameter and beads percent. Statistic software of 

Minitab 16 was adopted for the regressive analysis. The voltage and PEO/PCL. 

proportion were set as variables, and mean fiber diameter was set as dependant 

variable. The linear dependence regression equation for fiber diameter was 

Mean fiber diameter =1255 - 49.4 Voltage + 0.88 PEO %....................(4) 

This regression equation formulates a rough relationship between fiber diameter and 

two significant operating parameters i.e. voltage and PEO/PCL proportion. This 

relation provides an idea to scale up or scale down the fiber diameter by varying 

voltage and PEO/PCL proportion 

(4.3) Characterization of Fucoidan loaded PEO/PCL nanofiber: 

(4.3.1) Fiber morphology: 

The intermediate layer is formed by electrospraying the Fucoidan loaded PEO/PCL 

polymer solution at a higher voltage this results in a dendritic mat of PEO/PCL with 

beads accompanying it. The dendrite like structure arises because of the higher 

voltage that is applied and it is required that a higher voltage be applied to electrospin 

this Fucoidan loaded PEO/PCL polymer solution to reach the collector because of the 
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additional solute burden of Fucoidan. The irregularity in fiber morphology (i.e. 

diversity in fiber diameter and un-oriented deposition of fiber) is ascribed to the upper 

limit of Fucoidan being loaded to the polymer solution. The Fucoidan being soluble in 

specific component of PEO/PCL adds up to un-stability of the solution at higher 

concentration. Hence this factor determines the upper limit of the Fucoidan that can 

be loaded in the graft and thus accounting to one of the limitations of the proposed 

strategy to overcome intimal hyperplasia. 

Fig 4.9: Fucoidan loaded PEO:PCL intermediate layer. 

(4.3.2) FTIR characterization of Fucoidan loaded nanofiber: 

The presence of strong and broad peek in the range of 3300-3600cm-1 signifies the 

presence of large fraction of —OH group that exists in polysaccharide component of 

Fucoidan (61). A asymmetric C-H stretch of the methyl and methylene groups at 

2948cm-1 is observed accounting for the aliphatic chains in PEO and PCL(61,64). 

Absorption at 1720 cm' indicates the presence of ketone in PCL(64). A strong 

absorption at 1641 cm ' probably arises out of C=C group of PEO(64). Other specific 

absorption peeks corresponding to di-alkyl sulfones is observed at 1324 cm"1  and 

1151 cm' (64) which is probably from the sulfates attached to the polysaccharide, and 

a typical characteristic absorption pair for a Fucoidan (sulfated polysaccharide) is 

observed at 792cm 1  and 1241 cm (62,63). 
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Fig 4.10: FTIR of (1) Pure Fucoidan (2) PEO-PCL nanofibers and (3)Fucoidan loaded PEO-

PCL nanofibers. 
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Appearance of new peeks apart from the linear combination of the two IR 

spectrums (of Fucoidan and PEO/PCL) in Fucoidan. loaded PEO/PCL IR spectrum 

dictates the chemical linkage between the components of the mixture. Hence, the two 

new peeks in IR spectrum of Fucoidan loaded PEO/PCL, one at 1052cm 1  and the 

other at 1079cm 1  account for sulfoxide (sulfate esters) and C=O of anhydro-

galactose respectively. As there is no significant change in FTIR. peeks of either PEO: 

PCL or the Fucoidan the new peeks at 1052cm 1 1079cm'. 

(4.4) Bi-layered Fucoidan loaded SDVG: 

The conduit like structure fabricated by deposition of PEO/PCL nanofibers over a 

collector of 5mm diameter is drawn out of the collector with care (Fig 4.11 (a),(b)). 

The tubular graft is then cut across cross-sectionally with a high grade knife then 

carried over for interface study and drug release profile study. The .cross sectional 

SEM images of the conduit (Fig 4.12(a),(b)) shows the Fucoidan loaded intermediate 

layer well merged (fused) into the first and second layer. This ensures the absence of 

any discernable separation (i.e. clear interface) between the two layers. The absence 

of interfaces precludes any kind of compromise in mechanical property owing to the 

bi-layered structure. The severe lag in mechanical property compliance of most bi-

layered vascular graft is due to the anisotropy in properties at the interface. But the 

image of the PEO-PCL conduit prepared shows no such de-lamination at the 

interface, hence is a suitable candidate for fabrication of vascular graft. 	 - 

Fig 4.11 The (a) bi-layered nanofiberous SDVG and (b) Aluminum foil collector 

over which fiber is deposited. 
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Fig 4.12: Cross sectional view of (a) single layered PEO/PCL nanofiberous graft, (b) 

bi-layered PEO/PCL conduit with the intermediate being loaded with Fucoidan and 

sandwiched between the first and second layer. 

(4.5) Cross-sectional uniformity of the bi-layered graft prepared: 

The graft obtained by above stated procedure is then evaluated for the uniformity in 

the cross-section of the graft. The conduit like graft was cut along the direction 

perpendicular to their axis at predestined positions. Three incisions, at 2cm, 4cm and 
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6 cm were performed and the resultant pieces of graft were then mounted on the stage 

of optical microscope. A gridded slide used for blood cell count is used as the scale 

for measuring the cross-sectional diameter and thickness. 

Fig 4.13: Cross-sectional view of 3 Trial SDVG at 4 cm and 2cm distance for each. 

Table 4.5: Dimensional uniformity in terms of diameter and thickness of the graft at 

different points along the graft length. 

Target dimension: Inner diameter: 5.5mm Outer diameter: 5.68mm (thickness of 

0.16mm) 

Graft Trail Measure point 
(cm) 

Inner Diameter 
(mm) 

Outer diameter 
(mm) 

Thickness 
(mm) 

2 5.515 5.680 0.165 
1 4 5.520 5.678 0.168 

6 5.521 5.682 0.161 
2 5.518 5.681 0.163 

2 4 5.522 5.687 0.165 
6 5.519 5.685 0.171 
2 5.514 5.683 0.169 

3 4 5.509 5.681 0.172 
6 5.512 5.684 0.172 
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(4.6) Degradation of PEO/PCL nanofiber: 

(4.6.1) DSC analysis: 

The PEO/PCL nanofiberous mat obtained is carried over for DSC analysis to study 

the in vitro degradation rate on incubation in PBS for the respective time interval. 

From the thermogram obtained it was observed that the PEO composition denoted by 

its Tg i. 68.4 vanishes in due course of incubation time in PBS. The sample under 4 

hour incubation (2) didn't show much deviation from the Tg observed in the initial 

sample, where as there is considerable difference in Tg of samples incubated for 7 and 

12 days, the sample kept in PBS for 12 days almost had only PCL component left in it 

which was inferred by the lone Tg at 60 C. 

The decline in the PEO component with passage of time is because of the higher 

hydrophilic nature of the PEO component of PEO-PCL blend. The degradation of 

PEO component also improves the porosity of the nanofibers with also facilitates the 

infiltration of the SMC into the nanofiberous matrix which would be later 

predominated by the PCL component of the blend. 
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(4.7) Fucoidan release profile from bi-layered and mono-layered vascular graft: 

Same sampling process and analysis of the sampled volume was followed for both 

the bi-layered and mono-layered SDVG. The standard graph of L-Fucose is used to 

estimate the amount of Fucoidan eluted in the release medium i.e. PBS. From 3ml of 

release medium in each well lml is drawn out for Fucoidan estimation. 

The Fucose standard graph gives the following relation: 

Concentration of Fucoidan (microg/ml) = (Absorbance + 0.606)/0.0031 (1) 

Each of the sampled volume is the carried over for Phenol-Sulfuric acid assay and 

their respective absorbance were measured at 330nm in a UV-Visible 

spectrophotometer. The blank used for the analysis composed of 1ml PBS, 2m1 

Sulfuric acid and 0.66m1 phenol. The absorbance value were correlated to amount of 

Fucoidan in the release medium (PBS) by equation (1). 

Table 4.6: Amount of Fucoidan released from bi-layered conduit with course of 

incubation time in PBS. 

Sampling 
time 

Absorbance Fucoidan 
in testing 
volume 
(mg/ml) 

Fucoidan 
in 

sampled 
volume 
(1ml) 

(mg/ml) 

Fucoidan 
in each 
release 

medium 
(3ml) 
(mg) 

Total 
release 
After 

480hrs 
(mg) 

Percentage 
Fucoidan 
released 

(%) 

2 0.324 0.30 0.60 1.8 9.8 18.36 

4 0.479 0.35 0.70 2.2 9.6 22.91 

24 0.944 0.50 1.00 3.0 9.7 30.92 

48 1.347 0.63 1.26 3.8 9.6 39.58 

72 1.595 0.71 1.43 4.3 9.9 43.43 

96 1.812 0.78 1.56 4.7 9.8 47.95 

168 2.184 0.90 1.80 5.4 9.5 56.84 

288 2.37 0.96 1.93 5.8 9.4 61.7 
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In both mono-layered and bi-layered SDVG the release profile of Fucoidan shows 

two separate phases an initial rapid release phase then followed by gradual release 

phase. The initial rapid burst phase arises due to desorption of surface bound 

Fucoidan into the release medium i.e. PBS and also release of Fucoidan from the 

hydrophilic PEO component. A considerable fraction of Fucoidan released in the 

initial phase is due to degradation of PEO component of the polymer blend. As PEO 

is hydrophilic it dissolves first in the PBS in course with incubation time. The latter 

gradual release is ascribed to two different mechanisms, one being diffusion of 

Fucoidan from the bulk of fiber into the release medium and other is gradual release 

of Fucoidan from slowly degrading PCL component of the polymer blend. This 

shows the tendency of the' PEO: PCL system to act as very good reservoir for 

Fucoidan, exhibiting extended, controlled and uniform Fucoidan release. 

Table 4.7: Percentage Fucoidan release from bi-layered SDVG. 

S.No. % Release of Fucoidan Time (hour) Days 

Sample 1 Sample 2 Sample 3 

1 18 16 18 2 

2 22 23 21 4 - 

3 30 30 33 24 1 

4 38 35 36 48 2 

5 43 41 44 72 3 

6 47 46 48 96 4 

7 56 51 52 168 7 

8 61 56 59 288 12 

The proposed release mechanism was very well supported with the results of DSC 

analysis, the PEO component of PEO/PCL blend being hydrophilic degrades first and 

the corresponding Tg for PEO vanishes slowly as the samples are incubated for 

longer duration in PBS. As this proceeds the bulk sample Tg value tends to move 
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the corresponding Tg for PEO vanishes slowly as the samples are incubated for 

longer duration in PBS. As this proceeds the bulk sample Tg value tends to move 

towards the Tg of PCL with course of incubation time in PBS indicating that it is the 

PCL component alone that is left in the sample. 

Table 4.8: Percentage Fucoidan release from mono-layered SDVG. 

S.No. % Release of Fucoidan Time (hour) Days 

Sample 1 Sample 2 Sample 3 

1 32.1 31.4 28.8 2 - 

2 48.4 44.7 47.3 4 - 

3 61.2 56.6 58.5 24 1 

4 69.1 65.4 71.9 48 2 

5 76.3 74.5 78.7 72 3 

6 82.7 80.8 81.3 96 4 

Fucoidan release profile from mono-layered and bi-layered SDVG shows their own 

characteristic release profile. The significant aspect which could be clearly observed 

as a matter of contrast between the two is the delayed release of Fucoidan in bi-

layered SDVG when compared to that of bi-layered SDVG. On taking into 

consideration the homogeneity in the chemical composition of the two structures it 

can be easily concluded that it is only the structural discrepancy between the two that 

bring in the difference in release profile. In mono-layered SDVG the Fucoidan loaded 

layer is directly exposed in contact with the release medium i.e. PBS hence gives a 

spiked Fucoidan release initially. In case of bi-layered SDVG the intermediate 

Fucoidan loaded layer comes in contact with PBS at delayed time duration in addition 

to which b the released Fucoidan has to diffuse through the nanofiberous first layer or 

second layer gradually. As initmal hyperplasia arises in the latter phase (i.e. roughly 

around 14 days after) implantation it is required that Fucoidan delivery system also 

delivers major extent of Fucoidan in the later phase of implantation. Hence it is the bi-

layered SDVG that would be convenient system to deliver Fucoidan in phase with the 

occurrence of intimal hyperplasia after graft implantation in the host. 
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The difference in release profile of the mono-layered and bi-layered SDVG also 

indicates that the release profile of Fucoidan could also be tailored to desired 

prolonged time duration by increasing the depth of the Fucoidan loaded layer away 

from the inner conduit of the SDVG. The deeper the drug loaded layer more gradual 

and delayed will be the drug release. Thus the graft could be fabricated as the 

requirement is, added to this there is also a chance that the mechanical properties 

deviate to significant extent when the drug loaded layer is varied in depth through thern  

cross-section of the SDVG, hence this has to be ensured to confirm the flexibility of 

nanofiberous PEO/PCL system for Fucoidan delivery. 
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(4.8) Conclusion: 

Fucoidan is extracted from brown seaweed Sargassum weitti and is then blended 

with PEO/PCL polymer to form a homogeneous electrospinnable solution. The FTIR 

analysis establishes that Fucoidan supplemented to the PEO/PCL polymer blend does 

not undergo a chemical modification and is held in PEO/PCL phase just by physical 

dispersion. The bi-layered Fucoidan loaded vascular PEO/PCL SDVG (5mm 

diameter) is attained by electrospinning alternatively PEO/PCL blend and Fucoidan 

loaded PEO/PCL blend with optimized operating parameters. The mono-layered graft 

was inculcated with a Fucoidan loaded luminal surface whereas the bilayerd graft was 

fabricated with a Fucoidan loaded intermediated layer. The . difference in release 

profile of the mono-layered and bi-layered SDVG also indicates that the release 

profile of Fucoidan could also be tailored to desired prolonged time duration by 

increasing the depth of the Fucoidan loaded layer away from the conduit axis. 

The study establishes the PEO/PCL bilayered vascular graft as a reservoir of 

Fucoidan and thereby gave an improved drug delivery in the later phase of graft 

implantation. The drug release profile showed two phase of drug release one being an 

initial burst ,phase accounting for release of 30% of the loaded Fucoidan. The initial 

burst phase is ascribed to the dissolution of loosely bound Fucoidan and degradation 

of hydrophilic PEO component in the intermediate layer. The latter sustained 

Fucoidan release phase is governed by gradual diffusion of the Fucoidan and slow 

degradation of PCL phase. The dimensional uniformity of the vascular graft is 

confirmed by examining the cross section at different lengths along the graft. The 

study of interface under SEM showed a good overlap of the intermediate layer with 

the first and the second layer of PEO/PCL nanofiber. On the whole, the PEO/PCL 

graft fabricated can be a potential solution for long term patency of SDVG with a 

controlled and extended drug delivery.A comprehensive study of mechanical 

compliance and SMC's compatibility with the Fucoidan loaded PEO/PCL blend can 

further bolster the application of the scaffold for fabricating SDVG. 
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