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ABSTRACT
FABRICATION OF SMALL DIAMETER VASCULAR GRAFT FROM

STACKED COLLAGEN FILMS

Sandeep Shah, M.S.

University of Texas at Arlington, 2012

Supervising Professor: Young-tae Kim

Collagen | have been widely used in the field of vascular tissue engineering. They are
characterized better for their interaction at the cellular level but are often limited as vascular graft
due to their weak mechanical strength and thrombic property. The crosslinking chemicals or
polymers support are used to overcome weak mechanical property. Crosslinking agents tend to
have cytotoxic effects while blend with synthetic polymers have mismatch or compliancy issues
inside the body. Here in this set of study, we used stacked collagen films and embedded drug
delivery system within the film to construct small tubular conduits to meet the mechanical
demands of a successful vascular graft and overcome thrombic nature of collagen material. Later
in the studies we also enforce elastin within the collagen film to shows its efficiency of our
fabrication design to tune mechanical property to desirable needs. At the end of studies,
fibronectin, heparin and aspirin drug have been blended with tubular construct to improve the

hemocompatiblity features. Here we report burst pressure of 4259+733 mmHg and suture
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retention strength of 293+13 gf of 15 layers collagen tubular construct. We also report
burst pressure of 3240+542 mmHg and suture retention strength of 368+40 gf of 10 layers
collagen-elastin tubular construct. The burst pressure of both 15 layers collagen and 10 layers
collagen-elastin tubular construct was higher than human saphenous veins (4259+733, 3240+542
vs. 1976+£419 mmHg) and matched closely with human artery (4259+733, 3240+542 vs.
3128+1551 mmHg). The collagen film supported cell adhesion, differentiation and proliferation
well. The collagen tubular construct was successfully coated with fibronectin showing more
endothelial cell growth. The toluidine blue staining showed presence of heparin molecules
throughout the layer of the tubular structure decreasing the chances of blood clot in vivo studies.
Finally aspirin drug was embedded within the tubular structure for local release at the site of
surgery to avoid platelet adhesion and reduced blood clot. The spectrophotometer analysis
showed the behavior of drug release profile over the period of 5 days. The tunable mechanical
property and fabrication method free of crosslinking agents makes this design very appealing for

the future of vascular tissue engineering of small diameter vascular grafts.
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CHAPTER 1

1. INTRODUCTION

1.1 Need for VVascular Tissue Engineering

Tissue engineering is a classical approach of using the principles of engineering and life
sciences towards the development of biological substitutes to restore, and maintain tissue
function [1]. Peripheral vascular disease represents a growing concern in United States and other
developing country [2]. According to the American Heart Association 3 million procedures are
performed in the United States each year. The larger diameter blood vessel has shown 10 years
compliance post implantation while diameter less than <5 mm has resulted in failure due to
thrombotic occlusion [3]. There is greater need for functional arterial graft, and success has only
been limited to larger vessels such as in case of aorta, arch vessels, iliac, and common femoral
arteries. However, in case of small diameter less than (<5mm), autologous or arterial vein graft
has only been successful. But the quantities and availability of such vessels is limited due to
acute thrombogenicity, anastomotic intimal hyperplasia, aneurysm formation and progression of
atherosclerotic disease [2,4]. Hence this problem has triggered the research in these areas to find
a suitable vascular graft, which can possess all the ideal characteristics of vascular graft. The

characteristics of ideal vascular graft are summarized in Table 1.1



Table 1.1 Characteristics of Ideal vascular graft [5]

High Biocompatibility | Compliant Easy Processing

Resistant to neointimal

Non-toxic, non-allergic i
Hyperplasia

Adequate Mechanical property

Flexible, elastic, without

Non-thrombogenic kinking

Readily available in all size

Resistant to Infection No malignancies Optional local drug delivery

The characteristics of ideal vascular graft can be summarized in four different categories:

a. Biocompatible: The biocompatibility of a material describes its effect on the living tissues or
cells when it comes in contact with them. The surface and molecular shape of the material should
facilitate the growth and differentiation of cells in to tissues. Its chemical composition should not
induce any foreign body response, which usually is the cause of failure of most graft in the body.
If the graft being used in acellular, it should form endothelium layer well within its inner
structure to avoid any thrombosis or aneurysm.

b. Compliant: The vascular graft should have adequate mechanical properties that can be
comparable to native blood vessels. The native artery and human saphenous vein have burst
pressure in the range of 3128+1551 mmHg and 1976+419 mmHg and suture retention strength
around 200+119 gf [6]. The native blood vessels should have sufficient viscoelastic properties so
that it can adapt to changing blood flow conditions at regular intervals [7]. The material should
be inert and resistance to abrasion. It should possess desirable tensile stress to bear the loading
cycles caused due to strenuous activity like exercise, moving and should not fatigue easily. It

should be resistant to kinking.



C.

Easy Processing: The material should have adequate physical and chemical properties for their
durability. It should have easy fabrication designing process and should not involve very
complex storage parameters and expensive materials. It should be easy to suture and be very cost
efficient. Any initial cell seeding should be avoided before implantation because cell seeding
can take longer time and also involves time consumption and more labor.

Optional importance: The polymer for vascular graft should have the advantages of special
surface modification to be used for other purpose in biomedical application like drug delivery,

protein adsorption studies, and many more.

1.2 Current Strateqgies for Designing Small Diameter VVascular graft

1.2.1 Synthetic Biodegradable Polymers:

To substitute the high demand and need for small diameter vascular graft, a lot of
research has been going in to designing vascular graft out of synthetic polymers that possesses
biodegradability, bioresorbability, and biocompatibility. Synthetic polymers like PCL, PLA,
PLGA and their copolymer have been widely used in vascular tissue engineering. These
polymers can be easily modified with certain functional groups to achieve desired biological
properties [8]. A graft constructed out of poly(ether)urethane-polydimethylsiloxane (PEtU-
PDMS) showed superior handling and compliance characteristic than commonly used standard
ePTFE graft in the industry [2]. Synthetic polymers have also served as transplantation device
along with delivering drugs over period of time. In a study done by Sheridian et al. porous PLG
matrix was loaded with VEGF growth factor and 90% of the bioactivity was also retained [9].

While synthetic polymers have shown great promising approach in constructing a successful
3



graft for small diameter blood vessels, they have some disadvantage, which need to be overcome

in the nearby future.

These synthetic polymers are often made with notion of incorporating cells or growth
factors before in vivo application. These polymers are synthesized in harsh conditions, which
don’t make them cell friendly in vivo. Sometime the rate of degradation is faster than rate of
formation of fully matured ECM protein in at the site of injury, which leads to biological failure
of the graft [10]. The compliance mismatch has been a major problem for widely used in
synthetic polymers like Dacron, and ePTFE based graft [11]. Some polymers have shown to get
dilated and cause aneurysm inside the body after few days of transplantation [11]. Lack of

mechanical stability even after reinforcing Dacron mesh has been seen frequently [4].

1.2.2 Decullarized matrices:

Decullarized tissue has been reinforced as substrate for replacing disease vascular tissues
[12-14]. Researchers usually remove all xenogeneic cellular components leaving behind a non-
antigenic ECM for cellular repopulation [14]. In this kind of procedure mechanical integration is
maintained by carefully extracting non-structural components. This has great advantage over
most methods used to design vascular graft because it by pass fabrication step to design vascular
graft and avoids all the complications that is needed to mold a conduit that closely resembles
native vessels in term of mechanical property. These scaffolds preserve all the anisotropic
mechanical behavior of native vessels [15]. They show property of anti-thrombogenicity,

durable, cell viability and most of all overcomes most disadvantages of synthetic polymers like



patency compliance, biodegradability, toxicity due to fixation of polymers, and insufficient

mechanical properties.

Despite decellularized matrices showing great promising approach in designing vascular
graft, it has certain disadvantages that have not made it popular in clinical trials. Extracellular
matrix turnover and their behavior in mechanical strength on long-term durability are poorly
understood [14]. The decellularized matrices are usually animal products and its use in human
cannot meet the structural similarity and may lead to certain complications and problems [14].
To overcome the mismatch compliance in tissue model, luminal seeding is done which can be
lengthy wait for patient and its efficiency trial will need to be performed before implantation

[16].

1.2.3 Natural Polymers:

Biologically derived polymers have been widely used in vascular tissue engineering.
Natural polymers like elastin, collagen, chitin, and silk have been used in designing small
diameter vascular graft [17]. These polymers are also used as hybrid scaffold often with
synthetic polymer to overcome the limitations of cell friendly substrate for the cell growth
[18,19]. Since these components are derivation of living body, these create excellent
environment for cell differentiation and growth, provide structural integrity to the healing tissues
and avoid any kind of immune rejection. These polymers also undergo chemical and physical
modifications to become more bioactive molecules for tissue engineering applications. Natural

polymers are completely biodegradable, biocompatible, mechanically strong, less expensive, and



easily available. Hence they are considered to be alternatives for synthetic polymers for small

diameter vascular grafts.

1.3 Family of Extracellular matrix

Extracellular matrix components (ECM): In the field of tissue engineering, scaffolds that
can allow cells to proliferate at continuous rate becomes very essential for its compliancy. The
growing cells from extracellular matrix and then replaces the scaffold with new vessels [20].
Researchers have realized the importance of formation of extracellular matrix at faster rate for
the success of designed graft in the clinical trial. Since cells ultimately forms extracellular
matrix, they growth is much more visible when one or more components of extracellular matrix
is used while building scaffold.

Fibrillar collagen is the load-bearing agent in the arterial walls. Elastin and associated
microfibrils provides artery and other tissues with resilience and passive recoil without energy
input [21]. Fibronectin helps in cell adhesion, growth, migration and differentiation.

ECM comprises of proteoglycans, heparin sulfate, Chondroitin sulfate, keratin, collagen,
elastin, fibronectin, and laminin. These components vary in their composition in the tissue. All
these components have been used solely or combined with other polymers in designing vascular
graft. ECM has multiple functions. Some of the main functions are providing biomechanical
properties of tissue in determining strength and shape, serving as biologically active scaffold for
cells to adhere or migrate, and also helping to regulate the phenotype of the cells. Researchers
have tried to imitate the ECM matrix while designing the scaffold. Collagen, elastin and PCL

construct was designed as hybrid ECM scaffolds and showed favorable mechanical and

6



biological mechanical properties [22]. The importance of cell cultured in ECM mimicking 3D
scaffolds has shown potential to grow and differentiate to express functionality [23]. Hence
several studies have been done to design artificial ECM for cell-adhesive substrate, obtaining

three dimensional tissue structure and specific mechanical signals [24].

1.4 Family of Collagen molecules

Collagen I is naturally occurring proteins and the most abundant proteins in mammals. It
is the main component of connective tissue and found abundantly in cornea, cartilage, bone,
blood vessels, and gut. It accounts for the structural integrity of blood vessels and contribute a
framework within the tissue functions [25, 26]. The collagenous spectrum ranges from Achilles
tendon to the cornea. They exist in various types and each type has its own important functions.

The various types of collagen and their primary functions are outlined in Table 1.2



Table 1.2 shows the collagen type, their chain composition and basic distribution through the

body [26].
Collagen Chain composition Tissue distribution
type
[ (a (1)) a2(1), trimer (a1(1))s Skin, tendon, bone, comea, dentin, fibrocartilage, large vessels, intestine,
uterus, dentin, dermis, tendon
Il (@(ll))s Hyaline cartilage, vitreous, nucleus pulposus, notochord
Il (1 (1) Large vessels, uterine wall, dermis, intestine, heart valve, gingiva (usually
coexists with type | except in bone, tendon, comea)
Y (@ (IV)).a2(IV) Basement membranes
Vv al(V)a2{V)(3(V) or Comea, placental membranes, bone, large vessels, hyaline cartilage,
(e (V))a2(V) or (al(V))s gingiva
Vi al(V)a2(V1)ad{V1) Descemet's membrane, skin, nucleus pulposus, heart muscle
Vil (@ (VIl))s Skin, placenta, lung, cartilage, comea
Vil al(VIIl) a2(VIIl) chain Produced by endothelial cells, Descemet's membrane
organization of helix unknown
IX al(1X)a2(1X)a3{1X) Cartilage
X (@ (X))5 Hypertrophic and mineralizing cartilage
Xl 1a2a3ay or ol (XI)a2(XI)a3(Xl) Cartilage, intervertebral disc, vitreous humour
Xl (e (XI1)) Chicken embryo tendon, bovine periodontal ligament
Xl Unknown Cetal skin, bone, intestinal mucosa

Since scaffold in this design is made out of collagen I, it is predominant in all the higher
animals. It is compound composed of three chains, two of which are identical and its also forms
trimer in its structure sometimes. Since all synthetic polymers are composed of different

chemistry which gives them different physical and chemical properties. The understanding of
8



their basic chemistry is crucial in understanding the effect on cells growth and its integrity with
body tissue.

Collagen type | is composed primary of amino acids. The arrangement of amino acids
occurs in coil fashion and this coil is also responsible for its structural strength and shape. The

basic coil arrangement of amino acids in collagen I is given below in Fig. 1.1

g6 A

& GLYCINE
& PREDOMIMANTLY IWIKD ACIDS

Fig. 1.1 below shows the three-dimensional arrangement of amino acid
throughout the single collagen molecule [25].

In each collagen molecule, every third residue is glycine. The triple helical structure
generates a symmetrical pattern of three left-handed helical chains with a pitch of approximately
86 A”. The distance between two amino acids is 2.91 A°. The uniqueness of this helical structure
is that it will not allow intrachain bonds to form and only allows interchain hydrogen bonds
formation. The strength of these collagen | molecule can be better understood when looked at
their intramolecular configurations rather than just looking at intermolecular patterns. X-ray

diffraction studies on collagen | molecule has shown the existence of supermolecular coiling that

9



shows microfibrils packing within every five collagen molecules [26, 27]. These basic events
lead to formation of procollagen molecule when then assemble together to form complete
collagen fiber [27]. The Fig. 1.2 below shows the assembly of microfibrils in to procollagen to

collagen fiber.

N —w

Formation of mcrofibrils

Lateral aggregation

5 vl D — — e | I
Coagen mece s

Collagen fiber

Fig. 1.2 shows the basic assembly of collagen | molecule. [26]
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1.5 Biodegradable Natural Polymer Collagen |

Collagen I is abundantly used in various fields like drug delivery, skin tissue engineering,
cartilage tissue engineering, bone tissue engineering and also in vascular tissue engineering [28-
31]. Owing to its biocompatibility, biodegradability and ease of synthesis has led to its extensive
research over many other polymers used in tissue engineering. Collagen I has been preferred
over commonly used Dacron grafts, polytetraflouroethylene (ePTFE) vascular prostheses in
small diameter vascular graft because those grafts function good in high flow conditions and low

resistance and these are not seen in smaller vessels (<3mm) [32].

Chin Wu et al. designed a vascular prosthesis made with pure collagen (2mm OD) with
endothelial cells and smooth muscles cells cultured on the inner layer showed no sign of
coagulation in vivo after 12 weeks, and excellent mechanical property of tensile modulus
1.49+0.19 MPa [32]. In another study conducted by Joseph et al. a hybrid Collagen I with cell
seeding on inner layer showed increase in mechanical property when compared with Collagen |
itself. In this case, burst pressure was found to be 650 mmHg over 10 mmHg [33]. Hence
collagen | has been used frequently in designing vascular graft because it ultimately overshadow
many disadvantages of synthetic polymer, few natural polymers by providing extracellular

matrix environment for cell differentiation and proliferation.

However, Collagen | is primarily used in conjunction with other polymers or supported
with cell seeding for the compliancy in small diameter vascular graft. Collagen | was blended
with synthetic polymers PLLA for designing small vascular graft in order to increase mechanical

and bioactive properties. Collagen is usually fixed with glutaraldehyde to increase strength,

11



which often increases risk of toxicity and calcification. Similarly collagen fiber was also used
with segmented polyurethanes to create a residual stress environment in native arteries but
synthetic polymer have compliancy problem of rigid behavior from polymer [34]. In general
collagen construct have shown in adequate mechanical properties to withstand hemodynamic
pressure and shear stress [33]. But knowing the nature of collagen molecule, its excellent ability
of allowing endothelial cells growth and its supercoiled structure, a vascular construct made from
purely collagen without any harmful crosslinking agent and capable of meeting the mechanical
features of native vessels would bring a new dimension to the field of vascular tissue

engineering.

1.6 Obijectives of the Research

1.6.1 Specific Aims

Collagen I is known to be the most abundant protein in all mammals. Its interaction with
the endothelial cell is well understood [35]. It is completely biodegradable and biocompatible.
Despite all these excellent features of collagen I molecule, it has been deprived of necessary
mechanical property to design small diameter blood vessels. The main objective of this research
was to use collagen | molecules to construct a small diameter blood vessels which can possess
adequate mechanical properties, be flexible to design various diameter with simple approach,

avoid any kind of chemical crosslinking and shows potential for drug delivery.

AIM |: Fabrication of Collagen construct and its characterization studies through

mechanical tests and cell viability.

12



AIM I1: Fabrication of vascular construct from combining collagen and elastin and its

characterization differences between collagen construct and collagen-elastin construct.

AIM 111: Improving the hemocompatibility of the collagen blood vessels.

Hence, the successful results obtained in all the experiments will pave a new dimension
in tissue engineering for designing vascular graft, will be able to establish a very noble approach

to fabricate scaffold in large quantities and at low prices.

1.6.2 Innovative aspects and outcomes of my research work

In this whole study, easy fabrication technique is introduced which is very efficient. The
use of natural polymers like collagen and elastin in pure form without any parts of synthetic
polymer is enough to construct various sizes of small vascular grafts. The fabrication technique
allows someone to tune mechanical property of the constructs. The collagen films are functional
in nature and can be easily modified on the surface for attachment of glycoproteins like
fibronectin, and heparin. The drugs can be embedded between the film layers for release at the

site of anastomosis.

Here we have obtained appropriate mechanical property of collagen and collagen-elastin
vascular construct (see Fig.2.3, Fig.2.4, Fig.3.2, and Fig.3.3). We have also shown the growth of
Human Umbilical Vein Endothelial Cells (HUVEC) on the surface of collagen film (see Fig.
2.4). The functionalization of collagen film with fibronectin, heparin and drug to improve the
hemocompatibility nature of collagen surface has been successfully achieved (see Fig. 4.1, Fig.
4.2, and Fig. 4.3). Hence the fabrication method used in this study has the potential to construct

mechanically strong biocompatible small diameter vascular grafts.
13



CHAPTER 2

FABRICATION OF PURE COLLAGEN

CONSTRUCT AND ITS CHARACTERIZATION STUDIES

2.1 Introduction

There are several methods of fabricating scaffold for small diameter vessels. Some of
those techniques include Electrospinning, freeze and dry methods to create porous collagen
scaffold, solvent casting, dip coating and few more. While all these techniques have shown
success in designing scaffold on other polymers in vascular tissue engineering, using collagen
has not found to be tremendous success [33]. The chemical nature of collagen is exposed to
deterioration from Electrospinning while other methods include crosslinking agents to create a
strong tubular shape out of collagen. Collagen is protein and its handling in harsh environment
can help denature its content. Collagen prepared as film, thin sheets or thin tube are mechanically
very weak and cannot be solely used to design a material that needs mechanical stability. Rather
it is enforced with certain synthetic polymers, and other natural polymers to create a tubular
structure of desired mechanical behavior. Moreover, it is difficult to precisely control the
material properties of the collagen based construct due to the lack of means to tune its properties.
Having a method to precisely control the properties of collagen would render it more useful as a

biomaterial and enable the creation of numerous collagen enabled tissue-engineered constructs

However from basic concept in which stacked objects of any sheet or film is able to gain
14



valuable mechanical strength if it is able to hold its stack effect when compared to its single
sheet or film. In this set of fabrication procedure, that very concept is used. Collagen film is
prepared through solvent casting method on Polydimethylsiloxane (PDMS) mold. The individual
films are then wrapped around the Teflon tube of desired diameter using water and air to create
bonding between collagen films avoiding any use of chemical crosslinking agent. Then
mechanical test is performed to evaluate their effectiveness in comparison with native artery and
veins. Following that cell viability is studied using Human Umbilical Vein Endothelial Cells
(HUVEC). The coating behavior of the film is also studied because collagen itself being a
favorable clotting agent will need coating to overcome the effect for in vivo study. Fibronectin,
another extracellular matrix was coated and its coating effect was done with the help of cell
study. In addition to it, heparin molecule was coated and toluidine blue staining was done to
evaluate the effectiveness of coating. All the results from above mentioned procedure have

shown positive impact of the fabrication approach in designing small vascular graft.

2.2 Materials and Methods

2.2.1 Materials

All the materials desired for the completion of this experiment was obtained from Sigma
Aldrich unless otherwise mentioned. All the materials were properly used as suggested and

disposed properly if needed.
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2.2.2 Fabrication of collagen film

The collagen film was made using PDMS mold which was designed as 1mm x 2.5 mm
and 100 micron depth. The collagen solution was prepared from rat-tail as process described
below. Briefly, the rate tails were used as source to obtain tendons and ultimately extract
collagen I. The tendons were then poured in cold 1XPBS buffer solution to remove any kind of
blood residues present to get maximum purity. Following to that, it was moved to cold acetone
for five minutes, which would make those tendons brittle in nature. Those brittle tendons were
then placed in cold 0.02 N acetic acid and allowed to mix over night or more if needed at 4° C
overnight to dissolve the collagen I in acetic acid solution. The pH was maintained low to control
viscosity of solution. The mixed solution was then transferred to wide petri dish with mixture of
crushed ice for 24 hours to keep collagen | protein in its active form. Finally the ice-collagen I

mixture cube were placed in bottle and lyophilize for 48-72 hours to obtained collagen I sponge.

This collagen | sponge was used to with dilute acetic acid (0.02N). The concentration of
solution was 6mg/ml in cold acetone. To make each film, 300 uL collagen solution was used to
fill the mold and placed in air station for several hours (3-4hrs) for drying purpose. After the air-
dry, the film was moved to UV light (about 25 min) for crosslinking purpose. With the help of
clean forceps, the film was carefully peeled of the mold and placed in 35mm beaker. The film
was placed under bio-safety cabinet for extra UV treatment for about 30 minutes to make cross-

linking stronger which is used later to designing scaffold.
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2.2.3 Stacking of collagen film and designing tubular shape

The individual collagen film once pilled is placed on the non-sterilized 1xPBS. The
Teflon rod is carefully placed on the one end of the film and rolled slowly to avoid any
crumbling or damage to film. The process is repeated with five films first, followed by 10 films
and 15 films separately. The rolled film is dried with air nitrogen before rolling another film on
the top of it. The rolled stacked films around the tube are then dried at room temperature over

night. The stacked films around Teflon mandrel are removed with the help of a pair of tweezers.

2.3 Mechanical Characterization

2.3.1 Burst Pressure

An easy setup is done to carry our burst pressure readings. In briefly, the collagen tube
(4.5 mm inner diameter) is connected to plastic diffuser at the both ends of the tube. The film is
firmly attached with the help of UV glue in order to avoid any air or liquid leakage. One end of
the tube is connected to the injection carrying solution and other end is connected to manometer
to record the pressure in unit mmHg. The whole tube is prefilled with milk of magnesia before
connecting to pressure gauge. An injection filled with magnesium hydroxide (milk of magnesia)
is allowed to inject solution continuously at constant rate until the scaffold bursts out. The
pressure readings are taken at the instant when the burst takes place. This pressure is recorded as
maximum pressure that the scaffold can withhold. The value observed is being compared with
burst pressure values obtained for human saphenous vein and human artery shown by Nicolas et

al [6].
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2.3.2 Suture Retention Test

The suture retention test was done with the help of measuring device named Instron
Mechanical Tensile machine. The suture material 6-0 prolene (thread length 45cm-60cm, needle
length 13-60mm) was used to connect the tube to mechanical tester device. One end of the
specimen (n=3) was fixed by stage clamp while the other end of the specimen was connected to
another clamp by the prolene thread. The measurement was performed using 10 Newton
maximum load cell. The tensile force was applied until the grafts were completely torn off and
the maximum force was recorded in units’ gram force (gf). The values of suture retention
strength obtained were compared with suture retention values of human saphenous vein and

human artery shown by Nicolas et al [6].

2.3.3 Effect of stacks

In order to measure the effect of stack collagen films, the thickness of the film made out
of 100 um depth PDMS mold was measured. The thickness of the film was measured with the
help of KLA-Tencor Alpha-Step 1Q Profilometer (400 micron vertical range, 10 mm max. scan
length, sun-angstrom electronic bit-wise vertical resolution) at the UTA Nano fab center. The
thickness of individual single film (n=3) was measured followed by thickness of two stacked

films (n=3) and thickness of three stacked films (n=3).
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2.4 In Vitro cell adhesion study

2.4.1 Endothelial cell growth on films

To measure the adhesive and proliferative ability of collagen film; Human Umbilical Vein
Endothelial Cells (HUVEC) was used. HUVEC was cultured in 25 ml polystyrene flask in with
10% FBS medium, 1ml LSGS, antibiotic gentamycin (25uL). The cells were cultured for one-

week period. The cultured cells were then placed in Petri dish containing collagen film.

A well plate was taken in which three wells were used to place collagen film. Before the
films were placed inside well plate, the individual collagen films were attached on the 25x25
cover glass with the help of DI water and air nitrogen. The attached glass-film was slowly placed
inside well plate and covered with PBS for overnight. After 24 hours, the PBS was replaced with
HUVEC culture medium for few hours. After few hours, equal amount of cells was placed in
three wells and placed inside the incubator for their attachment and growth. The cells were
allowed to culture for a week period. During the period medium were changed every 48 hours to

keep cell healthy and avoid any contaminations.

2.4.1.1Immunostaining for endothelial cells:

After a week period, the endothelial cells were fixed with 4% formaldehyde and immuno
staining was performed to perform quantitative and qualitative analysis of endothelial cells.
Briefly, the fixed sample was covered with primary solution. The primary solution was made 4%
goat serum in 1X Triton solution. It was then followed by treatment with secondary solution,

which comprises of antibody to endothelial marker. The cells were stained for Von Willebrand
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Factor (VWEF) glycoprotein because it acts as a marker for endothelial cells. DAPI staining was

also performed to stain nucleus.

2.4.2 Endothelial cell migration

A device was made out with the help of PDMS and 35 ml Petri dish to carry out cell
migration movement. Initially, two circular PDMS mold was taken that could be easily placed
inside Petri dish. The small circular hole was made on the PDMS using 6 mm biopsy punch to fit
film easily inside its circular circumference easily. The collagen film was attached on the glass
fitted within the circular circumference. The PDMS with circular hole was placed on the top of
film with circular center on the top of film directly without touching any part with PDMS mold.
The next PDMS mold was cut accordingly in circular shape to fit around the first mold with

slight gap in between for initial cell seeding and culture placement.

Endothelial Cell

Collagen Film

Basic PDMS Meld

Fig. 2.1 below shows the schematic diagram for endothelial cell migration study.
Endothelial cells are seeded around the outer circular area and were allowed to migrate to
the surface of the films to grow and adhere. The device was placed inside the incubator (37°
C, 5% CO,) and cell growth observed on the film at day 1, day 3 and day 16.
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After the design of device, the HUVEC medium is placed for several hours before initial seeding
of cells in the narrow gap between two molds. The cells were then allowed to attach on the
petridis. The image was taken to see if those cells were firmly attached on the gap region. Now,
the first PDMS mold surrounding film was slightly taken out and allows few days to migrate
HUVEC cells on the film. The images were then taken after 1,3 and 16 days to see the migration

and further quantification analysis.

2.5 Results and Discussions

2.5.1 Fabrication of collagen film and collagen tube

The characterization of collagen film was done after the collagen solutions were dried on
mold. The film was carefully seen to not have any signs of tear or damage before and after
peeling from the mold. All the incorrectly dried films were discarded away. The films obtained
were very thin and fragile in nature. The shape of the film obtained after solvent casting on

PDMS mold is shown in Fig. 2.2.

21



Fig. 2.2 Fabrication of collagen film.a) below shows the dried collagen film on PDMS mold after
solvent casting for several hours, and b) shows the peeled film.

Form the above Fig. 2.2 it can be clearly seen that film is nice, dried and has taken the
pattern shape. In order to evaluate the strength its thickness was measured with help of surface
profilometry. Surface profilometry of film showed thickness of 1.64+ 0.32 um. With this low
thickness, constructing a tubular diameter almost doesn’t seem convincible but these films
thickness can be added up to increase strength. There is relationship between the concentration
of collagen solution and thickness of film obtained. The higher the concentration of collagen

solution the thicker the film is obtained. In a study conducted Brandon et al. 0.636%
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concentration of type | bovine collagen fibrils from 4ml and 6ml produced a transparent and

thicker film [36].

While the collagen film have been made previously for skin tissue engineering [36].
Collagen have also been mixed with other substances like hydroxyapatite (HA) and hyaluronic
acid to make films for coating on titanium based scaffold in bone tissue engineering, and as
surgical adhesive respectively. Similarly our methods allow to control the transparency and
thickness of the film. Because of this ease modification, this method can be exploited to obtain
various size and shape of films for application in cornea tissue engineering, blood oxygenator

membrane, and soft tissue engineering like cartilage.

These films rolled on various diameter Teflon mandrel gave very specific inner diameter
(ID) tube and these tube are shown in Fig. 2.3. The ease of modification that allows making
different diameter blood vessels gives the medical industry flexibility of preparing large
quantities with fewer expenses. Of the shelf can be easily made available. These tubes don’t
possess any kind of mechanical damage while being fabricated. The advantages of this
fabrication allow catering to all kind of cardiovascular diseases that is related to damage in

arteries or veins.
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Fig. 2.3 Variable diameter construct prepared through this fabrication approach. Sizes are 1.5
mm; 3 mm, 4.85 mm and 6mm tube respectively when seen from left to right.

2.5.2 Effect of Stacked Collagen films

After collecting all the good films, these films were attached on a glass for thickness
measurement. The films were attached to clean cover glass with the help of DI water and dried
with air Nitrogen. The thickness of the collagen film was determined using surface
profilometery. We determined the thickness of a single film and also went and measure the
thickness of two and three stacked collagen films to see how our scaffold designing will improve
the mechanical property of tissue graft. The thickness of one film was 1.64um while thicknesses
of two and three stacked films were 3.7 um and 5.4 um respectively. After the measurements, it
could be clearly seen that the effect of stack would increase the thickness progressively. This

trend makes it very clear that stacking collagen films will give ultimate thickness desired and
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will significantly improve mechanical property of the vascular graft designed. The Table 2.1
below shows the thickness profile of our stacked films.
Table 2.1 The thickness profile of the collagen films individually and when stacked too. The

thickness was measured for 1 layer film, 2 layer films, and 3 layers film respectively. Each
sample was measured three times to get better average and standard deviation.

Sample No. 100 um depth mold

Dimensions 1 layer 2 layer 3 layer
1 1.52 3.78 6.18

2 2.01 3.79 4.76

3 1.39 3.55 5.26
Average 1.64 3.71 5.40
Standard dev. 0.33 0.14 0.72

Our stacking design could ultimately help prepared vascular graft of different diameter.
The different tube sizes can be clearly seen below in Fig. 2.0. The number of collagen film was
reduced when making smaller diameter tube because we use the number of revolution that was
required to reach the thickness of 5mm tube when preparing smaller tube like 3mm or 2mm.
These stack method enabled us to prepared tube as small as 0.7mm for our animal study design if
needed for in vivo characterization. Until now, this stacked behavior of collagen has not been

performed elsewhere. This stacked collagen gives us the idea how building tubular shape with
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various number of collagen films will behave different during mechanical testing of suture

retention and burst pressure measurements.

2.5.3 Mechanical Characterization

2.5.3.1 Suture Retention

Suture retention test is particularly important when designing vascular graft that has
potential for human use. To investigate the strength our suture retention strength, the values were
compared with normal human artery and human saphenous vein values that were obtained from
the study conducted by Nicolas et al. [6]. The value obtained for 10 layers matched closely to
human artery value (216+11.3 vs. 200£119). The value obtained for 15 layers exceeded the
human artery value (293+9.2 vs. 200+119). Suture strength is very important because it holds the
two tissues together after anastomosis. The scaffold should be able to withstand the force that is
created by suture material over the course of time in holding two tissues together. While we did
not want our suture design be able to hold only maximum suture retention of native human artery
or vein because failure can happen within few days of surgery from stress and strain caused due
to blood flow and animal movement. So we made scaffold design that could have significantly

higher value that native artery and vein.

From the Fig. 2.4 below, it can be seen that 10-layer tube has suture retention value
comparable to human artery and vein but our 15-layer tube has significantly higher strength. The
suture retention values are significantly different in case of 5, 10 and 15 layers respectively. The
suture retention values in case of 5 and 10 layers were significant (84+11.8 vs. 216+11.3 gf,

P=0.004<0.05) and it was also significant in case of 10 and 15 layers (216+11.3 vs. 293+9.2 ¢f,
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P=0.02<0.05) respectively. These tube could be a better fit for long term in vivo study

design gives flexibility to researcher to increase suture strength to their desired value.

. This

350
300
250

force (gf)
[
o
o

Ul
o

100

Ul
oS O

Suture Retention Test

*

I

S5layer 10layer 15layer human
artery

human
vein

Human artery and
human saphenous
vein value taken

collagen layer vs human
artery, vein

Fig. 2.4 Average suture retention test readings for three different layers of collagen film. It is
compared with all the possible values of human saphenous vein and human artery taken from
Nicolas et al [6]. Values were recorded in gram force (gf). * Corresponds to P<0.005 for
comparison between 5 and 10 layers, and 10 and 15 layers too.

The importance of stability is suture retention strength in compliancy of vascular graft is

very important. Recently all the polymers used in designing vascular graft have met the

minimum requirement of suture retention values. In case of tissue engineered graft (4.5 mm)

obtained from culturing human fibroblast showed suture retention values of 162+15 gf [6]. In

another study to create vascular graft from sheet of fibroblast showed maximum suture retention

values of 359 gf [37]. Chiara et al. calculated the suture retention value of their collagen tubular

construct by wrapping collagen | sheet around cylindrical support between 116-151 gf, which is

still lower than native artery and veins [38]. In above studies, cell sheets were used to reinforce

mechanical property or simply pure collage | construct was used. While cell sheets did show
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required mechanical properties for suture retention values, it is still not ideal case to prepare a
graft in case of surgery. Here our design has potential to meet characteristics and replace of all
type of possible polymer used to obtain significant suture retention strength. Our design does not
incorporate any cell or mechanical support with other polymer but still can achieve all the

desired values.

2.5.3.2 Burst Pressure

The burst pressure obtained for each of three 5, 10 and 15 layer tubular construct was
significantly different from each other (5 layers vs. 10 layers, P=0.00002< 0.05, and 10 layers vs.
15 layers, P=0.0003 <0.05). The values obtained for 5, 10 and 15 layers were 474+111,
1804+801, and 4259+733 mmHg respectively. There was direct co-relation between pressure
values with number of layers used to obtain construct. The increased layer numbers showed
more burst pressure readings. Reinforced bonding due to thickness of the compile film on top of
each other can be the main contribution for such values recorded. The burst pressure for 15

layers was greater than human artery but was not significant (4259+733 vs. 3128+1551 mmHg).
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Fig. 2.5 Average burst pressure readings for three different layers of collagen film. It is
compared with both human artery and saphenous vein values. Values were recorded in mmHg.
* Corresponds to P<0.005 for comparison between 5 and 10 layers, and 10 and 15 layers too.

Burst pressure measurement is key parameter for all type of vessels suitability for
implantation. Several groups have reported bust pressure for TEBVs greater than 2000 mmHg
[37]. Chiara et al. reported burst pressure measurements in their tubular dense collagen construct
around 1225-1574 mmHg [38]. Similarly Joseph et al. showed significantly low burst pressure of
650 mmHg on its cell seeded collagen hybrid construct [33]. While burst pressure is just not
dependence on thickness of the tubular construct but also dependent upon the diameter of the
construct [37]. Smaller diameter with same thickness of larger vessels will tend to show double
the value of burst pressure recorded for same vessels. In this study, the burst pressure

measurement was taken for 4.5 mm diameter tube for all three types of specimens.

All the higher burst pressure reported from many studies have either used synthetic

polymers or use chemical crosslinking with natural soft polymer to increase burst pressure
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values. The toxicity of chemical crosslinking agent has well been reported and incompliancy of
synthetic polymers well understood despite strong burst pressure values. With all these
implications, our design has great advantages over such scaffold in small diameter vascular

grafts.

2.6 In Vitro cell adhesion study

2.6.1 HUVEC cells for evaluating the efficiency of Collagen film

In order to see effect of cell adhesion and differentiation on collagen I surface, HUVEC
cells were seeded. Immunostaining was done to see the quantitative analysis. Cells were stained
for endothelial marker vVWF and nucleus with DAPI staining. The images were taken with the

help of fluorescence microscope.

The Figure 2.6 below clearly shows the cells attaching and growing on the surface of
collagen film. Researchers have already shown the growth of endothelial cells on the collagen

surface in previous studies [39, 40].
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Fig. 2.6. Growth of endothelial cells on collagen film. Blue stained shows nucleus staining
with DAPI and red staining shows endothelial marker VWF

Here collagen film shows very cell friendly substrate for endothelial cell growth and
indicates that upon implantation in vivo show help the faster population of endothelial cells to

avoid blood clot.

2.6.2 HUVEC migration towards collagen film

In order to evaluate the efficiency of collagen I scaffold, artificial cell migration device
was built which would allow cell to migrate after culture to grow and proliferate. The Fig. 2.7
below shows the different images taken at different period of times to see the migration of

endothelial cells to the surface of the film attached on the glass plate.
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HUVEC cells |

HUVEC cells

Fig. 2.7 Migration of endothelial cells towards Fig. 2.7 b. Cell migrated on the film after three
collagen film a. Cell around the film just before days of initial seeding. It is about two-third
the barrier was peeled off to allow cell to migrate covered with HUVEC cells.

HUVEC cells

Figure 2.7 c. HUVEC cells fully occupied the surface of collagen film after 16 days of initial
seeding.

As it can be clearly seen that there were no endothelial cells on the first day of cell

culture but after 72 hours following cell culture, significant migration of cells were seen on the
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surface of film. The image was also taken after 16 days and the film was fully covered with the

HUVEC cells showing that collagen is good substrate for cell attachment.

The importance of cell migration is very important especially when considering the fact
that scaffolds being used in vivo is acellular. The cells from the neighboring artery or vein where
the graft is used should be able to attach and proliferate on the graft material at faster rate to
avoid the rejection of graft due to blood clot, a common problem for collagen based vascular
graft. Here we have shown that our scaffold is capable of allowing cells to adhere, proliferate and

grow at faster rate.

2.7 Conclusion

In this set of studies, collagen scaffold have been fabricated and design for various small
diameter size allowing the researcher to manufacture any size regarding the use for clinical trials.
There has been no additional use of crosslinkers or fixatives to enhance the strength of stacked
collagen films. The mechanical characterization of the scaffold has shown outstanding burst
pressure of 4000 mmHg and suture retention values 350 gf approximately to exceed 2 times the
value of normal artery and veins. The effect of stack has summarized the importance of
fabrication method and how stacking procedure can be tuned to match desired mechanical
properties of small diameter vascular conduits. The in vitro cell study has proved the collagen as
substrate for endothelial cells attachment and also allows moving endothelial cells to adhere,

proliferate and grow collectively.
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CHAPTER 3

COLLAGEN AND ELASTIN

3.1 Introduction to Elastin

Elastin belongs to the family of extracellular matrix protein. Elastin is an extremely
durable polymer. It is well known to provide elasticity in tissue and organs. In case of vascular
tissue engineering, elastin is of major importance because blood vessels relax and stretch more
than a billion times in a life span [41, 42]. Elastin is biocompatible, biodegradable, and non-
immunogenic. The strength of elastin fibres has made it popular with its application in vascular
tissue engineering. Elastin fibres are rope like structures present in the media of elastic arteries
and veins. Elastin is composed of two elements: amorphous elastin and microfibrils, which are
10-12 nm in diameter [41]. With increasing importance of the elastin biomaterial property,
elastin like polypeptides is being synthesized to tune the properties of vascular constructs and

other tissue engineering applications as well [43].

In order to recapitulate the biochemical and biomechanical features of native ECM
incorporation of elastin and collagen with various polymers for different tissue engineering
applications has already been reported [44, 22]. The Young Modulus of elastic fibres have been
reported around 300-600kPa whereas for collagen is 10° Pa. This is indication that elastic fibres
can undergo billions of cycles of extension and recoil without mechanical failure [42]. The use of

elastin and collagen has already been previously studied. Jefferey M et al. used microfibers of
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elastin like protein with synthetic collagen and obtained greater compliance, burst pressure of
1483+143mm Hg and suture retention of 173+4 gf [6]. Steven G Wise et al. incorporate
tropoelastin on to synthetic elastin/polycaprolactone conduit mimic human internal mammary
artery (IMA) mechanical properties and found out that it responded elastically at low pressures
and produce burst pressure equivalent to IMA [46]. Elastin is not only used for enforcing
mechanical property but improving cellular interaction to increase compliancy. In another study
conducted by M.J.W. Koens et al. they used elastin and collagen for triple layered vascular grafts
to mimic native vessels with elastin as inner layer to reduce platelet aggregation and increase

elastic features [47].

In this set of studies, soluble form of elastin obtained from bovine neck ligament is mixed
with collagen | to see the changes in mechanical properties. A set of similar mechanical test done
for collagen only construct was repeated with new collagen-elastin vascular conduit to
characterize the significance of elastin fibres within collage fibres and whether our method of

fabrication will allow doing it.

3.2 Materials and Methods

3.2.1 Materials

Soluble form of Elastin and all the materials was bought from Sigma Aldrich unless
otherwise specified. Collagen soluble form was extracted from rat-tails in the lab and also briefly

explained in fabrications method for collagen film.
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3.2.2 Fabrication of Collagen-Elastin Film

The process was very similarly done when compared to preparing individual collagen
film itself. The ratio of collagen-elastin ratio made was 1:9 because this ratio has shown
significant improvement in terms of mechanical property when compared to different ratio [48].
Elastin powder and collagen sponge was dissolved in cold 0.02 N Acetic Acid in specified ratio
above. The solution was allowed to mix overnight in 4° C with the help of magnetic stir bar.
After the solution was prepared, 300 uL of the solution was casted on PDMS. The casted film
was air dried at room temperature for several hours before they are peeled off. The dried film
was then placed under UV light of for 30 min. The film was slowly then removed for further

processing and design of tube for blood vessels.
3.2.3 Preparation of Collagen-Elastin Tube

The film fabricated from the previous method was then placed under UV for additional
30 minutes. The film was then taken out and individual film was suspended in 1XPBS liquid
minimizing any kind of folding on the film. The films were then rolled around 4.5mm Teflon
rods. Three types of construct of same diameter were prepared by this method. First construct

was prepared by rolling 5 films, followed by 10 films and last one from 15 films separately.

3.3 Mechanical Characterization

3.3.1 Suture Retention test

All three tubes tested for their suture strength. The suture material was 6.0-inch prolene

suture material. The suture thread was then inserted on each side of the tube. The suture thread
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was tied at one end of the specimen and the other end of the thread was connected to head on the
mechanical device. The device was allowed to extend which would then measure the tensile
force acting on the suture materials while it tears the film at its peak stress value. This value is

then recorded as suture retention strength of the tube.

3.3.2 Burst Pressure

The maximum burst pressure was recorded with the help of manometer. The maximum
pressure that could be recorded by the manometer was 200 psi. The collagen-elastin tube was
connected to two plastic tubes that would act as flow medium for viscous fluid. The fluid used in
this study was milk of magnesia because of its relative viscosity, which is slightly higher than
1XPBS and close to the human blood plasma. One side of the tube is connected to the
manometer and other end to the syringe. The fluid is then allowed to flow until the film tears

apart and the maximum burst pressure was recorded.

3.5 Results and Discussion

3.5.1 Fabrication of Collagen-Elastin film and tube

Collagen-Elastin film was firm and thick enough to be peeled out of PDMS mold
without causing any mechanical damage to the film. The collagen-elastin film was less
transparent and slightly soft after the fabrication process. The dimensions of the collagen-elastin
film were 2.5 mm x 1mm. The image of the film can be seen below in Fig. 3.1. The thickness of
the film was not measured because the effect of stack was obvious from previous study of
collagen film itself. Similar behavior was predicted from this film and hence it was avoided. The

individual tube obtained from 5 layers, 10 layers and 15 layers of collagen-elastin tube has
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different amount of stiffness, thickness and roughness. It was very obvious from through feel on
the hand and it was supported when mechanical test were completed. These same diameter tube
but different layer was designed to achieve different mechanical properties to be compatible with
the dynamic stress produced within the body during physical and mechanical workout. There
was no induction of any chemical agents for the crosslinking or fixation of each layer with other
at any instant. Air-dried and hydrophobic interaction between collagen-elastin films was enough
to create stronger binding forces between the films. These films when dried over night creates
strong enough bond that it does not fall apart when the tube is placed inside the DI water or PBS
solution itself. The tube does not swell at higher rate indicating that their pores are
interconnected with less penetration of water molecule and ultimately increasing the degradation

time of the collagen tube.

Fig. 3.1 Fabrication of elastin film. The film can be seen with some roughness and smoother
surface when compared to collagen film in the Fig. 2.2.
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The degradation rate however was not calculated in this study because its degradation is
well known mechanism as it been studies by many researchers [49]. The degradation rate of
collagen I is not major issues with collagen vascular graft and its degradation rate is very specific
with type of collagen it is but not collagenase present in the body [50]. The rate of synthesis of
collagen in heart tissue is about 5.2 % per day and its degradation rate is 52 %, which leaves half
of new collagen formed, and this accumulation of collagen helps in quick replacement of
vascular graft in vivo [51]. Similar collagen-elastin film has been prepared previously by
Skopinska et al. Collagen-elastin film prepared was found to be around 0.015-0.030 mm thick.
The average roughness of the collagen-elastin film was increased compared to collagen film. The
polarity component of the collagen-elastin film is also increased when compared to collagen
itself [52]. Collagen film itself is a hydrophobic material and when blended with elastin

decreases its hydrophobic character.

3.5.2 Mechanical Characterization

3.5.2.1Suture retention test

The peak forces were calculated from this study. The forces value was recorded in units’
gram force. The Fig. 3.2 below shows the value of suture retention strength for each 5, 10 and 15
layer tube. The values for 5, 10, and 15 were 80+18.6, 197+£21.9, and 368+40 gf respectively.
There were significant differences in the suture retention ability between 15 layers tube
constructed when compared with collagen 15 layers tube (368+40 vs. 29313, P=0.012).
However there was no significant difference for the 5 layers and 10 layers tube (80+£18.6 vs.

84+111.8, 1974£21.9 vs. 216+11.3). While these values are significantly greater than the normal
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blood vessels level, these tubes can be suited to the replacement of natural blood arteries without
any issue of suture breakdown after implantation. Form the value of native human artery suture
retention strength obtained from Nicolas et al [6], it can be clearly seen that tube with 10 layer
matches closely to human artery and veins (216+11.3 vs. 200£119). The suture retention test is
very important for study of compliance of blood vessels. The thickness of suture material and the
number of suture materials can have significant impact on the compliance of the tissue-
engineered blood vessels [53, 37]. Hence Suture retention strength represents the compliance

behavior.

Suture Retention for Collagen and
Collagen-Elastin bound scaffold

[y

£

3

é 400 ~ .

S 350 -

E 300 - I

o

;’3 250 -

o 200 - I .

(=]

:6 150 - collagen
Z 100 - B collagen:elastin(9:1)
=0 : :

5layer 10 layer 15 layer
Type of scaffold and its composition

Fig. 3.2 Suture retention strength of collagen-elastin tube and collagen tube itself. The asterisk
sign (*) shows the significant difference in the suture retention values between collagen and
collagen-elastin 15 layers tube. The * sign indicates p<0.05.
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This might have shown indication that elastin fibers alignment within collagen fibrils
increases its elastic tensile property and hence increasing its stretching capability which

ultimately increases the suture retention values.

The suture retention strength and burst pressure of collagen-elastin scaffold was reported
around 1734 gf and 1483+143 mmHg respectively [45]. Here in this study, suture retention has
clearly been more than shown previously and shows the potential to replace current vascular

graft material.

3.5.2.2 Burst Pressure

The burst pressure is great characterization test for small diameter blood vessels prior to
implantation. Many materials have shown pressure recorded up to 6000 mmHg but the elastin-
collagen brings adequate flexibility and elastic property to support tissue information. The
average burst pressure recorded in the 10-layer tube was 4500 mmHg. The burst pressure of the
15-layer tube was not recorded because the device could only read pressure up to 200 psi, which
is 5100 mmHg. The 15-layer tube was expected to have burst pressure greater than 5100 mmHg
because of its elasticity created due to presence of elastin protein. Burst pressure is directly
dependent upon the thickness of the film and the diameter of the tube. If the two tubes are of
same thickness but different in diameter, then according to Laplace law the tube with small
diameter will show higher burst pressure [54]. Sheet based tissue engineered blood vessels
(TEBV) has burst pressure about 435 mmHg. However other people have used ringlet or strip

tensile testing to replace burst pressure but this test has shown to overestimate burst pressure by
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more than 50% which is not suitable for determining the actual property of the engineered tube

[55, 47].

Many of the researchers have performed the burst pressure under dynamic mechanical
conditioning [56]. However in our case it was done in static condition but it is assumed that it
would be able to maintain minimum burst pressure conditions if it was done under dynamic

conditions.

Burst Pressure at 5 flims and 10 films

4000 -
60 3500 -
3000 -
2500 -

2000 - 5 layer
10 layer

collagen collagen-elastin

Fig.3.3. Pressure comparison of collagen and collagen-elastin tube at 5 and 10 layers
respectively. The asterisk sign (*) shows the significant difference between collagen and
collagen-elastin conduits. T-test distribution showed value of p <0.05 for both 5 and 10 layers
comparison of burst pressure values.

The burst pressure recorded for 5 layers and 10 layers were 956174 and 3240+543
mmHg respectively. The burst pressure was very significant in case of comparison of 5 and 10
layers tube with collage tube (956+174 vs. 474111 mmHg, P= 0.02, 3240+£543vs. 1804+801

mmHg, P=0.01) indicating the effect of elastin fibers within the collagen assembly. Burst
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pressure was seen to elevate by 400 mmHg when elastin was enforced with collagen to design
small vascular graft [47]. Burst pressure is very critical measure for vascular graft. However the
blood pressure usually doesn’t go beyond 240 mmHg in native arteries but it is constant cyclic
fatigue that tells the strength of the blood vessels. So the maximum burst pressure of native
artery has to be matched in good amount with artificial conduit for longer compliancy. In this
case, the vascular conduit out of collage-elastin has been able to achieve on top of their elastic

features as well.

3.6 Conclusions

In this set of studies, soluble form of elastin obtained from bovine neck ligament was
used with collagen in 1:9 ratios by weight to fabricate new collagen-elastin film for designing
vascular conduit. The roughness and textures of the film was slightly different when compared to
collagen film. However, no SEM images were taken but this type of similar study of collagen-
elastin in different ration has been done previously. The mechanical characterization showed
significant increase in burst pressure values in terms of 5 and 10 layers compared to collagen 5
and 10 layers only. The suture retention strength was found to be significant in case of 15 layers
tube compared to collagen 15 layers tube. Both studies showed the importance of mixing elastin
in the collagen to increase elastic and mechanical property while closely mimicking the
extracellular matrix. In the end, it gives the fabrication design used in the study can be combined

easily with certain proteins or polymers to design small vascular grafts.
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CHAPTER 4

IMPROVING THE HEMOCOMPATIBILITY OF THE COLLAGEN BLOOD VESSELS

4.1 Introduction

Collagen is known to respond very positively to blood clot formation. It is a good clotting
agent. It initiates activation and adhesion of platelets [57,58]. Despite collagen is extracellular
matrix; preventing blood clotting at the time of graft is essential for the compliance. The use of
collagen as biomaterial for drug delivery has been already in progress [15]. In this set of studies,
various methods are being used to show how the hemocompatibility of the collagen-based
conduit can be improved. The idea was not to limit the potential of collagen based small
diameter vascular graft in clinical industries. However there are several methods that can be done
to improve the hemocompatability like seeding of endothelial cells, coating various types of
antithrombic agents, and using various types of drugs to prevent blood clot. Here three different
types of coating or methods will be discussed to decrease blood clotting in the animal or clinical
trial in the future. Firstly, fibronectin will be coated on the collagen film and its potential will be
discussed through endothelial cells seeding. Secondly, heparin will be immobilized on the
surface of collagen tube and its efficiency will be evaluated through toluidine blue staining.
Lastly, aspirin, antithrombic drug, will be embedded in two types of collagen construct to see the

drug release behavior and its efficiency will be evaluated using absorption spectroscopy.
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4.2 Materials and Methods

4.2.1 Materials

Fibronectin, heparin salt, toluidine blue and aspirin (acetylsalicylic acid) were purchased

from Sigma Aldrich.

4.2.2 Fabrication of fibronectin coated collagen film

The coating of collagen film was done with fibronectin to see if the collagen film would
support coating of fibronectin and it was tested with the help of culturing endothelial cells on it.
In order to prepare collagen coated with fibronectin, about 200 uL solution of fibronectin was
spread out on the already dried collagen film on PDMS mold. The mold then was placed inside
the incubator (maintained at 37 C) over night to provide fibronectin enough time to bond well
with collagen crosslinking. After 24 hours the dried fibronectin on collagen film is peeled

carefully with similar approach done to take collagen film out of the PDMS mold.

4.2.3 Endothelial Cells growth on film:

To measure the adhesive and proliferative ability of collagen film and fibronectin coated
collagen film; Human Umbilical Vein Endothelial Cells (HUVEC) was used. HUVEC was
cultured in 25 ml polystyrene flask in with 10% FBS medium, 1ml LSGS, antibiotic gentamycin
(25uL). The cells were cultured for one-week period. The cultured cells were then placed in Petri

dish containing collagen film and fibronectin coated collagen film.

A well plate was taken in which three wells were used to place collagen film and the

other three contained fibronectin coated collagen film. Before the film were placed inside well
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plate, the individual collagen film and fibronectin coated collagen film were attached on the
25x25 cover glass with the help of DI water and air nitrogen. The attached glass-film was slowly
placed inside well plate and covered with PBS for overnight. After 24 hours, the PBS was
replaced with HUVEC culture medium for few hours. After few hours, equal amount of cells
was placed in six wells and placed inside the incubator for their attachment and growth. The cells
were allowed to culture for a week period. During the period medium were changed every 48

hours to keep cell healthy and avoid any contaminations.

4.2.4 Immobilization of Heparin on collagen tube

All the materials were brought from sigma Aldrich. The heparin immobilization on the
surface of the scaffold was done in similar way done by Bastian Sebum [59]. Briefly these films
were crosslinked using N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS). Heparin was activated with the help of MES Buffer solution.
The scaffolds were first incubated in 2-morpholinoethane sulfonic acid (MES) buffer (0.05 M,
pH 5.5) for 30 min at room temperature. The samples were then transferred to the crosslinking
solution containing 2.3 g EDC and 0.56 g NHS in 215 ml MES-buffer per gm. of collagen (molar
ratio of EDC/NHS = 2.5). After 2 h incubation under gentle shaking, the films were placed in a
0.1M Na2HPO4 solution for 2 h to stop the reaction and then rinsed with demineralized water

for three times and the scaffold was kept for dry overnight.

4.2.5 Toluidine Blue Staining

Toluidine stock solution was prepared from using 1g of toluidine blue in 100 ml of 70%

alcohol along with 0.5g sodium chloride and distilled water. The stained solution was then used
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to cover the entire non-coated collage scaffold (control) and heparin coated collagen tube. After
allowing staining for 5 minutes, the solution was discarded and the tubes were washed with DI
water. Images were then taken for further analysis on the binding affinity of heparin molecule on

collagen surface.

4.2.6 Loading of Drugs

Aspirin was used a drug agent to be embedded within the collagen tube. 5 mg/ml of
aspirin solution in DI water was made. Single collagen film was wrapped around 2 mm Teflon
tube. The wrapped film was then dipped inside the solution for about 7 min before it was pulled
out. After then another film was wrapped around the tube and it was dried over night. Following
the procedure, similar step was done but in this case no film was wrapped around after the dip

was recovered.

4.3 Results and Discussion

4.3.1 Collagen coated with Fibronectin

In order to evaluate the efficiency of fibronectin coated collagen film, human umbilical
vein endothelial cells (HUVEC) were cultured to see the adhesive and proliferative ability.
Collagen uncoated film was taken as control parameter to observe the differences with collagen-
fibronectin coated film. Immunostaining was performed to mark the endothelial cells for
quantification analysis. The images were taken with the help of Zeiss Microscope and used for
analysis purpose. Images of the whole film were then analyzed for the amount of cell present
with the help of Image J software. The Fig. 4.1 below shows the differences in the number of cell

on collagen coated with fibronectin and collagen film itself. However the difference was not
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significant between collagen film and collagen coated fibronectin film (1.4x10° + 17.01 vs.
1.55x10°+16.6 cells'm?). The cells density calculated on the surface of collagen film was

1.40x10°%+ 17.01 cells/m? and 1.55x10%+16.6 cells/m? for collagen-fibronectin film.

200 . Observation of HUVEC cells on two types

film
160 - I
g I
ﬁ 120 -
% 80 -
2
40 -
0 T
collagen Film Fibronectin coated
collagen film

Fig. 4.1 Average number of cells grown on collagen film and fibronectin coated collagen film.
The values were slightly greater for fibronectin coated film but was not very significant
(1.40x10° + 17.01 vs. 1.55x10°+16.6 cells/m?).

People have reported significant effect on the growth of endothelial cells when grown on
fibronectin surface compared to collagen surface [60]. Collagen | when combined with
fibronectin provide a better support for endothelialization. Melissa et al. showed that coating
with fibronectin not only supported growth of endothelial cells but growth of the cells was
significant when compared with collagen only film and also mimic the extracellular matrix
closely [60]. In addition to supporting endothelial cells growth, it is also useful in reducing

platelet cell adhesion. M. Ahiara et al. showed that human washed fixed platelets adhesion was
48



inhibited on collagen device coated with fibronectin and fibronectin was confirm as platelet
adhesion agent [61]. Here in our study, endothelial cell growth was slightly higher in number
than compared to growth on collagen film but it was not significantly different than each other.
However, it gives a sign that fibronectin does help growth and adhesion of endothelial cells and
supports all the other studies that have shown significant differences in endothelial cell growth

[60].

4.3.2 Immobilization of Heparin on the collagen tube

Here heparin was immobilized on the surface of the collagen tube both on the inner and
outer surface. In order to know to evaluate the qualitative analysis of heparin attachment
toluidine blue staining was performed. Toluidine blue staining is primarily used to stain mast
cells that stain histamines and heparin granules. And toluidine blue staining was used to stain
heparin molecule on the surface of Decullarized xenograft by Concklin et al. [53]. Fig. 4.2 shows

the collagen tube stained toluidine blue and collagen-heparin tube stained with toluidine blue.

This heparin coating now can reduce thrombogenicity of the graft material and increases
its efficiency in the in vivo studies. Apart from heparin acting as anti-thrombogenic material, it
also provides substrate for heparin binding growth factors like basic fibroblast growth factor
(bFGF) and vascular endothelial growth factor. Heparin was also able to reduced thrombus
formation in in vivo studies [53]. Heparin is been standard coating procedure for all types of
scaffold being designed for all small vascular graft [62,63]. In clinical trials heparin coating on

Dacron graft has been successful with patients as well [63]. Here heparin is covalently bound on
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the surface of the collagen tube and it can easily reduce thrombic property of collagen based

vascular construct.

Fig. 4.2 Images of collagen tube stained with heparin molecule. Collagen tube coated with
heparin dark purple color (on the left side) and collage tube with clear transparent color.

In the above Figure 4.2 dark blue color of collagen tube shows that heparin was evenly
concentrated on the regions of collagen surface throughout the tubular structure and in case of no

heparin treatment, there was no effect of toluidine blue staining.
4.3.3 Drug Delivery Study

In this case, aspirin was included as drug agent for the study. Two types of device was
used to see if there was any difference in the amount of drug release over period of 5 days in in

vitro studies. Absorption spectrometer was done for quantification and qualitative analysis each
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day after incubation. The standard absorption graph of aspirin solution in DI water used as

standard template to compare the amount of aspirin released from the collagen tube.

The Fig. 4.3 shows the cumulative drug release over 5 days from single and sandwich
layer device. Over the period of 5 days there was decrease in the amount of aspirin present in the
solution. From the Table 4.1 it was clearly seen that there was higher release of drug on the first
24 hours after incubation for both scaffold. There was then slow release of drugs for next 4 days

and eventually it ran out of the drugs stored in the scaffold.
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Fig. 4.3 The cumulative amount of aspirin release over 24 hours for successive 5 days. It was
done for both single and sandwich loaded aspirin device.
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Table 4.1 The amount of aspirin released from both single and sandwich
tubular device over 5 days period.

Time period Concentration of aspirin in the solution (mg/ml)

Single layer (mg/ml) | Sandwich layer (mg/ml)
Day 1 11.13+0.014 9.998+0.01
Day 2 2.015+0.002 1.66+0.003
Day 3 0.88+0.014 0.645+0.01
Day 4 0.295+0.001 0.531+0.001
Day 5 0.191+0.002 0.412+0.001

Three samples were used for each type of samples to average the amount of drug released
over 5 day’s period. The absorbance number is direct indication of the amount of aspirin present
in the solution after each day. Higher absorbance values relate to higher amount of aspirin
released after incubation. The absorbance value decreases steeply on second day and then
decrease is slow and gradual for next three days. As expected single layer was supposed to
release more drugs on first day compared to sandwich layer after incubation with DI water
(Table 4.1 and Fig 4.3). During the period of 48, 72, and 96 hours, the release of drug from
sandwich is more compared to single layer (0.645+0.01 vs. 0.88+0.014, 0.531+0.0007 vs.
0.295+0.0006, and 0.412+0.001 vs. 0.191+0.0017) suggesting sandwich layer holds more drug
and is better indication of loading drugs within the tube. The Sandwich layer usually creates
barrier with the bonding between the films. Aspirin drugs is embedded between two bonded

layers and water penetration over the time period will influence the release of drugs whereas in
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case of single layer water penetration to the surface of collagen film is easily and hence the

concentration of drug release will be higher.

Aspirin is group as non-steroidal anti-inflammatory drugs that have multiple uses. It is
been used for treating pain-associated rheumatoid arthritis, headache and other inflammation
problems. Apart from its analgesic effects, aspirin is well known to have antiplatelet effect by
inhibiting the formation of thromboxane, which is responsible for accumulating platelets together
over damaged surface or injury site in the body [64]. It is just one of the anti-platelet drugs that

have been discussed here but it can be used with other drugs desired.

Drug delivery using scaffold in tissue engineering has caught a lot of researchers in the
field of tissue engineering approach. Researchers have already been started designing vascular
prosthesis, which can deliver drugs or growth factors [65-67]. The vascular graft now can be
combined with efficient drug for reducing blood clot on the target site at faster rate with coating
of heparin giving another dimension to our design scaffold for smaller vascular tissue

engineering.

4.4 Conclusions

In this set of studies, various methods were employed to improve the hemocompatibility
of collagen scaffold because collagen is well known to clot blood on its contact with the blood.
Three sets of studies were done. First fibronectin coating the top of collagen film was done and
its efficiency was evaluating from the cell adhesion study of HUVEC cells seeding. Secondly the
heparin was immobilized on the surface of collagen tubular structure and its qualitative analysis

was done by use of toluidine blue staining. Lastly aspirin was embedded as drug agent in the
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collagen tube to deliver drug over time period. Fist study showed increased endothelial cell
growth, second showed distribution of heparin molecule on the surface of collagen tube and
lastly aspirin was delivered for consecutively over period of 5 days and difference in the
concentration of aspirin delivered was observed using two approaches of drug embedding
procedure on the scaffold. Hence drug-carrying behavior can be evaluated in detail for future

studies.
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CHAPTER 5

FUTURE GOALS

5.1 Current Work

In this set of research studies, the potential and the importance of collagen | in tissue
engineering was brought to attention. Collagen considered to be the most important extracellular
matrix component has been used in several tissue engineering fields for its diverse nature like
thrombogenic agent in skin tissue engineering, coatings in synthetic scaffold for cellular seeding
and many more. Still collagen was limited in its purely use because of its mechanically weak
nature. However we have overcome that challenge for now and are working to exploit its more
properties. We are still working on with vascular conduit project and have some objectives

outlined for the future studies.

5.2 Ongoing Studies

Currently the vascular conduit out of pure collagen | has been designed with aspirin
embedded in slight higher concentrations than one used in preliminary studies in vitro
conditions. Five such 0.7 mm outer diameter (OD) tubes has been designed and implanted under
the carotid artery in rats. In addition to it, five 0.7 mm tubes have been designed with

immobilized heparin molecule on the inner surface of the tube for in vivo implantation
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5.3 Future studies

5.3.1 Synthesis and Fabrication of vascular conduit

The Collagen | and Collagen I: Elastin solution was prepared with concentration of 6
pg/ml. The thickness of collagen film and elastin film is already exploited in this case. The
thickness of the film was around 1.64 pum approximately. The solution concentration should be
increased to obtain slightly thicker film about 3 pm and be used to construct same layer conduits
and see the effect on mechanical property. In case of elastin, the ratio might be altered to

different ratio to fabricate film and evaluate the mechanical property as well.

5.3.2 Mechanical Characterization

The effect of stacked films on burst pressure and suture retention strength is already been
evaluated using collagen and collagen-elastin film separately. Going in the future, the
mechanical studies would include all the burst pressure and suture retention in wet conditions.
Dynamic mechanical test will also be done by to see the effect fatigue on the collagen tube
similar to done by Seliktar et al [56]. Cyclic strain test will also be performed to see the elastic

feature of collagen and collagen-elastic scaffold.

5.3.3 In vitro Cell studies

Different methods of cell seeding will be evaluated on the top of the collagen conduit.
Few examples may include use of bioreactor to observe the cellular growth on the collagen

scaffold over specific time period. Study of cell growth on heparin coated collagen tube and
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aspirin coated collagen tube in vitro conditions will also be evaluate to strengthen the

compliancy of the tubular conduits in vivo.

5.3.4 Drug delivery studies

Drug delivery has been increasingly important in tissue engineering recently. Most small
diameter based vascular graft have been able to achieve mechanical property of native arteries
and veins, showed positive signs of cell viability studies but the use of the scaffold are
controlling drug carrying agent is still under area of active research. In the future, drugs molecule
will be embedded in different ways within the scaffold to see the rate of delivery. For example a
better sandwich layer can be used to embed drugs within the design to see the effect of drug
release. Two or more multiple drugs could be embedded on the scaffold tube within various
layers of tubular structure to see the combined release of drugs molecule. The combine heparin

and drug agent within the collagen film will also be exploited to see the effect on in vivo studies.
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CHAPTER 6

DISCUSSIONS

The main objective of this whole study was to use stacked collagen films technique to
design acellular scaffold for smaller diameter based vascular graft from Collagen I that is capable
of matching mechanical property of native blood vessels, and be easily modified to coatings, and
shows potential as drug carrying agent. There were three specific aims designed for the study
that would be used to assess the strength of designed vascular conduits in terms of mechanical

property and hemocompatibility property. All the specific aims were successfully accomplished.

The fabrication of collagen | tube used stacked individual collagen film of to design 5, 10
and 15 layers tube. In all these procedures, 1XPBS (pH 7.0) was used as solvent system to roll
the tube uniformly on a Teflon mandrel. The use of water and dry method was used to induce
binding between films layer. This method was essentially free of any crosslinkers and also
commonly used like Glutaraldehyde, NDC, and EDC for covalent strengthening. Fabrication of
tubular scaffold out of collagen without any crosslinking chemicals is the main critical aspect of
this design. Use of Glutaraldehyde or chemical crosslinkers has resulted in cytotoxicity [68].
This design avoids any cytotoxic issues that would have resulted from use of fixing agent inside
the body. Another advantage of this fabrication is its ease of access to control mechanical
properties. Three scaffolds out of pure collagen were tested for mechanical property like burst

pressure, and suture retention strength. The burst pressure obtained for 5, 10, and 15 layer films
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were 474+111, 1804+801, and 4259+733 mmHg respectively. The suture retention obtained was
84.71+11.1, 216+11.3, and 293£9 gf respectively. As it can be seen an increase in value of burst
pressure with increase in number of layers used. This is the indication that depending upon the
desired mechanical property, films number can be regulated and so will adjust the mechanical
property of tubular structure. The most important aspect of this fabrication procedure, which
make it very important in designing vascular graft is that it is very inexpensive, requires very less
time and easy off shelf availability. It does not involve in mechanical device to fabricate, avoid
use of any kind of additional chemical except collagen solution and is done manually. Common
techniques like Electrospinning, and decellularization technique is avoided because it has
potential of denaturing collagen before turning in to fibers and destroying the mechanical

integrity of tissue with detergent solution respectively [69,70].

In the second part of the study, use of elastin is enforced. The use of elastin powder with
collagen did not result in any solubility problem and desired concentration was prepared easily.
In addition to it, films of collagen-elastin film were also easily prepared and difference in the
roughness and surface was clearly distinguishable with naked eyes. The mechanical
characterization of collagen-elastin tubing showed that this fabrication method could also be
combined with other important extracellular matrix component in designing vascular conduit that
resembles in mechanical integrity with natural arteries and veins. The ratio of elastin: collagen
(1:9) was exploited in these studies but further studies with different ratio can be part of future
research. It also allows people to combine mixture of ECM components that is compatible with
collagen solution in designing vascular conduit with stacked films method. The importance of
elastin with collagen in vascular graft has already been studied. Incorporation of reinforcing
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collagen microfibers, recombinant elastomeric protein-based biomaterials played a significant
role in load bearing tissue substitutes [45]. The stacked collagen method now not allows to
tunable mechanical properties from collagen scaffold but from collagen/other compatible
collagen components as well. An example by use of elastin is already illustrated when looking at

mechanical comparison between collagen and collagen-elastin scaffold.

In third part of the study the efficiency of coating collagen film was evaluated as part of
improving hemocompatibility studies through use of fibronectin, heparin and aspirin drugs.
Heparinized collagen tube and drug embedded collagen tube can now be used in vivo for
compliancy and histological studies. Collagen tube can be efficiently modified in to non-
thrombogenic material and also drug delivery agent at the site of vascular surgery. The
importance of controlled and local drug delivery is greater topic for research in vascular tissue
engineering than conventional covalent attachment of non-specific protein or other biomolecules.
The important features of localized and temporal presentation of drugs and growth factors in
vascular tissue engineering have been discussed by Zhang et al. [67]. The use of biodegradable
perivascular wrap for controlled, local and directed drug delivery has been used to treat chronic
hemodialysis [71]. Here in this study, drug delivery has been shown through embedding aspirin
within the films. The release profile between two types of scaffold design used for drug study
showed signs of controlled drug delivery within the graft. But better controlled release amount
for over longer period of times still need to be evaluated and that will be part of the future

studies.

Finally pure collagen can be used to construct small diameter vascular graft with the help

of stacked films method. The weak nature of collagen film is now overcome through this
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fabrication method discussed in this study. Vascular conduit designed in this study shows
potential in replacing diseased vessels in future because its computability, strength and drug

delivery capabilities.
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